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This review presents a state of the art in artificial intelligence applied to urban planning and particularly to land-use predictions. In
this review, different articles after the year 2016 are analyzed mostly focusing on those that are not mentioned in earlier
publications. Most of the articles analyzed used a combination of Markov chains and cellular automata to predict the growth of
urban areas and metropolitan regions. We noticed that most of these simulations were applied in various areas of China. An
analysis of the publication of articles in the area over time is included.

1. Introduction

As pointed out by Levy in his urban planning manual [1],
planning is an activity that is highly political and inseparable
from the legislation. Regional and urban planning decisions
often require copious amounts of public and private money,
which can bring great benefits to some and losses to others.
The complexity of modern communities makes the simplest
and most direct approaches inadequate. In recent decades,
several modeling techniques have been developed to un-
derstand and predict urban growth. In this day and age,
much of the planning efforts and modeling are focused on
environmental issues to manage development by mini-
mizing environmental damage.

As mentioned earlier, urban growth is a complex process
[2], and different approaches have been used to model it. AI-
based methods have the advantage of being able to capture
the nonlinearities and heterogeneities that exist in urban
development. However, a method’s superiority depends,
among other factors, on how the algorithm’s configuration
parameters are determined, the size of the teaching and

check sets, the architecture of the classifiers, or the selection
of the teaching and verification datasets.

Examples of approaches using Markov chain models
[3-5], spatial logistics regression [6], cellular automaton
(CA) [7-22], agent-based models [23, 24], and artificial
intelligence (AI) and machine learning methods such as
artificial neural networks (ANNs) [25-28], support-vector
machines (SVMs) [29-31], genetic algorithms (GAs)
[32-35], particle swarm optimization (PSO) rules [36-38],
or data mining [39] can be found in the scientific literature.

The CA is one of the approaches that is most widely used.
The CA’s ability to replicate urban growth assumes that past
urbanism will influence potential trends through interac-
tions with local land use. Its simplicity, flexibility, and in-
tuition, along with its ability to integrate the spatiotemporal
dimensions of the mechanism, make CA models competent
for sculpting complex dynamic systems like metropolitan
systems.

This review article addresses the different applications of
Al in urban planning from 2016 to 2020, and particularly,
the latest AI techniques for land-use prediction are
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organized in detail and summarized. This state of the art
follows a comprehensive search methodology. We use
keywords such as artificial intelligence, urbanism, or urban
growth, for example, to search through Google Scholar and
ResearchGate. We review the articles found and all their
citations, and we collect all relevant information in this
study.

We begin by briefly summarizing the previous state of
the art on the subject and then delving into the different
subsequent articles, which were not included in any of the
previous reviews. Before starting this in-depth study, we can
find in Table 1 a summary of the different topics covered in
the articles mentioned throughout our text. Finally, an
objective analysis of the results is reached, which perfectly
summarizes the most important aspects that can be observed
during the reading, and other relevant aspects. The con-
clusion highlights the issues that remain unsolved thus far
and explains the Al applications that need to be addressed in
future research.

2. Literature Review

In 2010, 33 of these models applied to true-world situations
were researched by Santé, Garcia, Miranda, and Crecente
[63], to show an ordered picture that would facilitate the
selection of a certain procedure for a given implementation
problem. The authors pointed out that the main flaw is the
relative simplicity of CA-based models, while flexibility
conditions the model’s right to replace events in reality,
leading to certain regulatory measures categorized as
follows:

(i) Irregular cell space: such as Iovine et al. [64] with
their hexagonal cells or Semboloni [65] whose
three-dimensional matrices allow to represent the
growth of urban areas around their height, and
using irregular tessellations such as Voronoi
polygons [66] or graphs [67], or cadastral plots
instead of regular cells [68], which can provide a
representation that is more adjusted to reality.

(ii) Nonuniform cell space: considering other attri-
butes of the land, and examples include accessi-
bility, slope, or elevation.

(iii) Extended neighborhood: districts can be described
as adjacent units belonging to spaces made up of
irregular units. For example, units that are at a
certain distance or employing the Voronoi spatial
model [66].

(iv) Nonstationary district: different definitions of
slum space for each cell [69]. Models in which each
cell is weighted within the neighborhood accord-
ing to its state and location [70]. This allows the
application of districts of various shapes and sizes
by adding zero weights.

(v) Transition rules with greater complexity: it may
include suitability for land use, accessibility, urban
planning, or socioeconomic conditions, reflecting
urban theories that are based on theories of
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microeconomic planning [71], centrality, and
potential models [72].

(vi) Transition guidelines (nonstationary): the transi-
tion guidelines are adapted to the distinctive
properties of the specific periods and areas. This
spatiotemporal modification can be obtained via
calibration [73, 74], SLEUTH self-modification
rules [75], or changes in external parameters and
configuration at each stage as suggested by Phipps
and Langlois [76].

(vii) Growth constraints: urban demand is often de-
fined by economic, environmental, or social lim-
itations, like urban planning or demographic
change, which restrict overall urban development.

(viii) Irregular steps in time: where cells can be aided by
different durations [68] or variable steps in time
[77] to mimic different durations of specific events.

Other challenges cited for the urban CA models are the
need for data and the lack of easily configurable and useable
software. Uses of urban CA models were mostly limited to
academic exercises because of these shortcomings. The
authors concluded that implementing CA models with
different techniques, for example, transport models or
multiagent systems, could lead to mixed models overcoming
some CA difficulties [78].

In 2016, a new literature review on urban cellular au-
tomaton (CA) models was published by Aburas et al. [79].
The authors analyzed the data and the most important
factors used in CA studies to simulate and predict urban
growth patterns and concluded that the model limitations,
such as its inability to include the driving forces of urban
growth in the simulation process [80] and its imple-
mentation with other quantitative models, can be mini-
mized; for example, through the analytical hierarchy process
(AHP) [81, 82], the Markov chain models [83, 84], and
frequency relationship [85], realistic simulation is achieved
when socioeconomic and spatial and temporal factors are
integrated into the simulation process.

2.1. Latest Articles (2016-2020). The CA is a discrete cell in
which states characterize each cell. The state of each cell
depends on its previous state and on neighboring cells
according to a set of transition rules. For urban simulation,
the different types of the possible cellular automata are as
follows: binary values (urban or nonurban); qualitative
values representing different land uses; quantitative values
representing the degree of development, population density,
value of buildings, elevation, or number of roads, for ex-
ample; or a vector model with several attributes [63].

We will focus our study on the direction taken by land-
use prediction research conducted in recent years, as
summarized in Table 1, where 19 of the 24 studies have
employed some CAs.

Tong published a model in 2016 [40] describing the
pattern of distribution of building construction in green
spaces that complied with Chinese regulations. The author
presented the distribution index (DAI) based on the
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TaBLE 1: Summary table of research cited.

Author/s Year Objective Method Location Results
Planning and Yuhuatai and . I
Tong [40] 2016 management of building GA Qingliangshan Parks in IOD is the only criterion used for

Naghibi et al. [41] 2016

Feng et al. [31] 2016

Perez-Molina

et al. [42] 2017

Chen et al. [43] 2017

Jat et al. [44] 2017

Li et al. [45] 2017

Liu et al. [46] 2017

Feng and Tong

[47] 2018

Traore et al. [48] 2018

Pazos-pérez et al.

[49] 2018
Fu et al. [50] 2018
Feng et al. [51] 2018
Lipinget al. [52] 2018
He et al. [53] 2018

Yuliantoe et al.

[54] 2019

Lu and Wu [55] 2019

Devendran and

Lakshmanan [56] 2019
Huang et al. [57] 2020
Khawaldah et al.

(58] 2020
Mohamed and

Worku [59] 2020
Nurwanda &

Honjo [60] 2020

layout in green zones
Predicting urban growth
from satellite images
Predicting urban growth
from satellite images
Simulation of urban
growth scenarios and
their consequent
flooding

Simulation of urban land
changes

Predicting urban growth
from satellite images

Predicting urban growth
from satellite images
Future land-use
simulation (FLUS)
Predicting urban growth
from geometric maps
and satellite images
Predicting urban growth
from satellite images

Prediction of urban
vertical growth

Land-use simulation

Land-use simulation

Land-use simulation
Predicting urban growth
and land-use simulation

Land-use simulation

Land-use simulation
Predicting urban growth
from satellite images

Land-use simulation
Land-use simulation

Land-use simulation

Prediction of urban
growth and land surface
temperature

Nanjing (China) assessing results

CA + artificial bee

Urmia (Iran) Overall accuracy: 90.1%

colony
Shanghai Qingpu- Maximum accuracy of 81.2% in the
CA+LS-SVM Songjiang (China) 16th iteration
Overall accuracy: 97% y 98%. Edge
CA Kampala (Uganda)  index differential of 0.10 (with a land-
cover map index of 49.05)
Higher average accuracy: 73.08%.
Coeflicients of correlation of 0.902,
. 0.883, and 0.881 between the
Lp-CA Shenzhen (China) industrial, residential, and
commercial land change areas
observed and simulated
. . Overall accuracy: 80% urban area,
CA (SLEUTH Ajmer, R?) asthan 83% urban borders, and 60% for
model) (India)
urban clusters
Segmentation- . .
Patch-CA Guangzhou (China) Overall accuracy: 96%
CA +ANN China Overall accuracy: 84.7%
DE-CA Kunming (China) Overall accuracy: 92.4%
CA-Markov Conakry (Guinea) Overall accuracy: 92%
Overall accuracy number of buildings:
GA+EC Minato, Tokyo (Japan) 100%, with a 19.5% deviation in
building height
Hamilton County, ) 0
CA-Markov Ohio (USA) Overall accuracy: 91,07%
CA+GA
CA+PSO Yangtze River Delta Qo
CA +GSA (China) Overall accuracy: 88%
CA+LR
CA-Markov Jiangle (China) Overall accuracy: 92.33%
CA + UMCNN Pearl RlYer Delta Overall accuracy: >93%
(China)
Overall accuracy in the most
Citarum Watershed, optimistic scenario: merit figure
CA-Markov West Java (Indonesia) 72.5%, accuracy of producer 78.5%,
and accuracy of user 79.6%
Overall accuracy: 90,48%, 87,76%,
CA-Markov Hefei (China) 85,1%, and y 82,36%, for the 3-, 5-, 10-
, and 15-year intervals, respectively
CA- . . a0
Markov + NNACA Chennai (India) Overall accuracy: 84%
CA-Markov Beijing (China) Relative error on construction land
<0.3%
CA-Markov Irbid (Jordan) Overall accuracy: 78.4%
Addis Ababa - amo
CA-Markov (Ethiopia) Overall accuracy: 87%
ANN-Markov Bogor City (Indonesia) Overall accuracy >90%
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TasLE 1: Continued.
Author/s Year Objective Method Location Results
1[\6r11§md & Oinam 2020  Land-use simulation ANN-Markov Manipur River (India) Overall accuracy: 88%-93%
Predicting urban growth . 1
Mansour et al. 2020 from satellite images and CA-Markov Nizwa, Al Dakhiliyah, Overall accuracy >80%

[62] land-use simulation

(Oman)

geostatistical methods to explain the pattern of distribution
of houses in natural areas, and a model based on genetic
algorithms that generated the building plan in correlation
with a specific DAL The Nanjing Yuhuatai and Qin-
gliangshan Parks were used as cases for verifying the IOD’s
effectiveness. The author claimed that the model provided
outstanding flexibility in the location of the buildings and
that there is organic uniqueness and wide variety in the
result of the calculation. He proposed to use it as a guide and
reference when planning green spaces during the con-
struction of the building layout. By using just the IOD, the
limitation required of the model is relatively restrictive,
making the results random and difficult to apply. Besides,
the building project will also be influenced by different
factors in practical projects, for example, the surface, the
shape of the natural zones, the entrances and paths, the
terrain and the location of existing buildings, and the
practical conditions were not considered under the model
presented.

To overcome this disadvantage, the new integrated CA
models were recently proposed that were optimized via
methods based on the swarm intelligence algorithms.

In 2016, Naghibi et al. [41] proposed a new urban growth
model based on CA, using an artificial bee colony (ABC)
algorithm to extract optimal transition rules. The ABC is an
advanced algorithm based on meta-heuristic swarm intel-
ligence that performs well in solving optimization problems.
The authors applied the ABC-CA model to project urban
growth with Landsat images from 1997, 2006, and 2015 in
Urmia (Iran). The year 1997 was chosen as the base year for
simulating future urban growth, and 2006 and 2015 land
uses were used, respectively, to evaluate and validate the
results. Finally, results for urban growth in 2016 were ob-
tained from the simulation.

The reproduction results were tested using various
statistical methods, for instance, overall accuracy, total
operating characteristics (TOCs), and total operation Ant
colony optimization (ACO) calibrated the CA model to
evaluate the productivity of the model raised against similar
methods with swarm intelligence algorithms. The authors
noted that the ABC-CA model’s overall accuracy and merit
figure are 90.1% and 51.7%; 2.9%; and 8.8% higher than the
ACO-CA model, respectively. In relation, the disparity in the
ABC-CA model’s allocation of simulation results is 9.9%,
which is 2.9% lower than the ACO-CA. To conclude, with
fewer allocation errors the ABC-CA model exceeded the
ACO-CA model (Figure 1).

In 2016, Feng, Liu, and Batty [31] presented an automatic
CA learning model (called MachCA) with nonlinear tran-
sition rules based on the LS-SVM to simulate city growth. By

launching the input data using the LS-SVM method in a
high-dimensional space, a perfect hyperplane is built to
move away from the more complex limits between the two
terrains (urban and nonurban), allowing the recovery of
transition rules from nonlinear CA. For each iteration of the
model implementation, the transition rules are dynamically
updated in the MachCA model. Applying MachCA to
simulate metropolitan growth on China’s Qingpu-Songjiang
surface in Shanghai revealed that rural-urban trends can be
translated into spatial structures. A comparison of the
MachCA model with a traditional log-adjusted CA model
(called LogCA) resulted in fewer failures and more hits with
the MachCA model because of its capability to capture the
spatial complexity of urban dynamics (Figure 2). This
translated into improvements in the accuracy, however, with
a deviation of less than 1% in overall errors produced be-
tween the MachCA and LogCA models. However, the way
the MachCA model is used to retrieve the rules of transition
provided a new way to project the active procedure of
metropolitan growth.

Feng and Tong [47] later developed a new mixed model
(called DE-CA) that integrated differential evolution (DE) in
CA to decipher the objective function and rescue the perfect
CA parameters. The DE-CA has been adjusted through
spatial data from the past to mimic land use at Kunming in
2016 and to predict many environments for 2026. The
quantitative accuracy evaluation showed that the NA-DEC
gives an overall accuracy of 92.4%, where 6.8% is the suitably
collected growth of the urban area. Besides, the model only
reports 2.6% failures and 5% false alarms. The authors
projected three scenarios for 2026 with the use of DE-CA to
adequately collect reference district development, conser-
vation of the environment, and metropolitan design to
explain their new model’s robust predictive capabilities
(Figure 3).

A comparative study of four CA models incorporating
logistic regression (LR) and three metaheuristics was pub-
lished by the same researchers [51] to simulate the land-use
change in the Yangtze River Delta from 2005 to 2015. The
metaheuristic methods were driven by an objective function
representing the transformation rules’ root mean square
error (RMSE) and were considerably diverse in terms of
optimization iteration, algorithm structure, and computa-
tion time. The authors argued that in cases where the
complexity of the algorithm and the computation time are
not of immense importance, any of the three metaheuristics
could be used to build CA models for land use, as equivalent
results can be attained (Figure 4).

In 2017, Perez-Molina et al. [42] merged a cellular au-
tomaton model with the flood modeling tool openLISEM to
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FIGURE I: Results of Urmia town prediction for 2016. (a) ABC-CA model; (b) ACO-CA model; and (c¢) ACO-CA and ABC-CA models’

comparison [41].

project district growth and subsequent flooding scenarios.
This model was adjusted for the upper Lubigi (Kampala,
Uganda), a sub-basin that had rapid metropolitan growth
from 2004 through 2010. The model of the cellular au-
tomaton has been validated at Nalukolongo (Kampala,
Uganda). Then, the authors employed the adjusted model set
to project the upper Lubigi district growth contexts by 2020.
There were simulations of two atmospheres, predilection
requirements, and a strict policy for the protection of
existing wetlands. The result of the upper Lubigi-projected
scenario showed the ineffectiveness of a policy of exclusive
wetland protection; likewise, a significant rise in the impacts
of floods due to metropolitan growth is expected for 2020.

The authors stated that the tool demonstrated its utility in
creating significant land-cover change scenarios and in
analyzing flood mitigation measures in a low-data number
environment and that this strategy could also be applied to
other spatially differentiated hazards that are seen affected by
changes in the land cover. Liu et al. also studied simulation
models for land-use and land-cover changes (LCCs) con-
sidering the background climate effects and proposed [46] a
coming land-use simulation model (FLUS) that mimics the
long-term spatial trajectories with multiple LCC’s. During
the projection period, the top-down system dynamics and
bottom-up cellular automata interactively docked, and
within the CA model, a self-adaptive competition and inertia
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FIGURE 2: In 2008, metropolitan growth in the Qingpu-Songjiang area was projected using LogCA and MachCA models. Land use whose
nomenclature is “excluded” shows water masses and wetlands. Hits (H) show that the increase observed was projected like growth. Misses
(M) show that increase observed was projected like persistence. False alarms (FAs) show that the persistence observed was projected like
growth. Correct rejections (CRs) show that persistence observed was projected like persistence (after Chen and Pontius 2010) [31].

mechanism was developed to conduct complicated tasks and
interactions between several types of land uses. The model
was introduced from 2000 to 2010 in China to a LUCC
projection where the results indicated a promising agree-
ment between the networks about the actual use of the land,
and the precision was higher than other accepted systems
like CLUE-S and CA. The model was even better applied to
situations from 2010 to 2050 that encompassed various
augmentation techniques that consider climatological,
natural, and socioeconomic factors. The authors claimed
that the simulation results indicated the correct use of the
FLUS model in the hot spot regions and examined the causes

and effects of potential active uses of land, which could assist
academics and judgment-makers to develop correct policies
to improve acclimation in the context of global warming to
the rapidly changing natural setting.

Chen et al. [43] studied the reliability of fine-scale Earth
simulations for raster cellular automaton (CA) models,
because regular pixels/grids cannot accurately represent
irregular geographic entities and their interactions. The
authors proposed that vector CA models can overcome these
deficiencies due to the vector data structure’s ability to
represent realistic urban entities. In their 2017 study, they
presented a model of cellular plot automation (LP-CA) to
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F1GURE 3: Three extended regions displaying the changes between projected and observed results. The disparities between the CA models are

marked with circles [47].

simulate changes in urban land, where the model’s inno-
vation lies in the use of the automatic calibration joint-
learning method. Three commonly used classifiers, Naive
Bayes, neural retro-diffusion networks, and decision trees
were chosen to create a joint classifier as the base classifiers.
The proposed model was applied in Shenzhen (China), and
the experimental results showed the maximum calibration
accuracy produced by bagging Naive Bayes among a selected
set of classifiers (Figure 5). District sensitivity assessment
suggested that the LP-CA model with a neighboring radius
r=2 achieved the highest simulation accuracy. The cali-
brated LP-CA was used to challenge future changes in urban
land use in Shenzhen, and the results were consistent with
those specified in the official city plan according to the
authors.

Li et al. [45] proposed a new model of metropolitan
growth centered on patches with heuristic regulations that
used a basin segmentation algorithm (Segmentation-Patch-
CA) of the logistic CA model. Section objects derived from
the properties of the metropolitan CA model were con-
sidered potential conversion patches, when determining a
useful function that perceived the suitability and hetero-
geneity of the internal pixels. Two distinct kinds of met-
ropolitan  development were then recognized and
individually recreated: organic growth and spontaneous
growth, via the implementation of a neighborhood density
analysis-based landscape expansion index (LEI). This pro-
posal was applied to the city of Guangzhou, China (Figure 6).
The results revealed an improvement in the landscape
similarity index (LSI) that reached 20%-50% since the
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FIGURE 4: Simulation of 2015 LR-CA patterns and three metaheuristic CA models [51].

proposed system generated a more credible district land-
scape (96 and 97.38%) than the pixel-based one (45.14% and
74.82%) for two 2003-2008 and 2008-2012 modeling
periods.

In 2017, Jat et al. [44] presented a study to evaluate the
performance of the CA-based SLEUTH model to project the
metropolitan rise of a complicated and slightly more het-
erogeneous area, the city of Ajmer in Rajasthan, India, which
is different from the other areas tested by SLEUTH. Seven
multispectral satellite images covering more than 21 years
were processed and used for the parameterization of
SLEUTH. The results of the urban growth predicted by
SLEUTH were compared with other land-use/land-cover
extraction methods. The authors stated that the study was
successful in offering a meaningful insight into the issues
benefiting to the risks in forecasting urban development in
heterogeneous metropolitan areas. They have, however,
identified some issues related to SLEUTH’s sensitivity re-
garding the scale and spatial resolution of the input vari-
ables. Furthermore, the effects of the model indicated that
SLEUTH is not capable of capturing the development of
small size units, i.e., how unfragmented outdoor expansion
is common in developing countries (Figure 7). The model
underestimated the fragmented urban growth that can be
compared to the approximate resolution implemented
throughout the phases, and to the smallest average size
below the resolution of the units created and errors in the
input data due to classification errors in satellite images. This
can be attributed to the heterogeneity of the procedure and
the material used for construction.

With the use of the cellular automaton and Markov (CA-
Markov) model incorporated with the geographic infor-
mation system (GIS) and remote sensing (RS) [48], Traore,

Mawenda, and Komba simulated land-cover change in
Conakry, Guinea. Old information on land-cover modifi-
cation was taken from Landsat data for the years 1986, 2000,
and 2016.

The simulated result was compared for evaluation with
the use of the relative operating characteristic (ROC) curve
to the land-cover map of 2016. The ROC outcome dem-
onstrated a substantial degree of agreement between both
maps. Based on the result, using the CA-Markov model, they
simulated the land-cover change map for 2025. The result
showed that the metropolitan area ratio was 49% in 2016 and
is anticipated to rise to 52% by 2025. On the contrary, the
vegetation will fall from 35% in 2016 to 32% in 2025. The
authors are optimistic about that study’s results. They believe
that the model will provide a basis for assessing the sus-
tainability and urban area management and taking measures
to mitigate urban environmental degradation.

Liping et al. [52] also used the CA-Markov model to
predict potential land-use patterns through remote sensing
and geographic information systems based on dynamic
changes in usage patterns. They obtained a map predicting
land use for 2014 in Jiangle County, China, based on the CA-
Markov model, which was validated with actual 2014 results
with a Kappa index of 0.8128. The authors also set the 2025
and 2036 land-use patterns.

In the upstream Citarum River Basin (West Java),
Yulianto et al. [54] with the inclusion of remote sensing data
and the CA-Markov model studied the dynamics of land-use
reform and its estimation for the coming year.

Lu & Wu [55] used the method of spatial-temporal data
fusion (STF) to obtain summer-scale images of Landsat over
the past 30 years in Hefei, China. They used the CA-Markov
model to simulate and predict future maps of land-use/land-
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cover change (LULC). The authors showed that merged data
can improve the accuracy of LULC detection and prediction
by shortening the year-to-year interval and obtain results for
a specific year from LULC predictions. In their research, they
observed that the areas of cultivated land, vegetation, and
water declined by 33.14%, 2.03%, and 16.36%, respectively,
and the area of land under building extended by 200.46%
from 1987 to 2032.

Similar research was conducted by Huang et al. for the
Beijing Territory [57]; Khawaldah et al. in Irbid, Jordan [58];
Mohamed and Worku in Addis Ababa and its environs [59];
and Mansour, Al-Belushi, and Al-Awadhi in the Nizwa
mountain area of Oman [62].

Anand & Oinam [61] centered their research on the
Manipur River Basin (India) wetlands and developed a
tuture area LULC map using the Markov chain and an
artificial neuron network. In Bogor City, Indonesia, Nur-
wanda & Honjo [60] applied the combination of multilayer
perceptron and Markov chain (MLP-MC) to predict the
future expansion of the city and land surface temperature
(SST).

In the multicriteria evaluation (MCE), the Markov
model of cellular automaton (CA) was used as a tool for
decision-making about land use, analysis, and simulation
[50]. Fu et al. explored the possibility of using historical data
from a specific area for factor selection, scoring, and
quantification. The authors created logistic regression
models calibrated to choose and score every potential factor
for historical land-use modifications and used the entropy
technique for selecting the weights of the chosen variables.
The SCM output is used as an input to the CA-Markov
model to simulate changes in land use from 2001 through
2011. The simulation result was compared with the land use
observed in 2011 to examine the method’s performance. The
result showed that the use of the SCM factors derived from
old data creates a fitness of fit. The biggest advantage of this
method is that it derives the selection of variables, ratings,
and weights from local data that reflect the actual pattern.
This numerical approach leaves for effective adjustment of
the CA-Markov model and the growth of various land-use
planning scenarios by adapting the rankings and weights of
the various issues with the understanding of global change.
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Devendran & Lakshmanan [56] used an urban growth
model with cellular automata based on agent-coupled neural
networks (NNACA) and historical datasets to forecast the
growth of the Chennai metropolitan area (India). The
prediction model used eight different urbanization agents,
including transport, access points, and industries. Validation
of the results showed that the most influential agent was the
neighborhood. The authors measured urban expansion
through Shannon entropy, and the values obtained sug-
gested the need for more careful planning in the future
development of the area.

He et al. [53] also focused on the effects of the neigh-
borhood on the prediction of urban growth and used a CA
coupled with a neural convolution network for united
mining (UMCNN) and Markov chains to improve the
performance of the simulation of urban expansion pro-
cesses. They chose the Pearl River Delta (China) as a study
area with the aim of verifying the effectiveness of deep
learning in urban simulation, compared with three machine
learning-based CA models (LR, ANN, and RFA). The
proposed method achieves the highest simulation accuracy
(>93%) and similarity to the landscape index (>89%).
However, the authors warn that, although the accuracy of
the model is greatly affected by the size of the training
window, its lowest result is still higher than the traditional
CA model.

Pazos-Pérez et al. investigated the use of evolutionary
genetic algorithms to predict metropolitan vertical evolution
scenarios in the big central districts [49]. Tokyo’s Minato
district was used for the case study, as it has rapidly grown
over the past 20 years. A genetic algorithm that replicates
vertical urbanization was used to make predictions based on

initial set parameters, calculating not only the number of
potential high-rise structures but also the specific locations
most probable to support new high-rise advancements in the
future. To assess the accuracy of the genetic algorithm in
projecting future vertical district growth, the results of the
evolutionary model were compared with continuous high-
rise evolutions. After the test, the genetic algorithm’s pre-
dictions for the period 2016-2019 (Figure 8), and sharing the
results with the actual ongoing projects now, the researchers
concluded that the algorithm’s growth projections were
accurate in terms of a complete number of properties and
their likely location (+6.67 percent). On the other hand, the
algorithm did not accurately determine the year of growth
(1 year) with exactitude and building height (19.5% de-
viation), indicating that more studies must be carried out in
the areas. This experiment proved that the use of evolu-
tionary genetic computation is a method to predict vertical
metropolitan growth with a lot of possibilities concerning
space and the number of potential edifications.

As seen in the previous section, there are different
variables that affect the prediction. The studies mentioned
above have used different input variables for their predic-
tions. These data can be seen in Table 2. Although the
variables used are different depending on the study, there are
a number of factors that stand out because they are present
in many of them: population, race, diffusion, elevation,
slope, environment, density, accessibility, constraint factors,
stochastic or random factors, probability of development,
socioeconomic changes, DEM, and historical land use
through neighborhood factors and distances (between urban
or nonurban spaces), roads, rivers, railroads, etc. We can
appreciate the predominance of qualitative and quantitative
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PSO-CA. (k) Stimulation success and error by GSA-CA. (1) Stimulation success and error by GA-CA.

CA models, to the detriment of the use of binary or vector
CA models or other methods (ANN, GA, etc.).

2.2. More Relevant Data. The implementation of Al for urban
planning is a flourishing field with an increasing number of
researchers studying and publishing papers in this field. If we
consider the different articles mentioned, we can see that since
2016 the number of research articles published in this regard

has been increasing, with a decrease in 2018, which equals the
number of publications with 2016 (3), but again the course of
studies on the subject is redirected in 2020. We have not
included the year 2021 within this state of the art, since it is the
year of data collection and no results were found in this
regard. The year with the highest number of publications was
2018 (7) followed by 2020 (6).

In addition, when it comes to the use of Al for urban
planning, it is worth highlighting the countries used in the
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TaBLE 2: Variables used for prediction in the articles of this review.

Author/s Variables
IOD is the only criterion used. The study mainly focuses on the geometric importance of the building, and the
Tong [40] building types are ignored. The existing buildings in green spaces should also be taken into account in the

calculation, but these constraints and practical conditions are not taken into account.

Remote sensing image (Landsat images) to land-use maps; distance to roads map; distance to business center
map; distance to population center map; environmental-sensitive area map; slope map; and elevation map.
Conversion label; distance to urban center; distance to town center; distance to commercial housing area;

distance to main roads; distance to agricultural land; and stochastic.
Spatial factors: calibrated model suitability, neighborhood factor, travel time to CBD factor, and wetland

factor + 0,25 * random.

Chen et al. [43] Model control parameters: diffusion, breed, spread, slope, and roads.

SLEUTH parameterization with supervised classification (land use and urban) and the use of statistical
measures: sng (cumulative number of urbanized pixels by spontaneous neighborhood growth), og
(cumulative number of urbanized pixels by organic growth), rt (cumulative number of urbanized pixels by
road influenced growth), area (total number of urban pixels), edges (number of urban to nonurban pixel
edges), clusters (number of urban pixel clusters), rad (radius of cluster, which encloses the urban area), slope
coefficient, spread coeflicient, breed coefficient, road gravity coeflicient, percent urban (percent of urbanized
pixels divided by the number of pixels available for urbanization), urban growth rate, and number of growth
pixels each year.

Two different urban growth types: organic growth (based on segment) and spontaneous growth (based on
pixels), which where identified and separately simulated introducing a landscape expanse index (LEI) that
built on neighborhood density analysis. CA components: suitability surface, neighborhood, stochastic
perturbation, and development probability.

Naghibi et al. [41]
Feng et al. [31]

Perez-Molina et al. [42]

Jat et al. [44]

Li et al. [45]
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TaBLE 2: Continued.

Author/s

Variables

Liu et al. [46]

Feng & Tong [47]

Traore et al. [48]

Pazos-Pérez et al. [49]

Fu et al. [50]

Feng et al. [51]

Liping et al. [52]

He et al. [53]

Yulianto et al. [54]

Lu & Wu [55]

Devendran & Lakshmanan

[56]
Huang et al. [57]

Khawaldah et al. [58]

Mohamed & Worku [59]

Nurwanda & Honjo [60]

Anand & Oinam [61]

Mansour et al. [62]

Socioeconomic and natural climatic factors: climate change, socioeconomic changes, historical land use, and
interactions between variables to obtain land-use demand in each decade. Later, to ANN for land use in 2010:
neighborhood influence, weight factor, self-adaptively land inertia, and converting cost. These combined
probabilities with probability-of-occurrence surfaces and with roulette wheel selection detect the land use in
time.

Constrained relations among factors were applied in DE to generate different sets of CA parameters for the
prediction of future scenarios. Variables that affect land-use changes: distance to urban center; distance to
district center; distance to main roads; distance to the roads along Dianchi Lake; distance to protected areas;
and DEM.

Prior to classifying the images using a supervised classification algorithm, unsupervised classification and
normalized difference vegetation index (NDVI) were calculated to help select suitable polygons as training
sites and to improve the overall classification process. The classification scheme was established based on
auxiliary information from the field survey, local knowledge of the study area, and visual interpretation of the
images. Image classification was performed using the maximum likelihood classification (MLC) algorithm,
which is a supervised classification, and one of the most widely applied parametric classification algorithms.
A series of grayscale probabilistic maps with different parameters were produced to be used as the basis for the
evolutionary model. The parameters were captured in the following gradient maps: land ownership,
regulatory master plans, vertical urban consolidation, accessibility, and allocation. Land ownership: public vs.
private; land redevelopment master plans; vertical density; accessibility; allocation parameters; and economic
and real estate parameters.

They used the entropy method to determine weights for the selected factors. Potential factors for multicriteria
evaluation: population change; change in employment; population density; median housing income; and
highway accessibility, transit accessibility, slope, distance to each of the existing land use types, administrative
constraints, and natural constraints.

Criteria for comparing CA metaheuristic models: best objective function value; iteration or generation;
computational time; initial urban area; hit; correct rejection; failure; false alarm; assignment; and quantity.
Spatial input variables: distance to city center; distance to country center; distance to main road; distance to
railroad; distance to coast; DEM; and restricted areas.

This study uses remote sensing and geographic information. From 1992 and 2003 Landsat 5 TM images, and
2014 Landsat 8 OLI images and DEM, a land-use classification map was obtained for each year. The cell
automaton model is mainly composed of cell, cell space, neighbor, ruler, and time. The closer the distance
between the nuclear cell and the neighbor, the higher the weight factor. The weight factor is combined with
transition probabilities to predict the state of adjacent grid cells so that land-use change is not a completely
random decision. The Markov chain model component controls the temporal dynamics between LULC
classes based on the transition probabilities, while the spatial dynamics are controlled by local rules
determined by the CA spatial filter or transition potential maps.

They use spatial variables in UMCNN. For RFA-CA, the factors used are neighborhood effects, constraint
factors, development suitability, and stochastic factors.

Inputs for the training phase of the CA-Markov model: time-1 land-use map; time-2 land-use map; simulated
n-time transition area matrix; and simulated n-time Markov conditional probability image. Inputs for the
simulation phase of the CA-Markov model: simulated n-time transition area matrix and simulated n-time
Markov conditional probability image.

Preprocessing tasks, such as radiation calibration, FLAASH atmospheric corrections, image mosaicking, and
image cropping, were applied before classifying the images with the ENVI tool.

Agents of urbanization: existing built-up; hot spots; commutation, high-preference roads; medium-
preference roads; least-preference roads; railways; red category industries; orange category industries; green
category industries; white category industries; high land prices; low land prices; medium land prices; places of
public interests; public utility centers; and population.

Driving factors: DEM, slope, aspect, GDP, population, highway, rail, river, road, and roc index.
Image preprocessing techniques include the following: layer stacking; mosaicking; and subsetting or clipping
to study area boundaries. The LULC classification scheme comprised seven LULC classes, identified by codes,
to prepare different LULCs to simulate future land use.

The research described the continuing historical increase in built-up space through the consumption of other
ecologically valuable LULC classes. Driving factors: elevation, slope, road distance, highway distance, rail
distance, and urban centers.

Model control parameters: slope, distance to roads, distance to toll road, and elevation were also used as
variables that influenced land-use change.

The ANN was trained with the driver variable, i.e., distance to roads, distance to settlement, elevation, and
slope.

The analysis was based on three equal interval LULC maps derived from satellite images: Landsat TM for
1998, 2008, and 2018, together with topographic spatial layers (elevation aspects and terrain slopes) derived
from the ASTER digital elevation model. Other spatial parameters (population density, proximity to urban
centers, and proximity to major roads) were also incorporated into the simulation process.
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different works. In the different approaches mentioned in
this review, Al techniques are applied to urban planning in
large metropolitan areas in various parts of the world, al-
though most papers used in this review focus on urban
development in China. For this, Figure 9 is included, which
shows the number of articles related to each country per
year. In the graph of Figure 9, we can see that most of the
works of research urban development in China as men-
tioned. It is the only country in which investigations have
been carried out in all the years included (2016-2020), with 4
of them in 2018. On the other hand, it should be noted the
countries used in the scientific research in 2020 (Oman,
Ethiopia, Jordan, India, Indonesia, and China).

Perhaps one of the most important pieces of data that we
have been able to collect concerns the techniques used in the
different experiments. In the papers used in this review, most
of the systems combine Markov chains and cellular
automata. A less number of papers use other techniques, like
artificial neural networks. This contrasts with the substantial
number of papers related to architectural design using ge-
netic algorithms [86-93]. You can read more about it in a
state of the art that we have previously made [94].

In particular, the AI techniques applied to urban
planning used by the authors of the different works that we
have found are as follows: the combination between CA and
Markov stands out, with three jobs in 2018, two in 2019, and
one in 2020. The rest of the jobs in 2020 also use Markov, but
in this case, combined with ANN. For its part, the other
remaining work from 2019 also uses CA and Markov, but
with the peculiarity that it uses neural networks as well.

We can see in Figure 10 that for the rest of the exper-
iments all the works used CA, except [40, 49], which in 2016
used simple GA and combined with EC in 2018, successively.
On the other hand, the research that uses CA only has two
examples in 2017 of its individual use [42, 44] and the second
with a specific model (SLEUTH). In the rest of the studies,
they use it in combination with other techniques or the case
of [45] use Segmentation-Path-CA.

The best results obtained could be considered by those of
[49] with the use of GA + EC, who in 2018 obtained a global

10

-

E

GA

CA + Artificial
GA
LP.CA

Bee Colony

CA +LS-SVM
Segmentation-
Patch-CA

CA + ANN
DE-CA

CA-Markov

GA + EC
CA+{GA| PSOl
GSA |LR

CA + UMCNN

CA-Markov +

NNACA

ANN + Markov

| 2016
m 2017
2018

FIGURE 10: Techniques/year.

precision of the number of buildings of 100%, with a deviation
of the height of the building of 19.5%. The results of [42] were
also very good with the use of CA achieving an overall
precision of 97% and 98%, and an edge index dispersion of
0.10 (with a land cover map index of 49.05), and [45] through
Segmentation-Patch-CA obtained an overall precision of
96%. Both are prior to [49], so the work after 2018 has not
achieved results that improve the union of AC and EC.

3. Conclusions

For years now, CAs have been successfully used in the ex-
ploration of a wide variety of urban phenomena [95], from
regional-scale urbanization and urban development to traffic
simulation [96-98]. The CA models have been developed for
topics as varied as sprawl [99, 100] or gentrification [101-103],
and simulations of city shape, growth, and location [73,
104-107]. This is because CAs have many advantages for
modeling urban phenomena, such as their flexibility, their
decentralized and dynamic approach, the relative ease with
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which model results can be visualized, and also their affinities
with geographic information systems and remote sensing data
[108]. In our opinion, its simplicity may be its most significant
quality. By mimicking the way in which large-scale urban
structures can emerge from the myriad interactions of simple
elements, CAs provide a framework for the exploration of
complex adaptive systems.

We have seen that in recent years these techniques are
being used to simulate the urban planning approach and
changes in land use, considering population migration or
the effects of global warming (such as flooding or the
disappearance of water and vegetation, for example), with
the aim of planning and achieving sustainable urban
development.

Although the best results dating from 2018, it is con-
sidered that the other works also obtain satisfactory results,
since they are very diverse uses, and as mentioned, different
countries and techniques are used.

Among the different deficiencies shown are the
following:

(i) The only technique with published examples from a
sufficient number of countries to compare the re-
sults is the use of CA + Markov.

(ii) This technique has not exceeded the results of the
first experiment carried out in 2018 [48] with data
from Conakry (Guinea). The results were of an
average precision of 92%.

(iii) The only country with which enough techniques
have been used to make a comparison between them
is China.

(iv) Despite being the same country, the location is
different, and therefore, the comparative results will
be less consistent.

(v) The use of GA+EC has not been replicated, al-
though it is the option with the best results so far.

(vi) For the most part, the predictive data have not been
compared to actual subsequent results.

With the above in mind, we recommend that compar-
isons be made with actual results when possible. It also
makes sense to us that the use of CA has been investigated, as
the 2017 results showed its potential. However, following the
contained explanation of the literature review we can un-
derstand that it does not solve the previous problems. That is
why it would also be of interest to show the results of
combining CA and EC since it is a combination that has not
yet been worked on until now.

We also consider it interesting for future research to
carry out more experiments under similar conditions, either
of localization and varying the technique used, or of tech-
niques modifying the location. Finally, we recommend
promoting the use of GA + EC for its satisfactory results.
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In the era of the knowledge economy, the improvement of national innovation systems is playing a significant role in the global
entrepreneurship ecosystem. Entrepreneurs are accelerating international intellectual property applications to be competitive.
What remains to be explored is the evolution of international intellectual property network in the globe. With the application of
social network analysis and intellectual property application database, the global innovation network structure from 2000 to 2019
is explored. Results showed that (1) in the period 2000-2019, the global innovation network has been expanding rapidly from a
sparse network to a dense and complex one. (2) Patent application is unevenly distributed in the globe. Countries such as the US,
China, and Canada have been the top countries flowing in, while Japan, Korea, EU, and Switzerland have been the main countries
flowing out. (3) Global innovation network shows an obvious “core-periphery” pattern. The distribution pattern presents a
quadrilateral structure with the four core regions of “US, Japan, EU, and China” as the apex. This analysis contributes to the
visualization of the global layout of intellectual property and the evolution trend by analyzing intellectual property application

networks. This can provide important experience reference for enterprises to study the global entrepreneurship ecosystem.

1. Introduction

Innovation is becoming the key driver for the survival and
growth of firms in emerging and developed countries. With
the continuous development of technology and the deep
division of the global value chain, the development strategy
of enterprises is entering an era in which growth is driven by
knowledge innovation. For nations, innovation is far more
important than land, physical capital, or labor in a
knowledge-based economy, and is the dominating factor
affecting different economic growth and development. As a
result, the effective management of knowledge and inno-
vation has gained increasing interest in the public debate,
calling upon the contribution of scholars and practitioners
[1]. One of the important views is that innovations never
occur in isolation but on the contrary generated by networks
of interacting actors (e.g., organisations, multinational en-
terprises, and individuals) [2]. For instance, multinational

enterprises engage in overseas innovation for adapting
products to meet the unique requirements in foreign
markets [3]. Thus, inbound and outbound flows of
knowledge activated by the stakeholders’ interactions within
a country make today’s innovation ecosystem is highly
globally interlinked [4].

In the era of the knowledge economy, intellectual
property has become the core innovation factor, infiltrating
into all fields of international trade. The identification of the
main actors involved in regions has been revised across the
years by, most recently, including the emerging markets
[5, 6]. The concept of an innovation network was first
proposed by Ernst [7] after he studied the internal rela-
tionship between regional production and global produc-
tion. Since then, increasing studies have started related
research, such as topological properties [8-10], spatial
pattern [11], evolution process [12, 13], and mechanisms.
The previous studies generally revealed the characteristics of
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innovation network, such as scale-free [8, 9], hierarchical
[8, 9], and spatial agglomeration [12, 13]. It is also widely
verified that cognitive proximity, social proximity, organi-
zational proximity, institutional proximity, and geographic
proximity are important factors affecting the evolution of
innovation networks [14-18]. However, in view of the re-
search scale, these studies have been conducted on either
country or region scale because of the data availability
[19, 20]. As the importance of interactions between different
national innovation systems, the question arises that how
nations perform in the global innovation network. Under-
standing knowledge network from a global view and
monitoring the network evolution change in a global scale is
necessary for enhancing innovation capability.

The intellectual property is an important driving force to
encourage entrepreneurship, and an important means to
maintain entrepreneurial achievements and promote the
sustainable development of enterprises [21]. The intellectual
property network has gradually become the main way to study
regional knowledge spillover, innovation and technology
diffusion, regional development path, innovation cluster, and
other practical problems. The improvement of international
intellectual property system, which is led by World Intellectual
Property Organization (WIPO), is playing a significant role in
the construction of global entrepreneurship ecosystem. WIPO
provides us with a novel approach to obtaining innovation
flows in global scale. Thus, the aim of this study is to explore
how the structure of globalization of technology via intel-
lectual property networks has changed longitudinally. The
identification of the main countries in the global innovation
network can not only describe the innovation performance
and development strategy of each country but also can help to
figure out the trend of global economy.

The rest content is divided into four sections. The first
section briefly describes the data collection and method applied
in this analysis. The results of properties, “core-periphery”
pattern of global innovation network during 2000-2019 will be
presented in the third section. The fourth section discusses the
main findings and potential limitations outlined in this section.
Following this section, an overview of potential avenues for
further research is presented. This analysis will contribute to
current studies by visualizing the global layout of intellectual
property, which provides references for enterprises to study the
global entrepreneurship ecosystem.

2. Methodology

2.1. Data Source and Network Generation. In this study, we
use a comprehensive dataset from WIPO to investigate the
structure and dynamics of global innovation network from
2000 to 2019. Innovation has been the primary driving force
for development in the past decades. In the twenty-first
century, especially, globalization, information and intelli-
gent development, which are inseparable from technological
innovation, have provided large support for the world
economy. In order to explore the evolution of global in-
novation since the 21™ century, the year 2000 is chosen as
the starting year while the year 2019 is chosen as the ending
year due to the emergence of COVID-19 in 2020.
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WIPO, which manages the international application
system and the global intellectual property system, is an
intellectual property management agency affiliated with the
United Nations. Compared with other intellectual property
databases, it has a long history (since 1967) with a large
volume of data (more than 55 million patent records) and a
large number of member countries (193 member countries).
It provides free intellectual property information as well as
patents from the African Regional Intellectual Property
Organization (ARIPO), the Eurasian Patent Organization
(EAPO), and the European Patent Office (EPO) and regional
patent office’s records. Furthermore, the WIPO dataset can
provide the information on filing office and application’s
origin which is basic for constructing networks in our
analysis. Therefore, the dataset of the WIPO Intellectual
Property Statistics Data Center (https://www3.wipo.int/
ipstats) is applied in this analysis. Based on the availabil-
ity and reliability of data, this analysis selects 203 countries
and regions as the research objects. The gross domestic
product (GDP) and patent applications of these countries
and regions account for more than 90% of the global value,
which can represent the basic situation of the global in-
novation cooperation network.

In the process of data collection, this analysis selects the
“total number of patent applications (direct application and
entry into the PCT national phase)” instead of granted
applications. Due to the complicated process of application
and differences between countries, the approval process of
one patent might take years. For this reason, the number of
granted applications cannot reflect the latest technological
development and changes in the field of innovation. The
report type selection is counted by the filing office and the
origin of the applicant. In order to analyze the evolution of
the global innovation cooperation network, data from 2000
to 2019 are collected and applied in this analysis. Besides,
there are some missing data in individual countries in some
years. To minimize the impact of missing data, the pro-
cessing method of this analysis is (1) to supplement the
missing data with interpolation; (2) to average all the data
every five years. In addition, this analysis merges the
countries that joined the European Union (EU, hereafter)
that year into the EU. Finally, this analysis constructs a
patent data matrix for four periods: 2000-2004, 2005-2009,
2010-2014, and 2015-2019. According to the selected
countries identified above, there were 185 nodes in the global
innovation network in 2000-2004, 175 nodes in 2005-2009,
173 nodes in 2010-2014, and 172 nodes in 2015-2019. The
change in the number of nodes is due to the accession of
some countries to the EU during the study period. Thus,
directed adjacent matrices of 185 * 185, 175 * 175, 173 % 173,
and 172 % 172 were constructed based on the strength of
patent edges (Figure 1). The values in the matrix represent
the number of patents between the two countries, and the
matrix is directed.

2.2. Indicators of Network Analysis. By constructing a
weighted network, we explore the direction and strength of
the connection between countries. This analysis adopts a
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Figure 1: Construction of innovation network with patent.

directed weighted network, which can reasonably evaluate
the spatial structure characteristics of innovation network.

2.2.1. Key Indicators. This analysis aims to analyze the
network structure and evolution of the global intellectual
property network (GIPN) from network scale, small-world
property, scale-free property, centrality properties’ views. In
general, G = (V, E) stands for a directed network, V is the set
of nodes while E is the set of edges. Density and network
diameter are used to indicate the scale of the GIPN. The
value of density refers to the ratio of the number of actual
network relationships to the maximum number of possible
relationships. The network diameter is the longest path of
any two nodes in the entire network. The specific calculation
formulas are

2M

D=—"
N(N-1) 1)

R= maxwi)vjsv(r(vi, vj)),

where D refers to the network density, R refers to the
network diameter, M refers to the number of relationships
existing in the actual network, and N represents the number
of nodes in the network. v;, v; € V, r(v;,v;) represents the
longest path between nodes i and j.

The average clustering coefficient and average path
length are used to analyze small-world properties of the
GIPN. The average cluster coefficient is the mean of the
clustering coefficient of all nodes. The cluster coefficient of a
node is the density of its open neighborhood [22]. The
neighborhood (NN;) of node v is the set of its adjacent nodes.
N; is defined as

N; ={vj: eijeEVeﬁeE}. (2)

Cluster coefficient is calculated by means of the following

formula:
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where C; refers to the cluster coefficient of v;. Average
clustering coefficient (C) is calculated as
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The average path length is the average number of edges
along the shortest path for all possible pairs of nodes.

1
L=y ;jd(vvvj)’ (5)

where L refers to the average path length and d(v;,v;)
represents the shortest path between nodes i and j.

Centrality measurements are used to identify nodes that
are most critical and central in networks. Among which,
degree, betweenness, and closeness centralities are the most
widely used indexes. Degree centrality is calculated by means
of the following formula:

N
=1

The degree centrality can be calculated according to
weighted network data or binary network data. In this
analysis, weighted data are used to calculate the degree
centrality of each node. w;; is the number of patents between
country i and j.

Closeness centrality refers to the mean geodesic path
between nodes in networks. Here, the geodesic path is de-
fined as the number of edges traversed from node i to j. Thus,
a node with a high closeness centrality indicates a short
communication edge to other nodes in networks. In general,
geodesic paths are not unique, as there can be several paths
between two given nodes with the same shortest length.
However, at least one geodesic path always exists between
any two nodes in the same connected component of a
network. The mean geodesic distance between i and all other
nodes in the network is given by

1 n
9= Zly,-j- 7)
£

Here, y;; refers to the number of edges traversed from
node i to j. Then, the closeness centrality CC; of node i is
defined as follows:

1 N
CCi = = . 8
9i Z;’l=1 Yij ®)

Another notion of centrality is betweenness centrality,
which measures the number of short paths between nodes
while they pass through a given node. Thus, we define

1, ifilies on the geodesic path fromstot
v;(s,t) = )

0, otherwise,



Then, the betweenness centrality BC; of node i is

BC;= Y v(s1). (10)

s,teN

DC; and CC; analyze the properties of nodes. Graph
centrality is used when the focus is on the whole network.
This analysis uses graph degree centrality and graph be-
tweenness centrality to analyze the centrality trend of the
whole network [23]. The specific calculation formulas are

Zf\:ll (Dcmax B Dci)
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(11)
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where DC and BC refer to the graph degree centrality and
graph betweenness centrality, and DC,,, and BC,,, repre-
sent the maximum value of DC; and BC;.2.2.2. In-Out Flow

The in-out flow is calculated based on out-flow and in-
flow. The out-flow is defined as

n

O; = ZSU’ (12)

i]

where §;; refers to the number of patents flowing from
country 7 to country j. O; refers to the number of patents
flowing out of country i. The in-flow is defined as

n
Ii= .S (13)

it

where Si} refers to the number of patents filed by country i in
country j. I; refers to the total number of patents filed by
country i. Then, we compare the out-flow and in-flow, which
is referred as in-out flow.

In - outflow; =1, - O (14)

;-

There are two possible results: (i) In - outflow; >0,
which presents country i has more in-flow than out-flow,
indicating the number of patents flowing into country i is
higher than the number of patents flowing out. (ii)
In — out flow; < 0, which presents country i has more in-flow
than out-flow, indicating that the number of patents flowing
out from country i is higher than the number of patents
flowing in.

2.3. Coreness. There is often a core edge structure in the

network, so the coreness is introduced to quantitatively

study the status of each node in the network, and have a

quantitative understanding of where the node is (core,

semicore, and periphery). When calculating the coreness,

each node needs to be given a coreness c;. The coreness is
calculated by the following steps:

;= cc. (15)

0;; is the pattern matrix of the network data matrix W

to be analyzed. c is the eigenvector, and ¢’ is its transpose
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vector. The core-periphery analysis method finds the ei-
genvector ¢, which can make the correlation coeflicient
maximum between the actual matrix W;; and the pattern
matrix §;;. The element ¢; in eigenvector c is the coreness of
each node in the network. This indicator is achieved by the
Ucinet platform.

In order to construct a continuous core-periphery
model, nodes in the GIPN are divided into the following four
layers: nodes with a coreness greater than 0.2 belong to core
layer; nodes with a core degree between 0.01 and 0.2 are
semicore countries, nodes with a coreness between 0 and
0.01 are semicore countries, and countries with zero core-
ness are considered as peripheral nodes.

3. Results

3.1. Key Indicators. Table 1 presents the summary statistics
of complexity of the GIPN from 2000 to 2019. The following
observations can be gained.

(1) The density and the number of edges increase, and
the network becomes denser. From 2000 to 2014,
the scale of the GIPN expanded rapidly, and the
number of nodes in the network declined. This is
due to the increasing number of EU countries in the
sample. At the same time, the number of edges
expanded rapidly, from 1772 in 2000-2004 to 3070
in 2015-2019. The network density increased rap-
idly from 0.0521 to 0.1044, indicating that the global
urban innovation network has gradually grown
from a sparse network to a dense and complex
network.

(2) In view of the centrality indicators, the weighted
degree centrality increased from 8.14 to 15.08. The
average intermediary centrality of the GIPN has
gradually increased, indicating that some countries
have gradually increased their ability to control and
deliver innovation. Besides, closeness centrality in-
creased from 2.87 to 7.23, indicating that the rela-
tionship between countries and the core countries of
the innovation network is getting closer.

(3) Both degree centrality and betweenness centrality
have large Gini coeflicients and coefficients of var-
iation, and the nodes in the network are very po-
larized. The Gini coefficient of degree centrality is
relatively large, remaining above 0.88, indicating that
the GIPN exhibits a strong discrete trend and ex-
tremely unbalanced characteristics.

(4) In view of the evolution over the years, the coefficient
of variation of degree and betweenness centrality
shows a downward trend, indicating that the discrete
trend of the GIPN has declined.

3.2. Global Distribution. In this section, the topological
relationship is converted to spatial connections with the
application of the ArcGIS platform. The difference between
in-flow and out-flow in 2000-2019 is visualized in Figure 2,
and three observations were gained.
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TaBLE 1: Complexity statistics of global intellectual property network from 2000 to 2019.

Statistical Index 2000-2004 2005-2009 2010-2014 2015-2019
characterstics
Number of nodes 185 175 173 172
Network scale Number of edges 1772 1791 2650 3070
Density 0.0521 0.0588 0.0891 0.1044
Diameter 4 3 3 4
Average clustering 0.76 0.785 0.752 0.757
Small-word coefficient
property Average path length 1.918 1.828 1.823 1.804
Power law fitting of ) _ 1610 0%n 1313 )= 141535 — 1271y = 1965.8%" — 1.246 y = 1972.7x" — 1216
degree centrality
R2 0.7984 0.7871 0.7405 0.7262
Scale-free Exponential fitting of A N A A
. y = 88.082¢" - 0.031x y =90.871e" —0.032x y =125.85¢" —0.029x y = 138.6e" —0.029x
property degree centrality
R2 0.9895 0.9847 0.983 0.9807
Average degree 8.143 9.051 13.503 15.028
centrality
Degree centrality ~ OraPh desree 0.539 0.577 0.61 0.641
centrality
Coeflicient of variation 1.487 1.443 1.19 1.135
Gini coefficient 0.961 0.96 0.955 0.954
Average betweenness 0.369 0379 0473 0.458
centrality
Betwee.nness Graph betw.eenness 0.143 0.144 0138 0157
centrality centrality
Coefficient of variation 4.615 4.403 3.677 3.852
Gini coefficient 0.887 0.941 0.916 0.91
Average closeness 2.872 2.049 7.213 7.23
Closeness centrality
centrality Coeflicient of variation 0.0063 0.0066 0.0177 0.0177
Gini coefficient 0.003 0.004 0.01 0.01

First, in view of the overall distribution pattern of the
GIPN, countries that were most deeply embedded in GIPN
include the US, China, Korea, Japan, EU, Switzerland, and
Canada, as shown in Figure 2. Specifically, the US, China,
and Canada have been the top countries with large in-flow
patent and small out-flow patents during 2000-2004. Since
then, China and the US have jointly occupied important
positions in the GIPN. Besides, Japan, Korea, EU, and
Switzerland have been the top countries with large out-flow
patents and small in-flow patents. Second, the transferring
direction has been concentrated among these top cities. For
instance, the in-flow and out-flow patents among the USA,
Japan, China, and Korea occupied more than 60% of the
total. Besides, the transferring direction of patented tech-
nology is mainly east-west in the northern hemisphere.
Third, increasing in-flows in Asian countries can be ob-
served. These Asian countries include Viet Nam, Thailand,
Malaysia, Singapore, and Indonesia.

3.3. In-Out Flow of the Global Intellectual Property Network.
For our interests in the positions of a country, the countries’
position is overlaid by differencing in-flow and out-flow. The
analysis of ranking countries in the GIPN was conducted in
the last 20 years periods from 2000 to 2019. In view of the in-
flow, our results point to the evolution of countries’

positions in the GIPN (Figure 3). The first point to make here
is that the primary three countries, including the US, Japan,
and China (Figure 3, dark lines), have remained the top three
positions in the past years. Specifically, the total in-flow in
the three countries share more than 52% of the total volume.
Moreover, the concentration of in-flow in the three coun-
tries has been increasing. Specifically, the in-flow volume
accounts for 52.2% during 2000-2014 while the percentage
has increased to 63.6% during 2015-2019. This indicates that
the three countries possess high position relative to their
economic and innovation potential in the GIPN. The second
point is that some countries have raised their position
largely. These countries include Korea, India, and Indonesia
reflecting the trend from the low rank to the high rank in the
GIPN. The third point is that some countries, including
Canada, EU, and Brazil, rank from higher to lower positions.

In view of the out-flow, our results point to the evolution
of countries’ positions in the GIPN (Figure 4). The first point
to make here is that the primary three countries, including
EU, Japan, and the US, have remained in the top three
positions in the past years. Specifically, the total in-flow in
the three countries shares more than 49% of the total vol-
ume. The concentration of the out-flow in the three
countries has been decreasing. Specifically, the out-flow
volume account for 51.7% during 2000-2014 while the
percentage has decreased to 49.6% during 2015-2019. This
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indicates that the three countries possess high positions
relative to their economic and innovation potential in the
GIPN. The second point is that some countries have raised
their position largely. These countries include China, India,

Singapore, and Kazakhstan, reflecting the trend from the low
rank to the high rank in the GIPN. The third point is that
some countries, including Switzerland, Canada, and New
Zealand, rank from higher to lower positions.
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3.4. Core and Periphery of the Global Intellectual Property
Network. The centrality is an important indicator to mea-
sure the degree of centralization of the entire network. From

Up

Unchanged

- Down

Up

- Unchanged

Down

2000 to 2019, the degree centralization of the GIPN was

basically maintained at about 0.

6, and the closeness cen-

tralization was basically maintained at about 0.65, indicating



that the entire network has a relatively obvious direction,
indicating a significant core-periphery structure with hier-
archies in the GIPN (Figure 5). In sum, the following three
observations can be gained.

(1) In the core layer, the GIPN gradually developed from
a triangular structure to a quadrilateral pattern.
Specifically, the coreness of the four periods from
2006 to 2010 has always been higher than 0.8, be-
coming the absolute core of the network. EU and
Japan have far lower patent transfers than the US. As
a result, the core countries from 2000 to 2009 are the
US, Japan, and the EU. China has performed well,
and its core degree has always increased, from 0.105
in 2000-2004 to 0.262 in 2015-2019, further nar-
rowing the gap with the EU. As a result, China ranks
among the core countries of the innovation network.

(2) In the semicore (second) layer, it has maintained a
relatively stable state. Specifically, Australia, Brazil,
Canada, China, India, Israel, Mexico, Korea, Russia,
Singapore, and Switzerland have stayed in the
semicore layer.

(3) The innovation network presents an obvious phe-
nomenon of cooperation aggregation-technical co-
operation within core countries, between core and
semicore countries, is intensive, while the partici-
pation of peripheral countries in the GIPN is limited.

In view of the patent transfer among layers, three ob-
servations can be observed (Table 2). First, in sum, patent
within the core layer and between the core and semicore
layer occupies more than 87% of the total patent. Second, the
transfer of patents at the core layer is more concentrated. In
the two phases of 2000-2004 and 2005-2009, the proportion
of patent transfers at the core layer composed of the US, EU,
and Japan was 39.45% and 34.34%, respectively, which
decreased somewhat. From 2010 to 2019, due to China’s
entry into the core layer, the proportion has increased
sharply to 49.76% and 50.03%, respectively. Third, the
technology spillover effect from core layer to semicore is
obvious, manifesting in the increment in patent transfer
from 10.07% to 15%. The technology transfer from semicore
to core layer has dropped significantly, and the number of
patent transfers has increased from 39.56% to 22.4%.

4. Discussion

The 21* century has seen rapid development and wide
application of various emerging technologies such as the
Internet, big data, cloud computing, artificial intelligence,
and blockchain. The production, search, dissemination, and
application of knowledge have effectively broken through
the limitations of geographical distance. Innovation activi-
ties have expanded from within the organization to cross-
organizational and cross-regional networks, and gradually
evolved into a global network. As a result, the scale of the
GIPN expanded rapidly from a sparse network to a dense
and complex network. As the number of global patent
cooperation increase continually, the patent cooperation
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network shows obvious small-world characteristic, and the
integration of countries is high, which helps to obtain new
information and new resources, and strengthen patent co-
operation and innovation among countries.

Our results also suggest some important implications.
First, the patents dataset is useful for exploring the global
trends of technological diffusion. The strength of network
analysis is that it describes the relationships among coun-
tries. In this study, network analysis presented not only
which countries have higher technological capabilities but
also how countries are mutually connected for technological
collaboration or transfer. Since 2000, the GIPN has gradually
lost its scale-free feature, and the small-world feature has
been continuously strengthened [24].

Second, intellectual property is an important indicator to
forecast global investment flow and entrepreneurial envi-
ronment. As innovation shows the property of clustering,
which provides an important driving force and encour-
agement for entrepreneurship [25]. In a long term, the
pattern of the GIPN has presented a triangle structure with
the three core regions of “US-EU-Japan.” The triangle
structure accumulated a large number of patents. Since 2005,
the pattern of the GIPN has presented a diamond structure
with the four core regions of the US, EU, Japan, and China,
as the apex. Although the US, EU, and Japan have been the
core of the GIPN, Asian countries have gradually improved
their status in the cooperative innovation network and
gradually entered the core layer [26, 27]. Patent plays a key
role in transferring innovations and changing the social,
economic, and political system on a global level. Through
innovative production and technological cooperation,
countries gained chances to surpass their original innovative
production network system and achieve a certain degree of
leapfrog development. Existing studies have shown that
emerging marketing countries” positions in the GIPN have
been raised gradually [27-29].

Third, the GIPN has been structured as a core-peripheral
structure. During the period of 2000-2009, the US has been
the absolute core in the GIPN. Our analysis also presents an
interesting observation that the countries’ positions in the
GIPN have been relatively stable. Specifically, the US, EU,
Japan, China, Australia, Brazil, Canada, China, India, Israel,
Mexico, Korea, Russia, Singapore, and Switzerland have
remained in the top positions in the GIPN. Enterprises,
especially multinational companies, are the mainstay of
innovation. Multinational companies transfer innovation to
various countries through R&D alliances, cooperation
agreements, subsidiaries, and affiliates. Therefore, the GIPN
is an extension of the global production network [30]. In the
GIPN, information technology and industry are combined
to form a useful supplement to the internal innovation
activities of enterprises and their core competitiveness.
However, even so, in the industrial value chain, the inno-
vation function is the most difficult to transfer. In com-
parison, patent greatly influences global technology
collaboration among well-developed or major economically
powerful countries while less developed countries have less
potential to participate in the process of global technology
transfer. In other words, the division of labor in the global
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FiGure 5: Core-periphery structure in the GIPN.

TaBLE 2: The percentage of patents among layers in GIPN.

Layer

Percentage (%)

2000-2004 2005-2009 2010-2014 2015-2019
Core-core 39.45 34.34 49.76 50.03
Core-semicore 10.07 11.82 14.17 15.00
Core-semiperiphery 0.70 0.48 0.83 1.04
Core-periphery 0.07 0.26 0.26 0.22
Semicore-core 39.56 41.91 24.59 22.40
Semicore-semicore 4.40 5.94 2.87 2.64
Semicore-semiperiphery 0.56 0.47 0.42 0.40
Semicore-periphery 0.13 0.27 0.14 0.11
Semiperiphery-core 3.90 3.42 5.26 6.19
Semiperiphery-semicore 0.52 0.53 1.07 1.27
Semiperiphery-semiperiphery 0.08 0.04 0.12 0.15
Semiperiphery-periphery 0.03 0.03 0.05 0.05
Periphery-core 0.43 0.39 0.35 0.37
Periphery-semicore 0.07 0.08 0.09 0.10
Periphery-semiperiphery 0.02 0.01 0.01 0.02
Periphery-periphery 0.00 0.01 0.01 0.01
Sum 100 100 100 100
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industrial value chain is still difficult to change. Therefore,
similar to the global production network, only several
countries determine the global innovation division of labor
and the direction of technological development [31]. In
addition, another point of view explaining this phenomenon
is that the multilateral intellectual property system under the
WTO is rooted in neoliberalism, which is the main eco-
nomic ideology of western industrial capitalism. Although
neoliberalism supports the use of multilateral rules and
policies (such as proprietary intellectual property) as tools to
promote technology transfer and commodities, empirical
results show that the impact of such support is very limited
[32].

5. Conclusion

This analysis explored the structure and evolution charac-
teristics from both static and dynamic aspects. Static analysis
reveals the overall distribution characteristics of the GIPN,
while dynamic evolution analysis effectively identifies the
evolution characteristics and development trends of the
GIPN.

This analysis has aimed to explore the structural char-
acteristics and evolution of the GIPN with the application of
the patent dataset. Results gained from our analysis show
that (1) in the period 2000-2019, the scale of the GIPN is
expanding rapidly, gradually growing from a sparse network
to a dense and complex network. (2) Patent application is
unevenly distributed in the globe. The US, China, and
Canada have been the top countries flowing in while Japan,
Korea, EU, and Switzerland has been the main countries
flowing out. (3) Some Asian countries have raised their
position largely in the GIPN. These Asian countries include
Viet Nam, Thailand, Malaysia, Singapore, and Indonesia. (4)
The GIPN shows an obvious “core-periphery” pattern. The
distribution pattern is unevenly distributed in space and
presents a quadrilateral structure with the four core regions
of “US, Japan, EU, and China” as the apex.

This analysis contributed to providing new insights both
methodologically and theoretically. From the methodolog-
ical view, based on the dynamic and static analysis of the
GIPN, this analysis enriches network characteristics at the
global scale and deepens the understanding of the global
intellectual property transfer mechanism. From a theoretical
view, given that the core of the GIPN is still distributed in a
small number of core countries, countries are maintaining
cooperation with core countries. The country at the key
connection point can control and promote the technical
exchange of nodes in the network. By linking different
technologies together, technical barriers can be overcome,
and the integration and innovation of different technologies
can be accelerated. In addition, a deepening cooperation
with countries in the core layer is also proposed in the future.

6. Limitations and Future Research

The analysis suffers from limitations in both methodological
and dataset perspectives. First, the analysis suffers from
limitations in a dataset perspective since we fail to
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distinguish the types of innovative areas, which may loss the
shifting knowledge of intellectual property among the
various fields. Second, we use the data of application rather
than completed and approved. As in recent years, countries
have become more and more strict about the protection of
high-tech products and the term from application to ap-
proval is almost two years or more. The long application
cycle may cause delays in changes in the GIPN. Third, this
analysis did not focus on countries which have low rankings
in the GIPN, paying little attention to the development of
marginal countries in the GIPN. The overall goal of this
analysis was to estimate the evolution structure of the GIPN.
From the information collected from WIPO, we found that
all the main country which occupy the main positions in
global economy have been included. Thus, we believe the
above effect to be of minor relevance. Future studies may
consider the GIPN’s changes in the turbulent year of 2020.
At the same time, the GIPN will focus on various industries
[33], consider the deep reasons for the evolution of inno-
vation networks, and explore the deep relationship between
the world innovation pattern, transnational knowledge
capital flow and international economic background.
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Accessibility plays a crucial role in evaluating and optimizing the service quality of public transport systems. Traditionally, bus
accessibility research studies mainly focus on the evaluation from the perspective of the aggregate model and analyze the service
radius of the site considering the front end of travel. This paper aims to model microlevel bus accessibility calculation and accurate
bottleneck station identification according to the opportunity method with AVL (Automatic Vehicle Location) data. The research
featured the following control elements: (1) redefining bus accessibility with bus station as the research object; (2) running time
between interstation sections is selected as the control index; (3) A new measure index of accessibility. The farthest direct reachable
distance is proposed. Moreover, by introducing the quality control algorithm, the study establishes a model of upper and lower
limits of accessibility based on the probability index of bilateral norms, which can be employed to identify the bottleneck stations
according to the significance level. Harbin City is selected as the case study for methodology verification and shows that the
accessibility method is effective and reliable. Additionally, by taking the travel demand in the region as the adjustment parameter
of the quality control algorithm, the study demonstrates the ideal accessibility interval of stations and accurately locates all
bottlenecks. The study presented here adds to our understanding of accessibility in the construction and management of buses and

provides an essential reference for the following optimization.

1. Introduction

With the development of the city, the urban spatial structure
may change from a stable state to a constantly updated state
continuously, and the urban design may be multicentered
[1, 2]. Nevertheless, expansion into a marginal area will
result in an evident increase in employment and housing
imbalances and bring about greater travel obstacles, in-
cluding the larger spatial-time block [3]. Accessibility is one
of the most important abilities to decompress time and
space. Its limitations would affect the balance of develop-
ment between the central areas and others [4] and may even
induce serious social problems [5]. Under normal circum-
stances, ensuring the balance of public transport accessibility
plays a significant role in solving social equity [6]. Hansen
first proposed the concept of accessibility in 1959, defined as

the degree and difficulty of the interaction between nodes in
the network [7]. Similarly, bus accessibility can be defined as
the difficulty for travelers to get from one part of the city to
another employing a bus system [8]. The evaluation of the
bus accessibility index can comprehensively consider the
interactive relationship between land use and bus to realize
the guiding role of the bus on urban spatial structure and
functional layout. Additionally, bus accessibility evaluation
can guide urban construction by public transit, especially
high-capacity rail transit systems. Urban construction can
determine the type of land and the degree of intensification
based on the distribution of bus accessibility, thus balancing
the travel demand and reducing the pressure on the
transportation system.

The evaluation of bus accessibility is varied and complex,
involving many elements. Bus network is one of the
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modeling bases for measuring bus accessibility. The main
method to build the topology of the bus network is to regard
bus stations as nodes in the network and route sections or
sections of two stations as edges in the network. Based on
related theories, many scholars have studied the perfor-
mance of bus networks, which provides a good break-
through for accessibility evaluation. For example, two
parameters, line function loss and connectivity, are often
employed to measure the traffic function and connectivity of
subway lines [9]. Some studies split a complex network with
multiple weights into a complex network with single
weights, investigated the global synchronization problem of
the new multiweight network model, and gave simulation
results of network equilibrium [10]. Wei et al. constructed a
new type of bus route network and studied the spatial
characteristics of urban bus routes using community de-
tection [11]. Additionally, with the progress of graph theory
and network theory, many novel networks such as weighted
space-L networks [12], directed space-L networks [13], a
hybrid of random network and scale-free network [14], and
so on have been employed to model for the bus network.
Although the indexes and targets needed to evaluate the
accessibility models in the existing literature are diversified
and complicated, generally speaking, these can be divided
into four types: Space Separation Model, Gravity Model,
Cumulative Opportunities Model, and Utility Measure
Mode. Among them, based on the general model framework,
the concrete evaluation methods of public transport ac-
cessibility mainly include TTSAT (time-based traffic service
area tools) [15], LUPTAL (land use and public transport
accessibility index) [16], GTFS (general transport feed
specifications) [17], PTAL (public transport accessibility
level) [18] and so on. For example, Ding et al. employed
principal component analysis to measure accessibility based
on the gravity model [19]. Hyun et al. calculated the ac-
cessibility of three different stages based on time distance
and proved its spatial transfer effect [20]. Mavoa et al.
provided a measure of bus services through the bus and
walking accessibility index and transit frequency [21].
Furthermore, accessibility-based location selection of urban
POIs (Points of Interest) also has become a research hotspot
in recent years, such as medical facilities [22], educational
facilities [23], and leisure facilities [24]. For instance, Oviedo
et al. deployed multisource data to study the impact of
accessibility on employment, especially the contribution to
the relatively poor groups [25]. As researches continue, the
spatial-temporal dynamics of travel have been of increasing
interest to scholars. By using an integrated commuter mode,
Owen et al. focused on accessibility in continuous time and
estimated a binomial logistic model of bus commuting [26].
Guida et al. studied the phenomenon of accessibility and
equity by analyzing the travel behavior of the ageing pop-
ulation [27]. Jrv et al. presented a conceptual framework for
location-based dynamic accessibility modeling that captures
the temporal correlation of people, traffic, and social activity
locations [28]. Significant data sources offer new possibilities
for urban mobility and accessibility studies, especially
mobile cellular data from cell phones simplify group travel
patterns and traffic geography studies. Garcia et al. used the
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Google API to construct OD matrixes, ultimately analyzing
the independent impact of dynamic accessibility and its
associated components [29]. However, little attention has
been paid to systematically analyzing the effect of temporal
resolution on the results. Based on this, Marcin et al.
addressed the loss of accuracy due to progressively lower
temporal resolution, aiming to guide selecting the appro-
priate temporal resolution in accessibility studies [30].

Most of the studies are focused on the connotation of
accessibility, the establishment of quantitative models, de-
termination of evaluation indexes, and the optimization of
accessibility. The theory of accessibility has been widely used
in the actual process of urban planning and construction.
However, most of the existing studies analyze bus accessi-
bility from the macroscopic point of view, and few theories
are developed at the microscopic level (such as stations). For
the station, most studies only consider the front end of the
trip to analyze the service radius of the station, that is,
evaluating the difficulty level to reach the station. For
passengers, besides the accessibility from the departure point
(home, workplace, school, etc.) to the bus station, the spatial
distance range that the bus can reach from the station is the
key index to measure the service capacity of the station.
Additionally, the models mainly limited evaluating the ac-
cessibility of public transport without identification of weak
points and bottlenecks in the public transport network. The
travel bottleneck is a relatively new and important concept
applied to traffic congestion, but few theories on bottlenecks
of public transport are researched. Bottleneck identification
models for public transport can help us understand the
operation mode and optimize service efficiency to the
greatest extent possible. This paper aims to respond to the
above-mentioned challenges by applying a chance model
based on AVL and spatial data to address the following
research questions:

(1) How to consider the time factor and measure the
space range that can be reached from a bus station
within the bus network?

(2) How to accurately locate bottlenecks in public
transportation networks based on accessibility?

The paper is structured as follows. The methodology to
model bus accessibility and identify the bottleneck stations is
discussed in Section 2. The opportunity method with AVL data
is employed to establish time and space limits. We use POI
(point of interest) data to describe the land use that has been
considered to calibrate the relevant parameters of the subse-
quent model. Additionally, we expound on the framework of
using quality control to analyze specification range and
probability indexes for bottlenecks identification. Section 3
presents the case study to demonstrate the results of accessi-
bility calculation and bottlenecks identification. The paper ends
with the discussion and conclusions in Section 4.

2. Methodology

2.1. Methodology Framework. 'The paper investigates the bus
accessibility and bottleneck stations with the time-space
variation. The methodology framework is mainly
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constructed based on data processing, accessibility calcu-
lation, bottleneck stations identification, and case verifica-
tion, respectively, as shown in Figure 1.

2.2. Accessibility Model

2.2.1. Theoretical Basis. Based on the opportunity method,
this paper employs a geographic information system to
measure the accessibility of public transport from both
micro and macroperspectives [31, 32]. The public trans-
portation system includes three levels: station, line, and area
network. Obviously, the smaller the research scale, the
higher the accuracy of the research results. In addition, from
the perspective of travelers’ needs, time and distance are the
most critical factors affecting travel decisions. Therefore, the
single station is selected as the research object in this study.
By considering the measurement of time, the accessibility of
public transport is defined as the maximum sum of the
directly available distance at a certain point within a reliable
time. The sum of the accessibility of all stations constitutes
the accessibility level of the whole network. The prominent
advantage of this definition lies in @ taking a single station
as the research foundation, indirectly reflecting the service
level of the station by measuring the travel opportunities
available of the station; @ providing a basis for finely
identifying the bottleneck points of the public transport
network and giving some reference for travel choices of
users. According to the definition, three factors affect the
spatial accessibility of bus stations: the number of stops, the
longest distance, and the travel time of each shift. Therefore,
each station’s spatial accessibility calculation model is cal-
culated by the following equations:

n
Mgpap = ZLj(max)f(t), (1)
s}
0, t;>timio
f® ={ o 2)
Lot <timip>
< =0
t; =) T, (3)
i=i
timit = M X L, (4)

where Mgpap is the spatial accessibility level of a station;
L;(max) is the maximum distance that the bus for the j-th
line that stops at the station can reach from the station to
continue driving; f (¢) is a discriminant function, which is
used to determine whether the running time of public
transport vehicles exceeds the limit; #;; is the time limit,
that is, the reliable travel time of the j-th line bus that stops at
the station and continues to travel from the station to the
destination, which belongs to the ideal time and takes the
average level of the whole city; m . is the number of inter-
station sections passed by the j-th line bus that stops at the
station and continues to drive from the station to the
destination; ¢; is the actual travel time required by the j-th

line bus that stops at the station to continue driving from the
station to the destination; Ti] is the actual interval running
time required for the bus on the j-th line stopping at the
station to continue driving and pass through the i-th inter-
station section; and f is average running time of all inter-
station sections in the city.

The larger the value of MSDAD, the greater the travel
opportunity obtained from the station, which means the
higher the possibility of meeting the travel demand of
passengers, and thus the higher the accessibility level. At the
same time, for lines or networks, if the covered stations own
great accessibility, their accessibility is also at a relatively
good level. Therefore, this paper employs the accessibility of
the stations to get the accessibility calculation model of the
line, as shown in the following equation:

Ay = Z Mspap- (5)

Ay is the accessibility of bus line. Numerically, it is equal
to the sum of all the accessibility levels of stations of this line.
Similarly, if the accessibility level of a region needs to be
calculated, the accessibility values of all stations in the region
are summed up.

2.2.2. Calculation Procedure. Taking the running time be-
tween stations as the control index and dividing a day into
three periods (morning peak, 6:00-9:30; Evening peak, 16:
00-19:30), we calculate the bus accessibility of the whole city
within a week. The running time between stations is a crucial
index to determine the reliability of bus running time. In this
study, the running time between stations refers to the time
from entering the last station to the next station, including
the stay time at the last station and the driving time before
reaching the next station. The total calculation steps are as
follows.

Step 1: Match the station number with the actual station
according to the line name.

Step 2: Establish two lists for each interstation section, and
the list of running time of interstation section starting from i
station is i, = [], and i, = ] is used to store the accessibility of
the i-th station. Traverse the inbound and outbound data of
all routes and shifts and match the “O_TIME” index with
stations to obtain the inbound time of all routes and shifts at
each station. For a single shift of a single line, the arrival time
of i-th station is T}, and the arrival time of (i + 1)-th station is
T;+1, so T;+1—T; is added to list i;, as shown in Figure 2.

Step 3: According to the list i; obtained from each inter-
station section, calculate the average running time of i-th
interstation section (T,). Further, calculate the running time
of all inter-station sections in the whole city, which is the  in
equation (4).

Step 4: According to equation (3), calculate the theoretical
time t; required for the bus of the j-th line reaching the
terminal from i-th station. If ¢; < #;;» g0 to step 5; otherwise,
another line is calculated.
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Step 5: Calculate the distance between i-th station and the
terminal station of the j-th line according to the latitude and
longitude of the station [33] and add the calculation results to i,.

Step 6: Repeat all routes and all stations to calculate the
accessibility of all stations.

2.3. Identification for Bottleneck Stations. The ultimate goal of
accessibility research is to identify unreliable units (stations or
lines) and provide a basis for the next step of optimizing the
layout of stations or lines. Because of the large amount of bus
station data, this paper employs QCA (Quality Control Al-
gorithm) to judge the degree to which the test data meet the
requirements of quality standards (such as specification range)
through the probability indexes of bilateral specifications, to
identify the bottleneck stations with low accessibility [34, 35].
The QCA compares the average accessibility of all stations on
the same line and establishes the upper and lower limits for
evaluating the accessibility of public transportation according
to the significance level. When the accessibility of the evaluated
station is less than the limit value, the station is the reachable
bottleneck station. The specific calculation model is as follows:

_ ,A— 1
AEZAC‘Fk Mc'f'm,

1 (6)

«  »

where AC is the critical accessibility value, “+” represents the
upper bound and “~” represents the lower bound; A is the
average accessibility of the station; k is a statistical constant,
corresponding to different confidence levels; and M is an
adjustment parameter, which is the travel demand within the
service radius of the station.

3. Case Study and Result Analysis

3.1. Study Data and Area. Part of the research data comes
from the AVL data provided by Harbin Bus Company from
May 1st to May 7th, 2017. The file size of single-day data is
about 30M, containing about 300,000 inbound and out-
bound data. The relevant data attribute records are shown in
Table 1. The other part comes from vector map data of
Harbin provided by open street map, and crawler tools
capture the latitude and longitude data of all stations in the
city.

The Harbin City is employed for verification (as shown
in Figure 3). As the capital of Heilongjiang province, it is
located in the extreme northeast of China. As of February
2020, there are 256 bus lines in Harbin (the main urban
area); among them, the length of the bus network reached
997 4 kilometers, the density of the line network reaches
2.47km/km? and the average daily passenger volume of
buses and trams is 3,676,200 (https://kns.cnki.net/kcms/
detail/detail.aspx?dbcode=CMFD&dbname=CMFD202102
&filename=1021030779.nh&uniplatform=NZKPT&v=1c4N
3PNCTp3TIbtOIgb1Doj9ikTLNXOVYLgIFoDQc2wmsloy
Riuep2ZRWJBeY4QU). From the traffic analysis report
released by the Amap, however, it can be seen that Harbin
has been listed as one of the top ten traffic jam cities in China
for many years (https://report.amap.com/share.do?
id=a187527876d07ac50177142eba987ce0; https://baijiahao.
baidu.com/s?id=1622808967853154807; https://wenku.
baidu.com/view/95cddad46bdc5022aaea998fcc22bed126ft42ca.
html). At the same time, Harbin City is known as one of the
most unreasonable cities in the country in terms of road
planning. The unreasonable and unscientific road planning
has a direct impact on the development of the city. Traffic
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TaBLE 1: The attribute of AVL data.

The attribute name

Property description

O_LINENO
O_BUSNAME
O_STATIONNO
O_TIME
O_STATIONSTATUS

Record line number
Record the bus name
Record station number
Record the stop time

Record the running status. 0 indicates the forward running and 1 indicates the reverse running

A: Location of ——>
Harbin

o ST 2022 Autondy - GS2019)6ITET b

B: Map containing
Harbin Administrative
division

_—

o bus stations
—— urban roads

+

—— public transport line

FiGURrE 3: Demonstration of the research area.

congestion is increasing and induces a negative impact
on the economic-social development and the function
of the city. The most direct, essential, and obvious harm
is the inconvenience of urban residents and the sig-
nificant increase in travel costs. Therefore, compared
with other cities, the application of the above-men-
tioned model to Harbin shows more urgent demand and
practical value.

According to Figure 3, six districts are selected as re-
search areas including Nangang district, Pingfang district,
Daoli district, Xiangfang district, Daowai district, and
Songbei district. The government has invested more in
public transport in these areas, making them more repre-
sentative as they have better infrastructure. However, due to
the low level of economic growth, the traffic department has
never recorded AVL data for other regions, which are rel-
atively backward in bus development.

3.2. Analysis of Validity Based on Spatial-Temporal Difference.
According to the calculation results of the proposed ac-
cessibility model, it can be seen that the performance of bus
accessibility varies significantly in different time periods (flat
peak and peak) and different areas (downtown and sur-
rounding areas). Based on existing calculation results, the
validity of the model is further analyzed. Referring to Wei
et al’s [36] modeling ideas in the accessibility calculation of
rail transit stations, this paper verifies the model by com-
paring the horizontal distribution and vertical changes of
accessibility values.

3.2.1. Validation Analysis Based on Time Difference of
Accessibility. According to the calculated results, the ac-
cessibility level is classified by using Jenks natural breaks
method: Grade 5: 0-1 500 m; Grade 4: 1500-3000 m; Grade



3: 3000-6000 m; Grade 2: 6000-12,000 m; Garde 1: greater
than 12,000 m. Figures 4-9 show the accessibility perfor-
mance in different time periods of a certain day. There is a
significant difference in the accessibility of public trans-
portation between morning and evening peak hours and off-
peak hours. Only the proportion of stations with Grade 5
accessibility increases significantly during the morning and
evening peak hours, while others do not. As mentioned
above in the traffic analysis report, traffic congestion in
Harbin is very serious, especially during peak hours. During
peak hours, after all, the disruption to bus running will also
reach the highest due to the surge in traffic volume. As a
result, the maximum distance that buses can reach on most
routes within a reliable time will drop steeply to a minimum,
resulting in an increase in the number of stations with Grade
5 accessibility. By contrast, the number of stations with other
Grade accessibility will decrease.

Combined with Figures 4-9, according to the calculation
results of average accessibility in a week (Figure 10), there is
little difference between morning and evening peak hours.
The average accessibility in off-peak hours is far greater than
that in peak hours. The average accessibility during oft-peak
hours is about 5.76 times that during peak hours, which
means that the average distance that can be reached by bus
from a station during peak hours may be less than one-fifth
of that during off-peak hours in the ideal time range.
According to the above analysis, the time difference of bus
accessibility is basically consistent with the performance of
the Harbin urban traffic congestion index in different pe-
riods. In addition, the average off-peak accessibility shows
the trend as “falling down first and rising up later in one
week,” especially the lowest point on Wednesday. It is an
episodic condition that can be linked to a day of the week
when something happens, such as bad weather or a big
event, but the exact cause is unknown due to data limita-
tions, which will be discussed in future research. The main
purpose of this graph is to show the difference in accessibility
between peak and off-peak hours, not the fluctuation of
accessibility within a week. Furthermore, the one-week
average of accessibility is used for model validation and
bottleneck site identification below, which weakens the
unanticipated event’s effect.

3.2.2. Validity Analysis Based on Differences in Accessibility
of Line. In this paper, equation (5) is employed to calculate
the accessibility of all bus lines in urban areas, which helps
evaluate the service level of all lines. The model’s validity is
also analyzed according to the accessibility difference be-
tween different lines and different stations on the same line.
Bus lines No. 58 and No. 31 in Harbin are selected as ex-
amples, both of which run at Harbin’s relatively prosperous
downtown area, with large travel demand, large time, space
span, and high research value. According to the calculation
results of the model, the accessibility of the No. 58 bus line is
better than that of the No. 31 bus line. For example, from
Nanzhi Road Station to Haxi Wanda plaza Station, the
accessibility values of the two lines are 162,839.2 and
135,167.5, respectively. This result is basically consistent
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with the comparison result of the time impedance provided
by the Gaode map. The time impedance of the former is 46
minutes, which is obviously superior to the latter’s 63
minutes. For bus line No. 31, its accessibility distribution is
bounded by Harbin Railway Bureau located near the center
of Harbin with a dense population and heavy traffic, which
has a more prominent influence on public transportation,
which is consistent with the traffic congestion in Harbin.

3.3. Bottleneck Stations Identification Based on Accessibility.
The ultimate goal of this study is to employ the quality
control algorithm to find the bottleneck stations in the line
according to the accessibility of the same line station and
provide the focus for the subsequent optimization work. As a
public welfare infrastructure, public transportation serves
the largest users. Therefore, the evaluation of public
transportation services must be based on the size of travel
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demand. Because the number of POI facilities reflects the
level of travel demand in this area to a certain extent, the
station is used as a buffer with a radius of 500 m, and the
number of POI facilities is used as an adjustment parameter
the quality control algorithm. According to equation (5), this
paper takes Harbin No. 31 bus as an example for bottlenecks
analysis. Among them, the statistical constant is 1.96, cor-
responding to a 95% confidence level.

As shown in Table 2, all bottleneck stations of the No. 31
bus are identified by judging the degree to which test data
meet the requirements of quality standards. For example, in
terms of Haxi Wanda plaza, its accessibility is 3366.1, sig-
nificantly lower than the lower limit of 4465.98, so it is
defined as the bottleneck station. Among them, the nor-
malized travel demand of Heilongjiang University Station is
0, which cannot be calculated through the above model.
Because it corresponds to the lowest travel demand at this
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time, the upper and lower limits are the minimum values of
other stations. At the confidence level of 95%, 17 bottleneck
stations are located, which exceeds 50% of the total stations
and explains the operation unreliability of the No. 31 bus
from the side. Similarly, according to the above method,
whether the stations inside all bus lines in Harbin are ab-
normal or not are identified. Starting from the bottleneck
stations, optimizing the bus shifts and other related indi-
cators will help to improve the accessibility of the whole
public transportation system more accurately.

4. Discussion and Prospect

4.1. Discussion

(1) This paper explored a novel model for evaluating the
urban bus accessibility from the microperspective by
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using GIS software based on the AVL data, which
realized the calculation of bus accessibility on dif-
ferent scales and accurate identification for the
bottleneck stations with the worst balance between
demand and supply in order to effectively optimize
the level and fairness of urban public transport
service. The paper employed the chance method and
bus trajectory data to describe the buses’ ability to
meet travel demand, dynamically monitoring and
tracking the variation of service level temporally and
spatially. Furthermore, this paper took bus stations
as the research object, took the interstation section
time as the control index, and put forward a new
measure index of station accessibility, called the
farthest direct reachable distance. This index indi-
rectly reflected the service level of the station by
measuring the travel opportunities available, pro-
vided a basis for finely identifying the bottleneck
points of the public transport network, and gave
some reference for travel choices of travelers. The
Tanimoto coefficient was finally used to discuss the
coupling relationship between public transport ac-
cessibility and external development factors and
describe the unbalancedness of the layout of bus
facilities and bus service.

(2) Quality control theory was selected to establish a

multiparameter evaluation probability model for
identifying bottlenecks because the model system-
atically considered all stations of one line, which
could solve the problem of confidence level and
dynamically guarantee the implementation of the
identification system. Furthermore, the paper im-
proved the evaluation method of travel demand to
reduce the difficulty of data collection and calcula-
tion, based on the point of interest instead of bus
ridership data.
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(3) Taking Harbin as an example, based on the AVL data
within one week, we calculated the accessibility of
stations and routes in the whole city during the
morning and evening peak periods and the flat peak
periods. @ Based on the spatial-temporal difference
of accessibility and the coupling with congestion
state, we verified the effectiveness of the refined bus
accessibility model based on AVL data at the station
scale. In engineering practice, the accessibility of
different stations and lines could be deployed to
optimize the public transport network, which pro-
vided some reference for actual traffic planning. @
Through comprehensive analysis of bus accessibility
in different dimensions, there was little difference in
bus accessibility between morning and evening rush
hours, while the average accessibility in peak hours
was about five times that in peak hours. There were
significant differences in the accessibility of public
transport in different areas of Harbin, with the
maximum difference exceeding 30 times. The de-
velopment of public transport performed obvious
regional imbalance, but this imbalance was related to
social and economic development. ® For the direct
quality control of bus stations, the statistical prob-
ability was 1.96, and then it could be known that
there were 17 bottleneck stations in the No. 31 bus
route of Harbin at a 95% confidence level. After
joining the quality control of public transport ac-
cessibility, the bottleneck stations could be identified
under different confidence levels, and the error range
could be given.

(4) In general, this method is superior compared to
other accessibility methods and its importance in
urban traffic network or bus stations planning. @
Finer scale: Previous studies mainly evaluated the
accessibility of public transport from the regional
perspective. In this paper, the accessibility of a single
station is modeled, forming a complete evaluation
system from point to line to surface. In this way, the
planning and management department can clearly
grasp the rationality of the infrastructure layout and
provide a reference for the next optimization
strategy. @ More practical: There are few models
about bus bottlenecks in existing research, and most
of them stop at accessibility evaluation. With the help
of a quality control algorithm, this paper realizes the
location of weak points in public transport networks
from the perspective of accessibility. Researchers can
make more accurate transportation policies and
management plans based on this. In particular, the
probability value of each bottleneck site is given,
which makes the identification model more reliable
and flexible. More importantly, users can plan their
travel strategies more reasonably according to the
accessibility of each stop and whether it is a bot-
tleneck or not and even change the selected depar-
ture bus stop.® Smaller amounts of data: We only
need to obtain the AVL data within the research area
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TABLE 2: The abnormal station determines the result.

. . Travel demand Upper bound of  Quality control lower Is it a
Station name Accessibility (standardizing) qlljlglity control tlZoundary bottleneck?
Heping Community 4291.5 0.407 4943.102 4518.238 No
South Road 997.7 0.037 5444.656 4016.684 Yes
Hongqi Community 2654.2 0.370 4953.533 4507.807 Yes
Huaihe Road 2674.7 0.259 4997.357 4463.983 Yes
Liaohe Community 102.3 0.259 4997.357 4463.983 Yes
Songshan Community 159.6 0.407 4943.102 4518.238 Yes
Xianfeng Community 2119.5 0.444 4934.008 4527.332 Yes
Xianfeng Road Intersection 4854.9 0.296 4980.017 4481.323 Yes
Dacheng Street 1200.1 0.222 5018.892 4442.448 Yes
Children’s Park 1880.3 0.074 5232.738 4228.602 Yes
First Medical Hospital 3421.0 0.444 4934.008 4527.332 Yes
Lin Qiu Company 33315 0.593 4906.635 4554.705 Yes
Provincial Expo Center 2569.6 0.630 4901.357 4559.983 Yes
Harbin Railway Bureau 27955.7 0.852 4877.318 4584.022 No
Harbin Institute of Technology 5063.1 0.815 4880.628 4580.712 No
West Bridge 3037.1 0.704 4892.083 4569.257 Yes
Orthopedic Hospital 3096.9 0.333 4965.665 4495.675 Yes
Tongda Street 740.9 0.667 4896.526 4564.814 Yes
Helu Road 2937.1 0.185 5046.637 4414.703 No
Hesandao Street 11286.2 0.667 4896.526 4564.814 No
Xingshiyi Avenue Street 3762.1 0.630 4901.357 4559.983 No
Harbin Normal University
Affiliated Middle School 14400.2 0.741 4887.978 4573.362 No
Harbin University of Science and /| 0.667 4896.526 4564.814 No
Technology
Heilongjiang University 3286.8 0 4865.979 4016.684 Yes
Garment Mall 7933.5 0.778 4884.171 4577.169 No
Harbin Institute 4917.1 0.963 4868.566 4592.774 No
Political and Legal Cadre College 5743.8 0.407 4943.102 4518.238 No
Zhongxing Boulevard 4475.4 1 4865.979 4595.361 Yes
Haxi Wanda Plaza 3366.1 1 4865.979 4595.361 Yes
Haxi Railway Station East Square ¢, 3 0.074 5232.738 4228.602 No

Station

without assistance from other multisource spatial
data, which can be conveniently complicated
through ArcGIS. In addition, the model in this article
does not need to forecast traffic congestion and other
socioeconomic factors, which makes the application
process more straightforward and saves time. @ No
complicated algorithm: We just need to calculate the
departure and arrival times for each bus station,
which are the simplest indexes in evaluating buses.
Compared to other intricate algorithms, including
nested logit “logsum” [8], comparative assessment
[17], 3SFCA [22], online route planning algorithm
[29], and so on, the model proposed in this man-
uscript does not require any special design algorithm
and has a low threshold, which is suitable for dif-
ferent cities and has better application prospects.

4.2. Prospect. With the help of urban computing and big
spatial data, it is easy to get all the data sources of bus
accessibility evaluation. Every certain period, the repeated
accessibility calculation process can dynamically evaluate
and track the improvement degree of bus system services in
time and space. By promoting the development of urban

public transport, this method can realize the optimal allo-
cation of urban public transport resources, thus improving
the attractiveness of public transport to the greatest extent
and increasing the sharing rate.

There are still some problems to be further discussed: (1)
The relevant conclusions of this paper can only be verified by
the temporal and spatial differences of urban public
transport accessibility and the general characteristics of
coupling. Compared with the traditional accessibility cal-
culation model based on bus trajectory data, the accuracy
and effectiveness of this method need to be further dis-
cussed. (2) Our primary concern is the accessibility of
traditional public transportation while ignoring the influ-
ence of other shared transportation, such as bike-sharing
and the subway under construction. (3) Although the peak
and off-peak hours are distinguished, the influence of other
objective factors (nonworking days, weather, etc.) on ac-
cessibility and bottleneck stations is not considered. Future
research should consider the internal relationship between
different vehicles in detail and attach importance to con-
nection accessibility to find out the causes of bottlenecks. In
addition, future research should be analyzed in different
demand scenarios to establish a more stable and reliable
bottleneck identification model.
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The relationship between urban expansion and population density changes is complex and plays a fundamental role in urban
sustainable development research. This relationship has been studied in multiple large cities. However, there is no report of the
relationship of the two factors mentioned above in urban agglomeration in a particular region of China. Ten cities located in the
central-southern region of Liaoning province are selected as research samples in this study. The spatial growth rate and urban
compactness index of the sample cities were calculated using the land use and population data of these cities in three time phases:
1995, 2005, and 2015. Then, the geographical growth features, the population density changes, and the link between these two in
the sample cities were investigated at these three periods. Our results revealed that the studied cities of central-southern Liaoning
province expanded at the three time phases under the driver of positive population density growth, but the effects of urban
population change on urbanization growth modes across time were uneven across different periods. Our study showed a trend
that active transition of different urbanization growth modes was associated with decreased population density.

1. Introduction

Urban expansion is a popular area of human geography
study. Evolution characteristics of urban construction land’s
temporal and spatial patterns are evaluated by assessing
gravity center shifts and intensity expansion through time
and space [1, 2]. To date, most of the research on urban
expansion focuses on analyzing its temporal and spatial
evolution characteristics, such as the magnitude, elements,
structures, and manners of urban spatial growth [3]. Primary
studies have also discussed the mode, mechanism, and
measurement method of urban spatial growth [4-7] and
analyzed the urban growth process through constructing
indicators, such as the degree of freedom, compactness, and
sprawl of urban expansion [8, 9].

Urban population density is an important feature that is
used to characterize the development of a city [10, 11]. With
respect to urban population density, previous research has

mainly focused on the following two aspects: (1) the spatial
distribution patterns of urban population density, including
the spatial distribution patterns and model research of urban
population density at the national and provincial levels
[12-14]; (2) temporal and spatial changes in urban pop-
ulation density, mainly from a global perspective and the
perspective of urban districts to study population density
trends and influencing factors [15-17]. Beyond these aspects,
population density changes can affect and determine envi-
ronment and urban development [18-20].

Over the past four decades, China has experienced the
world’s fastest urbanization process [21]. With a continuous
increase in urban population across the whole country and
an ongoing outward expansion of urban land, urban area
expansion has developed at a quicker pace than urban
population growth, resulting in a drop in urban population
density over time [22, 23]. The feature of quick urban ex-
pansion is closely related to many urban factors and can be
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used to measure the development of a city [24, 25]. When
there is an imbalance between land urbanization and
population density, the reduction in urban population
density due to quick urban expansion will result in low-
density and fragmented city growth [18]. Eventually, this
imbalance will lead to the destruction of city growth. In the
context of rapid urbanization in China, it is crucial to
comprehensively study the characteristics and mechanisms
of urban population density fluctuations on urban expan-
sion because this type of assessment can help guide the
coordinated growth of urban land and population and thus
establish a healthy form of urbanization development [19].

The central-southern region of Liaoning province is one
of the earliest formed urban agglomerations in China
[26, 27]. Some researchers believe that this area is the fourth-
largest urban agglomeration after the Yangtze River Delta,
the Pearl River Delta, and the Beijing Tianjin Hebei region
[28]. The cities in this region provide the most significant
sources of growth for Liaoning province and northeastern
China [29, 30]. In 2010, China issued the “National Major
Function Zone Plan,” the first national land and spatial
development plan [31]. The urban agglomeration in the
central-southern area of Liaoning province was designated
as an optimized development zone at the national level in
this plan [31]. During the last decades, the development of
the cities in this particular urban agglomeration was rela-
tively slower than that of the other cities in China but still in
process [32, 33]. In line with the urbanization of these cities,
more and more countryside people have emerged in cities
and settled down as citizens in these cities [34, 35]. To meet
the growing need of these newcomers for living and pro-
duction, urban land in urban agglomerations shows a trend
toward continuous expansion [36, 37].

Although scholars have conducted a significant amount
of research on urban expansion and population density
[10, 14, 38, 39], the relationship between urban expansion
rates and changes in population density within the urban
agglomeration in the central-southern region of Liaoning
has not yet been studied. The following questions guided our
research on the relationship that has emerged between urban
expansion rates and population density changes in this
particular region: (1) “Will the increased population in this
region promote city expansion of the urban agglomeration
in the central-southern part of Liaoning province?” (2) “Can
the theories of preexisting studies about the relationship
between urban expansion rates and population density
changes be applied to this urban agglomeration?”

In this study, the urban agglomeration in central-
southern Liaoning province was selected as the study region.
In total, ten cities were taken as research samples. We
studied urban land density based on the cities’ land use data
from 1995, 2005, and 2015. The urban spatial growth rate at
each period was calculated based on fitted parameters using
the inverse sigmoid function (Section 2.3.2) to fit the rela-
tionship between urban land density and population density
change. Based on the fitted parameters, the relationship
between urban expansion and population density was
assessed, and a compactness index that characterizes urban
expansion was created. The study holds the potential of
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serving as the basis of sustainable urban development re-
search and a valuable reference for future urban planning
decisions and land policy formulations.

2. Data and Methods

2.1. Overview of the Research Area. Ten cities in the urban
agglomeration located within the central-southern region of
Liaoning province were taken as research samples (Figure 1).
The urban agglomeration is located in the hinterland of Liao
He Plain, one of the three major plains in northeast China.
The city cluster is centered on two sub-provincial cities,
which are Shenyang and Dalian. Besides the two centers, the
urban agglomeration contains other eight prefecture-level
cities (Anshan, Fushun, Benxi, Dandong, Liaoyang, Ying-
kou, Panjin, and Tie Ting) and 12 county-level cities, as well
as 18 counties. At the end of 2015, the total population of the
central-southern Liaoning urban agglomeration was 31.266
million, accounting for 73.69% of Liaoning province’s total
population. The total land area of this region is 96,690 km?
with a built-up area of 1,666 km”. The total urban land use
development intensity reached 85.3% in 2015.

2.2. Data Sources. The research data consisted of regional
land use data and population data that were collected in
1995, 2005, and 2015. The land use data comes from Landsat
remote sensing images with a spatial resolution of 30 m. The
land use types in this region were divided into six categories
(construction land, waterbody, cultivated land, forest land,
grassland, and unused land) based on the interpretation of
remote sensing data. Urban population data comes from the
census data of each city as is presented on the China De-
mographics Bureau’s website (https://www.stats.gov.cn/).

2.3. Research Methods

2.3.1. Circle Analysis Method. Circle analysis refers to the
establishment of a series of equidistant buffer zones with the
city center as the center of the circle. Each circle was used as
the basic unit for three separate purposes: (1) to describe the
spatial differentiation of urban expansion, (2) to calculate
relevant spatial indicators, and (3) to analyze the urbani-
zation process to discover the spatial characteristics of
different periods [39, 40].

We then analyzed the buffer zone of the urban land
expansion process of each city. A buffer zone with a width of
1 km was established with the geometric center of the main
urban area of each city in 1995 as the center and gradually
expanding the outermost layer contained the main urban
area of each city. Outer ring roads of the studied cities and
contiguous built-up regions were used to determine the
scope of the urban area (the scope determination of She-
nyang city was selected as an example and illustrated in
Figure 2). Based on the formed circle layer structure, the
construction land density was calculated in each circle layer
(i.e., the ratio of the construction land area in each circle
layer to the total land area minus the nonconstructible land
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FIGURE 1: Schematic diagram of the study area location.

[water body]) [41]. The calculation formula for construction
land density is as follows:
S, o nstruct;
Density — construction ( 1)

land ~ Swater

In the formula, Scopstruction 18 the construction land area
of each circle in the buffer zone, Sj,,4 is the total land area of
each circle in the buffer zone, and S, is the water area of
each circle in the buffer zone.

2.3.2. Inverse Sigmoid Method of Characterizing Urban
Expansion. Jiao analyzed the decreasing law of impervious
surface density with distance from the city center using
three time phases of remote sensing photos from 28 major
Chinese cities as the research sample and developed an
inverse sigmoid function to fit the distribution of imper-
vious surface density [42]. Using the inverse sigmoid
function is helpful in modeling city expansion. Here, we
took the function as a reference and used it to perform a
fitting analysis on the land circle density distribution of ten

sample cities, and the urban morphology of each city was
determined based on the fitting results. The inverse sigmoid
function is as follows:

1-c¢
f O =@ T © 2)

In the formula, f{r) indicates the density of the city; r
represents the distance to the city center; e is Euler number;
and a, ¢, and D are parameters for this investigation. The «
value is a parameter that controls the slope of the inverse
sigmoid function curve, the ¢ value represents the back-
ground value of the urban hinterland construction land
density, and the D value represents the fitted estimated value
of the radius of the main urban area.

The growth rate of city radius D value is used to char-
acterize urban spatial growth rate (V) in the following

formula:
D
V=4[ =)-1 3
(D) 3
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In the formula, D, is the city radius at the end of the
study, D, is the city radius at the beginning of the study, and
n is the study period.

The compactness of each research point is calculated
according to the parameters of the inverse sigmoid function
fitting formula (2). The compactness value is the ratio of the
inner urban area to the urban radius given by the function
fitting. The compactness K, value and the parameter « are
inversely proportional to each other. If the K, value at a
later point in time decreases relative to the previous point
in time, it indicates that the development of city urbani-
zation followed a compact direction during the study pe-
riod. The calculation formula for compactness (K,) is as
follows [42]:

ry—T
K,= 2D 1

(4)
1316957

[»4

In the formula, r, — r; represents the inner-city area, D is
taken as the city radius, and « is the parameter that is used to
control the slope of the inverse sigmoid function curve. The
parameter D obtained by inverse sigmoid function fitting is
the estimated value of the main urban area radius. By in-
vestigating the parameter D value change, the growth rates of
each city space can be compared.

2.3.3. Method of Calculating the Relationship between City
Expansion and Urban Population Density. The urban
population density for each corresponding city is calculated
by counting the population within the defined urban land
area. Based on population density, population density
changes are calculated during different research periods
(1995-2005, 2005-2015, and 1995-2015). City expansion
rates are obtained from the output result of (3). The cor-
relation value of these two values with p value is calculated
based on R statistics programming.
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The relationship between city compactness and pop-
ulation density is studied separately with three different city
growth modes, “compact,” “maintenance,” and “spread,”
characterized based on city compactness value K, from (4).
Generally, when the K, value of a city increased from the
previous point in time, the urban spatial growth model was
defined as a “spread” mode. When the K, value decreased,
the urban spatial growth mode was defined as “compact.” If
the difference in K, values between two periods was less than
0.01, the type of city growth mode is regarded as
“maintenance.”

3. Results

3.1. Population Density Change. In this study, we investi-
gated urbanization by studying the urban expansion effects
of urban population density. The urban population density
was based on the census data from the government annual
release of each city and is calculated as the ratio of urban
permanent population to the built-up area (Supplementary
Table 1). Figure 3 shows the change of overall population
density between the three research time points (i.e., 1995,
2005, and 2015) in each city of the studied area. Comparing
the population densities of different periods showed that the
population density of the studied area in 2015 was lower than
that in 1995 and 2005 (Figure 3(a)). The average population
density of the studied area in 2015 was 12.42 people/hm?,
while the average population density in 1995 and 2005 was
13.901 people/hm? and 13.813 people/hm’, respectively.

A comparison of the population density of each sample
city as is depicted in Figures 3(b) and 3(c) reveals that three
city types can be distinguished according to population
density changes in the three different research periods
(1995-2005, 2005-2015, and 1995-2015). The first type was
characterized by a yearly increase in population. The second
type consisted of cities whose population has increased and
then declined. The third type included cities with annual
population decline. The population densities of the studied
cities Dalian, Shenyang, Panjin, and Yingkou increased
during the studied periods. The population density increase
rate of these four cities was 0.67%, 0.65%, 1.21%, and 1.72%.
The population density of Benxi, Anshan, and Liaoyang
increased between 1995 and 2005, while it decreased be-
tween 2005 and 2015, with a decline rate of 1.81%, 2.02%,
and 4.23%, respectively. The population density of the other
cities (Fushun, Dandong, and Tieling) showed a downward
annual trend. Among these three cities, the population
density of Fushun declined the most from 2005 to 2015, with
a decline rate of 6.52%.

3.2. Urban Sprawl. Nonlinear least square method was used
in the R software [43] to fit the land density of the ten cities
by calculating the land density value of the corresponding
circle layer of each city according to (2) in Section 2.3.2.
Fitting parameter results of the inverse sigmoid function of
the urban land density distribution are shown in Table 1, and
the raw land density of the corresponding circle layer of each
city is provided in Supplementary Table 2.

As depicted in Table 1, the fitting function effect is
excellent with less than 0.01 of p values, indicating that the
parameters from the fitted functions can accurately reflect
city expansion. Generally, the parameters were summarized
as follows. The « value reflects the compactness of the city
form (the larger the « value, the more compact the city). The
o values were taken at three time points in the sample cities
with a value range of 1.319-7.198. The value of ¢ is the land
density value of the urban fringe hinterland, and the value
range of ¢ in the sample city was from 0.037 to 0.181. For
most of the cities included in this study, the ¢ value was less
than 0.1. Some cities had a relatively large value, such as
Panjin, which reached 0.181, suggesting that cities with this
characteristic are almost always connected with the sur-
rounding cities. The D value represents the city radius, and
the city radius of each city changes with time. These fitting
values increased with time, which suggests that the radiuses
of these cities gradually increased during the periods ana-
lyzed in this study, but the growth rates were different. In
1995, the cities with the smallest and largest urban radiuses
were Tieling and Dalian. In 2015, the cities with the smallest
and largest urban radiuses were Tieling and Shenyang.

The spatial attenuation mode and fitting curve of the
land density function of the ten cities are plotted and
presented in Figure 4. The curve shape is used to reflect
city expansion based on the following definition. (1) The
curve of a compact city is relatively flat near the city
center. (2) The curve of a maintenance city has a rapid
decline from a steep shape on the middle part. (3) The
curve of a rapidly expanding city shifts back to the right by
a large margin. Overall, most of the sample cities were
relatively compact in 1995, especially Dandong, Benxi,
Fushun, and Shenyang. A few cities were relatively loose,
such as Dalian and Anshan. The curves of these cities
shifted backward to the right, which indicates that these
cities were in a looser state. After 2005, some sample cities
began to expand rapidly, and the extent of the expansion
in the second period was greater than it was in the first
one. For example, Shenyang and Yingkou experienced
more significant expansions during the two studied pe-
riods. Compared with the cities that were in a status of
significant expansions, the compactness degrees in
Dandong, Fushun, Benxi, and Liaoyang has not changed
significantly since 1995.

3.3. The Relationship between Urban Expansion and
Population Density

3.3.1. The Relationship between Urban Expansion Rates and
Population Density Change. The estimated value of the city
radius D was obtained based on the inverse sigmoid function
fitting, and city radius change was used to characterize the
change in the urban spatial growth rate. The urban spatial
growth rate of each city in three periods was calculated using
(4) (Supplementary Table 3 and Figure 5(a)), and a corre-
lation analysis was performed in accordance with the speed
of population density change that was recorded during the
same period (Figure 5(b)).
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TaBLE 1: Parameters of fitted inverse S-shaped functions in ten sample cities.

o 1995 2005 2015
Cities
a c D P a c D P a c D p

Dandong 2.314 0.047 7.932 0.004 2.364 0.048 7.977 0.004 2.302 0.050 8.079 0.004
Dalian 1.319 0.039 17.885 0.043 1.666 0.037 22.271 0.020 1.798 0.044 22.581 0.012
Fushun 2.902 0.139 8.957 <0.001 3.021 0.149 9.087 <0.001 3.053 0.159 9.062 <0.001
Benxi 3.381 0.040 7.386 <0.001 3.389 0.041 7.374 <0.001 3.446 0.054 7.285 <0.001
Shenyang 4.604 0.095 17.779 <0.001 4.149 0.100 19.383 <0.001 3.486 0.098 22.829 <0.001
Panjin 3.066 0.178 6.310 <0.001 3.777 0.181 6.967 <0.001 3.292 0.177 8.318 <0.001

Yingkou 2.638 0.091 16.209 <0.001 2.543 0.082 17.958 <0.001 2.802 0.137 19.235 <0.001
Liaoyang 7.198 0.163 7.804 0.002 7.046 0.164 7.832 0.002 5.685 0.171 8.022 0.003
Tieling 5.897 0.049 6.306 0.001 5.615 0.065 6.354 <0.001 5.942 0.105 6.292 <0.001
Anshan 1.770 0.050 11.811 0.009 2.008 0.051 12.805 0.010 1.920 0.044 13.969 0.056

The p value represents the significance of function fitting.
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function.

From 1995 to 2015, the spatial growth rates of the sample
cities were between 0.00 and 0.015. Spatial growth rates of
cities such as Dalian, Panjin, and Shenyang were higher than
0.01, while lower values (less than 0.01) were observed for the
cities of Yingkou, Anshan, Liaoyang, and Dandong. The
urban spatial growth rate decreased in five cities from 2005 to
2015, including Dalian, Fushun, Benxi, and Yingkou. How-
ever, the urban spatial growth rate of Dandong, Shenyang,
Panjin, Liaoyang, Tieling, and Anshan increased during this
same period. This means that the sampled cities are all
expanding at different growth rates and that the changes in
spatial growth rates are inconsistent. The correlation coeffi-
cient was calculated to study the correlation between the
urban spatial growth rate and the population density change
rate. The overall correlation coeflicient was 0.613 with a p
value of less than 0.01. A positive correlation between these
two values indicated that the population growth might be one
of the driving forces of urban expansion in the sampled cities.

3.3.2. The Relationship between City Compactness and
Population Density Change. City expansion rate is one

important attribute characterizing city expansion while city
compactness determines urban sustainable development and
growth [44]. City compactness is highly related to rising
urban populations [45, 46]. To characterize the relationship
between city expansion compactness and population density
changes in the areas of this study, the value K, was used to
characterize the urban form at a certain time across an entire
city radius and calculated as (4). The smaller the K, value, the
more compact the urban city forms and vice versa. The K,
values at two time points can be used to describe urban
compactness change that occurs during two studied periods.
In this article, if the K, value of a city increased from the
previous point in time, the urban spatial growth model was
defined as a spread mode. If the K|, value decreased, the urban
spatial growth mode was defined as compact. If the K|, values
remained unchanged between the two periods (i.e., the dif-
ference in K, values at each time point was less than 0.01), the
urban spatial growth model was regarded as a maintenance
type. Xu et al. also used this standard to classify city expla-
nation in different periods [47] and showed robust results in
studying population effects on city explanation. Based on this
method, we calculated the compactness values K, of the ten
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FIGURE 5: An overall observation of spatial growth rates and population density changes in the sample cities. The line plot (a) shows the
spatial growth rate of sample cities in different periods. The point plot (b) shows the relationship between the urban expansion rate and the

population density change rate.

sample cities at three time points (Figures 6(a)-6(c)) and then
characterized urban spatial growth mode changes between the
periods of 1990-2005 and 2005-2015 according to the dif-
ference in the compactness K}, values of the two time points
(Supplementary Table 4 and Figure 6(d)).

The geometric growth rates of urban population density
were calculated in relation to three different urban spatial
growth modes of varying periods (Figure 7). Based on the
analysis mentioned above, the relationship between the two
was studied. Almost all the sample cities grew in a compact
manner during the first period (Figure 6(d)), and the
population density change rates of the cities in a compact
mode had no significant changes (Figure 7). On the contrary,
the cities in a spread mode (i.e., Shenyang, Yingkou, and
Tieling) showed population density increase (Figures 6(d)
and 7). In the second period, most of the sampled cities
spread outward as they grew (Figure 6(d)), and their pop-
ulation density decline rates increased (Figure 7). This ob-
servation is consistent with Chinese development. During
the period from 2005 to 2015, China was experiencing rapid
urbanization, and cities expanded in a sprawling spatial
growth mode, which led to an increase in the rate of
population density decline. These findings suggest that a
comparative analysis of sample cities at different develop-
ment stages can serve as a valuable reference point for in-
dividuals who are making urban development decisions in
rapidly urbanizing areas.

Our analysis also indicated that population density’s
influence on urban expansion was complex and manifested
itself in different ways throughout the study periods. In the
first period (1995-2005), the population density rate of
sustaining and sprawling cities showed an upward trend.
The increase in population promoted the growth of urban

space to a certain extent, which suggests that population
growth is the driving force of urban expansion. This result
fits with the previous research [48]. However, in the second
period (2005-2015), the population density of compact
cities increased significantly compared with sprawling
cities. At this time, it seems that an increase in population
density was no longer the main factor of urban expansion,
and economic development may have driven urban ex-
pansion [49]. In the longer period (1995-2015), both
contraction and expansion cities had high growth rates,
indicating the superposition of the different effects of urban
population density change on urban expansion in the first
two periods. In contrast, the maintenance-oriented cities
show a downward trend, suggesting that the long-term
reduction in urban population change will slow the rate of
urban expansion.

Next, the urban spatial growth modes were analyzed in
combination with the rate of population density change in
each studied city in detail (Figure 8). In the two periods of
1995-2005 and 2005-2015, different types of transitions
between cities were more likely to be manifested as a de-
cline in urban population density, which suggests that the
decline in population density promoted a shift in city type
from spread to maintenance and then to compact, or vice
versa. For example, in Fushun, the decrease in population
density has caused the city to transform from the original
spread type to the maintenance type. Population density
decrease in Dandong and Anshan encouraged them to shift
from being spread-type cities to becoming compact-type
cities. Moreover, population density decrease brought on a
transition change between urban types. The population
density decrease that took place in Tieling between 2005
and 2015 was smaller than it was between 1995 and 2005,



Complexity

2005

2015

9
104 B 1.0 -
DaTian
0.8 - 0.8 - AnShan .’
s Dan Dong \/./ Da Lian
0.6 4 Ying Kou , 0.6 - L
Ben Xi \./.\ An Shan \n Pan Jin .
e o Shen Yang Y
04 Shen Yang Dan Dong N Ying Kou
L 0.4
Tie ng\./ @® FuShun Liao Yang Fu Shun
\’/ Pan Jin . Ben Xi
0.2 [ ) 02 - \,.)9
/// Liao Yang 7 Tie Ling
004" 0.0 4.
T T T T T T T T T T T T
0.0 02 04 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
1995 2005
(a) (®)
1.0 A .
e Shen Yang
s o
0.8 &
// .\ Da Lian Y
0.6 ’ An Shan £
2o
Shen Yang ' Dan Dong S £
Cog
0.4 \. Yull]g Kou § s
Tie Llng Fu Shun N
Ben xi Pan Jin 2
0.2 - g
// Liao Yang g
// ©)
0.0~
ofo 0i2 Oi 4 Oi 6 0i8 1'.0 Compacted Maintenance Spread
1995 1995 - 2005
(c) (d)

FiGurEe 6: Land growth mode of each city. The point plots ((a)-(c)) show the comparison of the K|, values of cities between the periods of
1995-2005, 2005-2015, and 1995-2015. The schematic plot (d) represents the land growth modes of the sampled cities during each period.

0.06

0.04

0.02

0.02

-0.02

T
I
I
I
€1

Population density expanation rate

-0.04

-0.06
1995 - 2005
Maintenance
B Compacted
m Spread

2005 - 2015

1995 - 2015

F1GURre 7: The population density variation rate of sample cities with different growth modes in each research period is depicted in a box plot.



10

Complexity

0.06 —

0.04 —

0.02

population density expanation rate
o
=)
3
|

1995 - 2005 population density expanation rate

2005 - 2015 population density expanation rate

0.08

a i & g >

= [aa] =]
g A i [5)
s =
A 2]

City
[0 Maintenance @ Spread

m Compacted

O Population decrease

Pan Jin
Ying Kou
Liao Yang

Tie Ling
An Shan

F1GURE 8: The relationship between the expansion type of the sampled cities and the rate of population density change is depicted in a bar

plot.

which suggests that population density decrease promoted
the transformation of urban types from compact to spread
types. In summary, the types of urban expansion in the
selected area of this study have changed significantly, ex-
cept for Shenyang, Benxi, and Dalian, whose expansion
types have not changed during the two periods. These three
cities remained spread, maintenance, and compacted cities,
respectively.

4. Conclusion

Ten cities located in the urban agglomeration of the central-
southern region of Liaoning province were selected as research
objects in this study. The studied area took around 73.69% of
Liaoning province’s total population, suggesting that pop-
ulation density plays important roles in this studied area. Our
result showed that populations of some cities (e.g., Dalian,
Shenyang, Panjin, and Yingkou) in this studied area increased
while the population of others decreased. The population study
provided a foundation for this study in understanding the
effects of population on urban land use. The urban land density
was studied through circle analysis, which is a method of
analyzing the expansion of urban land use based on calculating
construction land use on each circle from the city center
[50, 51]. Based on the urban land growth analysis on each circle
through fitting to inverse sigmoid function, we found that all
the studied cities expand in construction area across the three
studied periods. The fitting to inverse sigmoid function can not
only provide the size of urban area but also be used to calculate
compactness, which tells the quality or density of city ex-
pansion, and to reflect city expansion modes [38, 39, 42]. The
calculation of compactness showed that the city expansion

modes changed during different periods of this study in the
study area of the urban agglomeration in Liaoning province.

We integrated population density changes and urban
land use information by systematically analyzing the rela-
tionships between these two factors. Integrating the urban
expansion rate and urban population density data showed
that the urban population density was positively correlated
with the urban expansion rate, suggesting that urban pop-
ulation density growth was a driving force for urban ex-
pansion of the cities in the research area of this study.
Although we observed that low population density and a
decline in moderate population density were prevalent in the
area of this study, the population increase was strongly
associated with significant city expansion in relatively large
cities (e.g., Shenyang and Dalian), strongly proving that
population increase was a driver of city expansion.

Furthermore, the relationship between population
density and city compactness was different in the two
studied periods (i.e., 1995-2005 and 2005-2015). Our re-
sults showed that urban population density drives the cities
to a “compact” development mode during the period from
1995 to 2005. On the contrary, the increase in urban
population density from 2005 to 2015 is related to the
“spread” development mode. These results clarified that the
effects of urban population on urban expansion changes
were inconsistent in different periods and highlighted the
flexible development of urban growth in the study region.
More interestingly, detailed analysis showed that the de-
crease in population density had a positive effect on the
conversion of urban types, suggesting that population
density is a determinant factor in controlling city expan-
sion modes.
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5. Discussion

This study took the urban agglomeration in the central-
southern area of Liaoning province as a research region. The
cities in this area are representative and comparable to other
city clusters in northeastern China because the region is
more early developed and is one of the economic centers of
the northeastern region of China [26, 37]. Our results
showed that the urban population density of some cities
(such as Benxi, Anshan, Liaoyang, Fushun, Dandong, and
Tieling) in the central-southern area of Liaoning province
followed a downward trend while the population increased
in some other cities (i.e., Dalian, Shenyang, Panjin, and
Yingkou). Generally, the population in northeast China
decreases dramatically [52]. However, this study showed that
the population of the relatively larger cities (e.g., Shenyang
and Dalian, which are the sub-provincial cities of the studied
area) increased during the two studied periods while the
population in the small cities showed a decreasing trend.
This is possible due to population movement during ur-
banization from countryside to city and from small cities to
large cities [53, 54]. The further gathering of the population
data in countryside and small cities can help in figuring out
population movement and understanding urban population
density change.

We revealed that the urban expansion rate was positively
correlated with population density changes. This finding is
different from the negative correlation of the relationship in
another study that focused on large cities in Europe and
China [38]. One possibility is that the urban expansion rates
of medium-sized cities in this study are different from those
of large cities. The results of this study thus fill several gaps
that exist in research on urban expansion and population
density changes in medium-sized cities. This finding sug-
gests further interesting research on the comparison of the
relationship between population density changes and urban
expansion in cities of different sizes.

On the other hand, the relationship between population
density and city compactness was different in the two
studied periods (1995-2005 and 2005-2015), which suggests
that population density changes show significant temporal
characteristics for urban expansion in different years. This is
probably due to other determination factors in urbanization,
such as population loss during the studied periods and the
urbanization policy of China during recent years
(2010-2020) [55]. We suggest further research should
consider the combined effects of these factors with pop-
ulation density due to the complicated relationship between
population density changes and urban expansion. Based on
the fact that the severe population loss observed in the
studied region in recent years (2010-2020) will gradually
become significant [55], it is possible that the relationship
between population density changes and urban expansion in
the region will become more complicated in the future.

This study specifically focused on the relationship be-
tween urban expansion and changes in urban population
density in ten cities of the central-southern area of Liaoning
province. However, urban expansion is a complex process
that is influenced by the joint action of multiple variables
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[56, 57]. Because of limitations in data availability, this paper
only discussed the difference between urban spatial growth
and population density changes that have taken place since
1995 in the urban agglomeration located in the central-
southern region of Liaoning province. Horizontally, future
research is needed to compare the various urban agglom-
erations in China, examine the differences and similarities
between typical urban agglomerations in different countries,
and explore the development differences between different
urban agglomerations. A comprehensive analysis of the
relationship between urban growth and population density
changes in these different urban agglomerations can be used
to compare and analyze the impact of regional character-
istics on city types and urban expansion. Vertically, it is
necessary to go deep into the interior of the city and explore
the association between spatial growth and population
density changes on a smaller scale, such as polycentric urban
structures of large cities. We did not consider polycentric
urban structures of the studied cities due to the lack of
population density datasets at that scale even though one of
the studied cities (Shenyang) has been proved with three
subcenters [58]. Further study should be carried out to
understand the relationship of population density and city
expansion at polycentric urban structures. Moreover, the
relationship at the county or town level is worth studying if
population dataset in this level is available. In future, with
the continuous emergence of massive amounts of data [59],
combining multisource data to perceive the density changes
of different population types will help broaden our under-
standing of the micro mechanisms of urban spatial growth
and urban population density changes.
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As new energy vehicle (NEV) is the future of automobile development, it is of great significance to dig deeper into the technical
topics and development trends of new energy vehicles for accurately understanding the technical trends of the new energy vehicle
industry, grasping development opportunities, and scientifically formulating strategic plans. This paper takes the patent texts in
the field of new energy vehicles from 2000 to 2020 in the patent database of CNKI as the data source, identifies 25 technical topics
implied in the patent texts by using the LDA (Latent Dirichlet Allocation) topic model, analyzes the evolution trend of the 25
technical topics in terms of importance and popularity, and predicts the popularity and development trend of each technical topic
in new energy vehicles from 2021 to 2025 by constructing the ARIMA model. The popularity and development trend of each
technology topic of new energy vehicles in China from 2021 to 2025 are predicted by constructing ARIMA model. Drawing on
quantitative evidence, the study found that there are top five technical topics in terms of importance in this field, namely, Topic 8
(Installation and Fixation), Topic 5 (Heat Dissipation), Topic 14 (Vehicle Data Monitoring), Topic 9 (Charging Pile), and Topic 15
(Damping). From 2014 to 2020, the importances of Topic 5 (Heat Dissipation), Topic 8 (Installation and Fixation), Topic 6
(Electric Drive System), Topic 9 (Charging Pile), and Topic 15 (Damping) are gradually rising. In terms of popularity of technical
topics, from 2014 to 2020, the first to fifth topics are Topic 20 (Safety), Topic 8 (Installation and Fixation), Topic 3 (Cable Insulation
Materials), Topic 15 (Damping), and Topic 10 (Pump Cooling). Based on the prediction of ARIMA model, it is found that the
popularity of these five technical topics is steadily increasing from 2021 to 2025, among which the popularity of Topic 20 (Safety)
will increase from 63.58 to 113.07, the largest increase in popularity among all technical topics. The paper provides implications
for countries dedicated to developing the new energy vehicle industry.

1. Introduction

Countries around the world have different expressions about
new energy vehicles, which are called “alternative fuel ve-
hicles” in the United States, “low pollution vehicles” in
Japan, and “new energy vehicles” in China. China has used
the terms “electric vehicles,” “low energy consumption and
new energy vehicles,” and “new energy vehicles” in its
terminology for new energy vehicles. According to the
“Entry Management Rules for New Energy Vehicle

Manufacturing Enterprises and Products” implemented in
China on July 1, 2009, a new energy vehicle refers to a vehicle
that uses unconventional automotive fuels as its power
source (or uses conventional automotive fuels but with a
new vehicle power unit) and integrates advanced technol-
ogies in power control and drive of the vehicle to form an
advanced technical principle with new technologies and
structures [1]. There are five main types of new energy
vehicles, namely, fuel cell new energy vehicles, pure electric
vehicles, hybrid vehicles, hydrogen engine vehicles, and
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other new energy vehicles. Since then, the expression “new
energy vehicles” has been used uniformly in government
documents, enterprises, and academia.

With the air pollution caused by the exhaust emission
of fuel vehicles and continuous consumption of nonre-
newable resources, it is irreversible to change the depen-
dence on oil and develop clean energy such as water, wind,
and light as the driving force of vehicles. In recent years, the
world’s major automotive countries have strengthened
strategic planning and policy support, multinational au-
tomotive enterprises to increase investment in research and
development and improve the industrial layout; new en-
ergy vehicles have become the direction of transformation
and development of the global automotive industry and
promote the world’s sustained economic growth of an
important engine. Since 2018, the global output of new
energy vehicles has been growing rapidly. In 2019, the
global output of new energy vehicles was 2.17 million, and,
in 2020, the output was 2.55 million. In 2020, the European
new energy vehicles market accounted for 43.06% of the
global market, followed by 41.27% in China, 10.12% in the
United States, and 0.96% in Japan. In order to implement
the State Council’s decision to develop strategic emerging
industries and strengthen energy conservation and emis-
sion reduction and to accelerate the cultivation and de-
velopment of energy conservation and new energy vehicle
industry, the State Council issued the “Energy Conserva-
tion and New Energy Vehicle Industry Development Plan
(2012-2020)” in 2012. In November 2020, the General
Office of the State Council issued the Development Plan for
New Energy Vehicle Industry (2021-2035), which calls for
the in-depth implementation of the national strategy for
developing new energy vehicles, promoting the high-
quality and sustainable development of China’s new energy
vehicle industry, and accelerating the construction of an
automobile power.

Since 2012, China has adhered to the strategic orien-
tation of pure electric drive and made great achievements in
the development of new energy automobile industry, be-
coming one of the important forces in the development and
transformation of the world automobile industry. According
to the China Association of Automobile Manufacturers
(CAAM), the production and sales of new energy vehicles in
China were 1.366 million and 1.367 million, respectively, in
2020, up 7.5% and 10.9% year-on-year, with production and
sales reaching a record high. Meantime, the development of
new energy vehicles in China also faces problems such as
weak innovation capability of core technologies [2, 3], in-
frastructure construction still lags [4], the industrial ecology
is not yet sound [5, 6], the quality assurance system needs to
be improved [7, 8], and the market competition is increasing
[9-11]. Therefore, based on patent literature data, identi-
tying the technical topics of new energy vehicles and pre-
dicting the development trend of new energy vehicles are
important for tracking the technological frontier of new
energy vehicles, grasping technological development op-
portunities, improving R&D (research and development)
efficiency, perfecting industrial ecology, and achieving high-
quality development.
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The rest of this paper is organized as follows. Section 2
sorts out the literature review. Section 3 is devoted to the
description of the relevant methodology. The empirical
results are presented in Section 4. Section 5 proposes policy
implications and concludes the paper.

2. Literature Review

2.1. Technical Topic Identification and Forecast. As the most
important output result in science and technology inno-
vation, patent literature carries 90%-95% of technical in-
formation worldwide [12]. Data mining and topic
identification of patent literature can not only shorten R&D
time and save research expenditure but also help to grasp the
frontier of technological innovation and predict techno-
logical development trend. There are mainly patent classi-
fication method, patent citation method, and text mining
method for technology topic identification based on patent
literature.

2.1.1. Analysis Method Based on Patent Classification.
Patent classification is a simple and generic technology
classification system provided based on the technical content
revealed by the patent [13]. The main technical subject
analyses based on patent classification numbers are statis-
tical analysis and coclassification analysis. Jun used inter-
national patent classification numbers as the technical topic
of literature in a key technology prediction study [14].
Kostoff et al. used word frequency analysis to identify the
technical topic of disruptive technologies [15]. Zhang et al.
predicted the future development trend of driverless cars
based on the statistics and analysis of key technology patents
such as automatic braking, cruise control, and lane keeping
[16]. Suzuki et al. used the International Patent Classification
(IPC) number cooccurrence method to study technical topic
identification and trend prediction [17]. Jeong et al. studied
the strength of IPC cooccurrence relationship by Jaccard
coeflicients and analyzed the main types of technology topics
[18]. Lee et al. performed link prediction analysis on the
cooccurrence network of IPC to predict possible future
emerging technology topics and used topic analysis to ex-
tract keywords to identify possible future emerging areas
[19]. Huang et al. used association rule analysis method to
analyze the IPC cooccurrence in two technology areas,
namely, information technology and biotechnology, and
analyzed the characteristics of technology topics in terms of
support, confidence, and lift [20]. By statistically analyzing
the number of applications and the number of IPCs for
driverless car patents, they concluded that the technological
research in this field has entered a stable state to a certain
extent [21].

2.1.2. Analysis Method Based on Patent Citation. The patent
citation method analyzes the citation relationships among
patent literature and between patent literature and scientific
literature and analyzes the track of technical topic evolution
by constructing a citation relationship network [22]. Kwon
et al. comprehensively analyzed technical topics by
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constructing a patent citation coupling network and a
cocitation network to synthesize the distribution of patents
[23]. Choi and Park constructed a patent citation network
and used the main path analysis algorithm to identify
technical topics [24]. Hsueh and Wang combined patent
citation time with patent citation relationship to predict the
frontier technology in the field of LCD (Liquid Crystal
Display) technology [25]. Geum et al. [26] and Zhai et al.
[27] used the knowledge flow of citation networks between
technology categories to study technology convergence. Kim
and Seol fused the similarity of patented technologies and
patent cocitation features to achieve a frontier technology
identification method based on patent network analysis by
constructing a patent cooperation network [28]. Small et al.
combined patent direct citation network and cocitation
network to identify novel technology topics by community
clustering algorithm [29]. Li and Chen proposed an
emerging technology identification model based on patent
citation coupled clustering and empirically analyzed the field
of nanotechnology [30]. Lee et al. collected Google’s patents
on self-driving cars and used social network analysis
methods to identify the company’s core patents in this field
based on the citation relationships between patents and
predicted that Google’s R&D capabilities would be focused
on hardware control [31].

2.1.3. Analysis Methods Based on the Content of Patent Texts.
Patent text mining can discover potential data patterns and
internal relations from a large amount of unstructured
textual information and is an important method for tech-
nical topic evolution analysis. In 2003, Beli [32] first pro-
posed the LDA (Latent Dirichlet Allocation) topic model,
which introduces the Dirichlet prior distribution, based on
statistical probability level to express the semantic rela-
tionship between words and mine document topics. Qin and
Le used LDA model to conduct a study on the variation of
oncology domain in terms of topic content and intensity by
formulating topic association filtering rules [33]. Yan used
LDA model to mine the document dataset in library in-
telligence domain and identified the technical topics in the
domain [34]. Yang and Yang used LDA topic model for topic
mining of policy text data in the international climate do-
main [35]. Liao and Le introduced IPC classification
numbers to measure technical topic strength based on LDA
modeling and realized a study on three aspects of topic
strength, topic content, and technical topic strength [36].
Wang et al. identified technical topics in the field of ocean
acidification using the LDA model [37]. Fan et al. proposed
four characteristic indicators of novelty, innovation, inter-
disciplinarity, and high interest based on the LDA topic
identification results and based on the characteristics of
literature in the medical field to identify frontier topics in the
medical field [38]. Yi et al. identified technology topic
identification and its structural features in the field of
graphene based on LDA model and strategic coordinate map
[39]. Shen et al. constructed an IPC cooccurrence network
by Apriori algorithm, applied Louvain clustering algorithm
to divide the network into different technical communities,

and discovered the technical topics of each community
based on LDA topic model [40]. Ma et al. identified common
technologies in the field of new materials based on patent
data, using LDA topic model to extract the implied tech-
nology topics in the text [41]. Mi et al. dynamically identified
technology topics in 3D printing field based on the use of
LDA topic identification model combined with time series
analysis [42]. Li and Xuan combined LDA topic model with
patent value evaluation index and proposed a quantitative
method for mining technological innovation topics [43].
Tang and Qiu used LDA model to obtain topic words from
multisource heterogeneous texts and carried out fusion
analysis to extract emerging technology topics in the field of
intelligent network vehicles [44].

2.2. New Energy Vehicle. In recent years, the number of new
energy vehicle patents and research literature has grown
rapidly [45, 46]. In the patent database of CNKI (China
National Knowledge Infrastructure), the patent literature of
new energy vehicles can be traced back to as early as 2002.
The number of new energy vehicle patents exceeded 100 for
the first time in 2013, and the number of new energy vehicle
patents has been growing rapidly since then.

Song and Zhu identified the technical topics in the field
of artificial intelligence. The research shows that new energy
vehicles are the frontier technical topic in the field of arti-
ficial intelligence, with a significant upward trend in the next
three years [47]. Yang et al. extracted data from the EPO
global patent statistics database and classified the technical
topics of new energy vehicles by IPC classification number
[48]. Xie et al. obtained 1393 pieces of patent data from 2003
to 2012 from the China Intellectual Property Rights Network
and analyzed the development trend of new energy vehicles
from five aspects: the number of patent applications, the
distribution of patent owners, the technology life cycle, the
IPC analysis, and the geographical distribution of patent
R&D subjects [49]. Liang et al. analyzed the development
trend of new energy vehicles by using technology activity
analysis and patent technology cooccurrence to analyze the
technology research frontier and development trend of new
energy vehicles. The new materials, safe electricity, structural
parts, and related electric traction are the popularities of
R&D in the future period [50]. Wang et al. retrieved 19,610
pieces of patent data from the database of the State Intel-
lectual Property Office and conducted statistics on the an-
nual publication trend of patents, the portfolio structure of
patent application subjects, and the distribution of IPC
classification numbers, and the statistical results showed that
the top three technical fields in patent number are battery,
electrical machine, and electric control system [51]. Shen
et al. constructed the IPC cooccurrence network of new
energy vehicles by Apriori algorithm [40]. Li and Fan
conducted a comparative analysis of key technology areas of
international and Shanghai Automotive Group Corporation
from three dimensions: patent distribution map of major
technology areas, topography map of key technology R&D
areas, and technology hotspot change map, and extracted the
technology areas in which Shanghai Automotive Group



Corporation has comparative advantages [52]. Shi et al.
analyzed the overall development of Chinese new energy
vehicle technology in the past 30 years from three aspects:
number of patents, innovation subjects, and technology
categories [53]. Sun et al. took the top 38 automotive
manufacturers with the most NEV-related patents published
in China as the target of their study and generated a patent
cooperation map through a patent citation matrix to further
analyze the cooperation behavior among different patent
owners [54]. Feng et al. found that the topics of the four most
promising ones are mainly about battery arrangement and
protection, control systems, framework design, and charging
connectors [55]. Miao et al. predicted the sales volume of
new energy vehicles in China based on ARIMA model [56].
Wu et al. conducted an exploratory study on the ecosystem
construction process of new energy vehicles, taking the NIO
new energy vehicle as an example [57]. Fang and Zhang used
the global patents of charging pile technology from 1990 to
2018 in the Smart Bud patent database to predict the new
energy vehicle charging pile technology based on the life
cycle and international patent classification numbers. The
results of the study indicate that the charging pile technology
in China will enter a mature period in 2020 and a recession
period in 2025 [58]. Based on machine learning and em-
pirical mode decomposition method, a technical topic was
identified for Chinese new energy vehicles, and the results
showed that China has a relatively high technological ad-
vantage in the field of battery cooling or maintaining low
temperature technology and vehicle battery application
technology [59].

From the above discussion, it can be found that the
existing literature is mainly based on the analysis method of
patent classification and patent citations to study the
technological development of new energy vehicles, and al-
though the analysis method of technical topic evolution
based on patent classification and patent citations can dis-
cover the technological development trend from a macro
perspective, it cannot show the specific evolution details of
technical topics, and the technical topic identification based
on patent texts can make up for this deficiency. Therefore,
this paper downloads the patent texts of new energy vehicles
from the patent database of CNKI and introduces the LDA
topic model into the identification of technical topics in the
field of new energy vehicles, which can solve the problems of
“time lag” and “multiple meanings of words” of traditional
research methods and accurately accurately discover the
topics hidden in massive texts. On this basis, this paper
predicts the popularity of China’s new energy vehicle
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technology topics from 2021 to 2025 by constructing
ARIMA model.

3. Methodology

3.1. LDA Model-Based Technical Topic Identification. The
LDA (Latent Dirichlet Allocation) topic model is a typical
probability generation model [32] (see Figure 1), a text
mining technology that can train large-scale document sets
to identify potential topic information. It can realize un-
supervised, without setting any topic vocabulary in advance
and professional domain knowledge can complete topic
crawling. M is the number of documents in the corpus, N is
the number of words in the documents, K is the number of
topics implied in all documents, € denotes an M * K
document topic distribution matrix, ¢,, denotes the topic
distribution of the m-th document, ¢ denotes a K = N topic
word distribution matrix, ¢, denotes the distribution of
topic words numbered k, « is the prior distribution of topics
for each document, f is the prior distribution of words for
each topic, W represents the observable words, and Z is the
potential topic distribution of each observed word.
In this paper, the technical topic matter implied in the
patent text is set to obey the distribution as follows:
K K
Dir (6,la) = M o, (1)
[Tt T 3

0,4 denotes the distribution of patent text d in technical
topic k. For each technical topic k, the term distribution
¢y ~ Dir () is generated. For each patent text d, the subject
term distribution ¢, ~ Dir () is generated, and, for the n-th
term in each patent text, the subject term Z,, ~
Multinomial (6,) and the term w,, ~ Multinomial (¢, ) are
generated.

From the perspective of LDA, the generation process of a
document can be decomposed into the following steps: First,

the topic distribution ?m of document d is generated by
sampling from the Dirichlet distribution «, where
m € [1, M]. Second, the polynomial distribution of topics
-

0, is sampled to generate topic Z;, for the n-th word in
document d. Third, the word distribution ¢, ;,, of topic Z,,,
is generated by sampling from the Dirichlet distribution f.
Fourth, word W, is generated by sampling from the

polynomial distribution of words @, ;..
The above generation process can be represented by the
joint distribution of all visible and hidden variables.

P( B0 Zas 00810 B ) = [ (w00l et ) 2(200l 0.2)p( 00l )p 1B, o)

n=1

The LDA topic model uses the Dirichlet distribution as the
prior distribution for topic information mining. Compared
with other generative probability models, LDA topic model
has obvious advantages, which can describe document

production mode more accurately, and the analysis results are
better than other mixed topic models. The LDA topic model
has the feature of discovering potential topics and has obvious
advantages in topic research in emerging technology fields.
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Figure 1: LDA topic model.

The main steps of technology topic mining using LDA
model are as follows.

3.1.1. Text Segmentation. Patent text is very different from
unstructured information such as news articles, novel biog-
raphies, and letters and emails. It records innovative con-
tributions in a specific technical field and involves many
specialized vocabulary and technical terms. Therefore, the
Viterbi algorithm can be used to split the text of patent data,
generate a directed acyclic graph based on the lexicon, and
find the shortest path to accurately intercept the patent text
according to the exact pattern of jieba splitting. In addition,
although the patent abstract has a very standardized structure,
including two main parts, introduction and subject intro-
duction, there are still pronouns, articles, conjunctions, and
punctuation in the text, which are not very useful in the text
subject recognition and must be eliminated.

3.1.2. TF-IDF Weight. Since the new energy vehicle patent
text contains specialized words from different disciplines
and different words have different effects among themselves
in expressing the text topic, this paper invokes the TF-IDF
(Term Frequency-Inverse Document Frequency) method to
assign weights to words. The main idea of TF-IDF is as
follows: two indicators are needed for a word to maximize
the representation of the text topic, one is whether the word
appears many times in some texts and the other is that the
word rarely appears in all texts [60]. Therefore, the value of
TF-IDF is equal to the “Term Frequency” (TF) multiplied by
the “Inverse Document Frequency” (IDF), which is calcu-
lated as follows:

m. -

TF; ;= =
Y Ymy 3)

m; ; denotes the number of occurrences of word ¢; in text

d;,and Y my. ; denotes the total number of occurrences of all
words in text d;.
IDF; = log‘lL'. (4)
it e aj}]

|M| denotes the total number of documents in the
corpus, and |{ jit;ed j}l denotes the number of documents

containing word t;. When the TF and IDF values of a word
are calculated, they are multiplied together to obtain the TF-
IDF value of the word. The higher the TF-IDF value of a
word is, the more important the word is in the text and the
more likely it is a keyword of the text.

TF - IDF, ; = TF,; x IDF,. (5)

3.1.3. Model Parameter Setting. The main influence on the
results of the LDA topic model is the preprocessing step,
which requires more careful processing. For parameter
setting, since the LDA topic model is an unsupervised
machine learning model, for hyperparameter « of the
document topic prior Dirichlet distribution 6,, and
hyperparameter  of the topic word prior Dirichlet distri-
bution @, we generally use the scikit-learn library’s default
value 1/K, which is because, during the continuous iteration
of Gibbs Sampling, these two parameters will keep ap-
proximating the true value of the text training set under the
training of the LDA topic model. Therefore, the parameter
setting of the LDA topic model is mainly focused on the
discussion of the number of topics k and the maximum
number of iterations.

The selection of the number of topics k is directly related
to the training effect of the LDA topic model. There are three
common methods for setting the number of topics k: @ Blei
et al. used the size of confusion to evaluate the goodness of
the model. A smaller value of perplexity means better
training result of the training set. @ The Hierarchical
Dirichlet Processes (HDP) method based on the Dirichlet
process proposed by Teh et al. assumes that the document
sets share the same topics before training and the number of
topics is unlimited, but the exact number of topics will be
determined during the derivation of the Dirichlet param-
eters [61]. ® Griffiths et al. proposed the application of a
Bayesian model approach to determine the optimal number
of topics. Through literature review, it is found that the
existing literature mainly uses method @ to determine the
number of topics k by the method of perplexity [62], and
both method @ and method ® have the disadvantage of
high computational complexity, and this paper uses method
@ to calculate the number of topics k. Method @ of de-
termining the number of iterations of the LDA topic model
is mainly based on whether the iteration results converge to
determine the optimal number of iterations.

3.1.4. Technical Topic Identification and Trend Analysis.
Through the above steps, the LDA topic model can be
trained, and the corresponding training results can be de-
rived to identify each technical topic, respectively, and the
development trend of each technical topic can be calculated
by using the document topic distribution matrix.

3.2. Trend Forecasting of Technical Topics Based on ARIMA
Model. ARIMA models can be divided into seasonal
ARIMA models and nonseasonal ARIMA models. Because
the technical topic of this paper is not affected by seasonality



and produces obvious periodic changes, the nonseasonal
ARIMA model is used in the modeling process. The specific
process of model construction is shown in Figure 2 [63].

(1) Sequence stabilization. Usually, the data predicted by
ARIMA model is an unsteady temporal dataset, so the
first process of construction is to preprocess by ob-
serving the changing trend of the original data. Gen-
erally, there are three ways to deal with it: difference,
seasonal difference, and natural logarithm transfor-
mation. In this paper, differential preprocessing is
mainly used. Generally, only one or two difference
calculations are needed to get the average value of the
data close to zero. In addition, in order to get a smooth
series, it is also necessary to test the value of the au-
tocorrelation function and the value of the partial
correlation function of the data to see whether the value
of the function is not significantly different from zero.

(2) Model identification. The parameters of the ARIMA
correlation model are determined as shown in Table 1.
If the partial autocorrelation function (PACF) of the
smooth series is truncated and the autocorrelation
function ACF is trailing, it is determined that the series
is suitable for constructing the AR(p) model, and the
value of p is the order of the truncated partial auto-
correlation function; if the autocorrelation function
(ACEF) of the smooth series is truncated and the partial
autocorrelation function (PACF) is trailing, it can be
determined that the series is suitable for the MA(q)
model, and the value of g is the order of the truncated
autocorrelation function; if the autocorrelation func-
tion and the partial autocorrelation function of the
smooth series are both trailing, it can be decided that
the series is suitable for the construction of the
ARMA(p, g) model, and the values of p and g need to
be calculated by the AIC criterion, SC criterion, and
BIC criterion for all possible values, from which the
combination of the lowest values of AIC, SC, and BIC is
selected as the optimal model parameters.

(3) Model testing. The main test is whether the model is
constructed reasonably enough, and this step re-
quires an autocorrelation test on the residual series of
the model with the optimal values determined in the
previous step to determine whether it is a white noise
series [64].

(4) Model prediction. The fitting effect of the ARIMA
model is further analyzed by calculating the relative
error between the fitted and actual values; in the
prediction stage, the first case after the evaluation is set
to the specified date, and the future trend is forecasted.

The relative error is calculated by the following formula:
A
§ =7 x 100%. (6)

Thereinto, 6 denotes the relative error between the fitted
value and the true value, A is the absolute error, which takes
a value equal to the difference of the predicted value minus
the true value, and L is the true value.
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4. Empirical Research

4.1. Data Acquisition. In this paper, the patent database of
CNKI was used to search the patent data related to new
energy vehicles, the search time was February 1, 2020, the
search subject was new energy vehicle, and a total of
18,583 patents related to new energy vehicles were ob-
tained. The latest patent is “a remote monitoring recorder
for new energy vehicles,” and the patent publication date is
November 20, 2020. The latest patent is “a new energy
vehicle remote monitoring recorder,” with a patent
publication date of November 20, 2020, and the appli-
cation time in the patent document collection spans from
October 2000 to December 2020. The results of the patent
search mainly focused on topics such as new energy ve-
hicle battery, charging pile, new energy electric vehicle,
charging device, power battery, battery box, and prepa-
ration method. The information obtained includes Patent
Author, Applicant, Title, Country Name, Publication
Number (PubNo), Publication Date (PubTime), Sum-
mary, and Claims. After removing the data of patents with
incomplete information, the total number of remaining
patent texts is 17, 816, and the specific number of pub-
lications is shown in Figures 3 and 4.

As can be seen from Figure 3, the development of
Chinese new energy vehicle patents can be divided into three
stages: 2002-2010, the number of new energy vehicle patents
issued was small; 2011-2015, the number of new energy
vehicle patents issued increased from 44 to 237, and the
annual growth rate was 52.3%; 2016-2020, under the
combined effect of policy support and market promotion,
the number of new energy vehicle patents issued showed a
rapid growth trend from 780 to 5888, and the annual growth
rate was 65.8%.

4.2. New Energy Vehicle Technology Topic Identification and
Evolution Analysis Based on LDA Topic Model

4.2.1. Text Preprocessing. The process of text preprocessing
has three main parts: reading data, segmenting sentences,
and saving segmentation results. Before the code is run, a
proprietary data file named 1.csv, a deactivated words table
named stopwords.txt, and a custom dictionary named
userdict.txt have been prepared. The first step is to read the
data from a file named 1.csv with the read csv( ) method of
pandas. The second step is to load the prerecorded custom
dictionary, segment the sentences using the jieba( ) method,
save them to the sentence seged as an array data type, and
delete the words contained in the deactivated word list by
traversing each segmented word in the sentence seged.
Execute the third step, save the result of the previous steps
into a file named fenci.csv, and the effect of document word
segmentation is shown in Figure 5.

4.2.2. Calculation of TF-IDF Assignment Weights and Op-
timal Number of Topics. Firstly, the text feature extraction
function CountVectorizer( ) is applied for TE-IDF weight
assignment. Secondly, in the LDA topic model parameter
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FIGURE 3: Number of patents issued for new energy vehicles over the years.

setting module, the number of iterations is set to 100 times,
and the corresponding perplexity values from 2 to 50 topic
counts are calculated sequentially. As shown in Figure 6, the
curve changes sharply and then slowly. When the document
set is divided into 28 topics, the minimum confusion value is
319.18.

4.2.3. Unsupervised Training of LDA Topic Models. The
LDA topic model was trained, and the number of itera-
tions was continuously increased until the topics of each
word converged to a stable state, and the top 10 technical
terms in terms of probability under each topic were de-
rived, and the three topics with little association with the
main technology of new energy vehicles were excluded,
and the final 25 technical topic contents were determined
as shown in Table 2.

Through the division of new energy vehicle technology
topics, it can be divided into 25 technology areas, and the
topics are named as shown in Table 3.

4.2.4. Technical Topic Evolution Analysis. A 17817 * 25
document topic distribution matrix can be obtained after
training by the LDA topic model. The sum of the values of
each row of this matrix is 1, and the values in each column
are different. The greater the sum of the values in each
column, the greater the importance of the topic to the
corpus. The top 10 technical topics in the corpus of new
energy vehicles in terms of importance are Topic 8: In-
stallation and Fixation, Topic 5: Heat Dissipation and
Cooling, Topic 14: Vehicle Data Monitoring, Topic 9:
Charging Pile, Topic 15: Vibration Damping, Topic 6:
Electric Drive System, Topic 3: Cable Insulation Materials,
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Topic 13: Production and Processing, Topic 23: Circuit
Control, and Topic 21: Wireless Charging.

The time dimension data of patents is introduced to
portray the changes of each technology topic with time by
taking the year as the unit; see Figure 7. Since 2014, China’s
new energy vehicles have achieved fruitful results in patent
technology and the continuous improvement of the overall
technology level. The achievements of Topic 5: Heat Dis-
sipation and Cooling, Topic 8: Mounting Fixation, Topic 6:
Electric Drive System, Topic 9: Charging Pile, and Topic 15:
Vibration Damping stand out. These technologies are closely
related to new energy vehicles and directly determine the
performance level of new energy vehicles. This is because the
first element that car owners pay attention to when pur-
chasing a new energy vehicle is the driving efficiency of the
vehicle, such as maximum mileage, 100km consumption,
power, and other factors. The development of this type of
technology can be a great attraction to consumers and can
greatly accelerate the speed of the market promotion of new
energy vehicles. Topic 7: Chassis, Topic 10: Water Pump,
Topic 18: Electric Motor, Topic 24: Module, and other
technologies are developing relatively slowly, and new in-
novations and breakthroughs are urgently needed. Topic 12:
Vacuum Pump and Topic 21: Wireless Charging are rela-
tively less important in 2019-2020.

Figure 8 is plotted based on Figure 7, and the value of
each box in the figure is equal to the importance of the
corresponding topic in that year divided by the overall
importance of the technical topic. Through observation, it
can be found that the importance of Topic 3: Cable Insu-
lation, Topic 14: Vehicle Data Monitoring, and Topic 23:
Circuit Control declined from 2014 to 2020, while Topic 5:

Heat Dissipation and Cooling and Topic 8: Mounting and
Fixing continued to increase in importance. With the
continuous improvement of the drive system of new energy
vehicles, this part must require the electric motor to provide
higher power with more stable output. Although the electric
motor is a low heating component, the heat generated
during normal operation is low, but the motor will lead to
high coolant temperature after long time and high-power
operation. This reflects that, in recent years, with the ma-
turity of new energy vehicle technology, the technical level
has been able to meet the needs of consumers, and the most
important concern of automobile manufacturers is to de-
velop an efficient process to realize the mass production of
new energy vehicles, so the importance of installation and
fixing technology is increasing.

4.3. New Energy Vehicle Technology Topic Popularity
Screening Based on LDA Model. In the training results of the
LDA topic model, the distribution of topics corresponding to
each document can be obtained, and the changing trend of
technical topic popularity over time is calculated according to
the date of publication corresponding to each document. Using
each month’s record as a cycle, the popularity of each period is
connected with a dash line, and the overall trend of changes in
25 technical topics is depicted by a linear regression model, and
some of the topics are shown in Figure 9. The overall slope of
each technical topic is shown in Table 4, and the top 5 technical
topics in terms of the slope of the linear trend were filtered out
based on the slope of the linear trend: Topic 20: Safety, Topic 8:
Installation Fixing, Topic 3: Cable Insulation, Topic 15: Vi-
bration Reduction, and Topic 10: Pump Cooling.
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FiGure 5: The effect of document word segmentation.
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TaBLE 3: New energy vehicle technology topics.
Number Topic Number Topic
1 Vehicle System 14 Vehicle Data Monitoring
2 Body Structure 15 Vibration Damping
3 Cable Insulation Materials 16 Product Design
4 Waterproof 17 Charging Gun
5 Heat Radiating and Cooling 18 Electric Motors
6 Electric Drive System 19 Storage Battery
7 Chassis 20 Safety
8 Installation and Fixation 21 Wireless Charging
9 Charging Pile 22 Energy Recovery
10 Cooling Pump 23 Circuit Control
11 Battery Pack 24 Module
12 Vacuum Pump 25 Air Conditioning System
13 Production and Processing
Importance Percentage of Topics
468.0 0.1210
2020 2020
2019 - 3744 2019 - I 0.09780
2018 -
2018 + 280.8 0.07460
-
<
§ 5017 $ 20174
187.2 2016 0.05140
2016 -
2015 0.02820
2015 93.60
2014 -
2014 4 LI L 0.005000
0.000
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FIGURE 7: Map of the trend of importance of each technology topic.

4.4. Trend Prediction of Technology Topics Popularity Based on
ARIMA Model

4.4.1. Time Series Smoothing Processing. As shown in Fig-
ure 10, the popularity of Topic 20 reached its peak in
September 2018 and fell to the local lowest point in Sep-
tember 2019, with the overall popularity change trend being
constantly rising. Since the ARIMA model requires the time
series to be a smooth series, it still needs to perform the
difference operation on the original data. The difference
operation formula is as follows:

Vx, = x, — X,_;- (7)

The timing diagram of sequence {Vx,} after the 1st-order
differencing process is shown in Figure 11.

The long-term trend of the original series is obtained by
Ist-order differencing, and it can be seen from the graph that
the values of the series after Ist-order differencing fluctuate
mainly around the upper and lower sides of the 0 scale. In
addition, the stability is judged by the ADF (Augmented
Dickey-Fuller) test, as shown in Table 5. The ADF test value
of the original series is —0.125792, whose absolute value is

FiGure 8: Trend of evolutionary weight of each technology topic,
2014-2020.

less than the critical absolute value of —1.945389 at 5%
significance level, and its corresponding p value is 0.6370,
which is greater than 0.05. It shows that the original hy-
pothesis is accepted at 5% significance level and the initial
time series has unit root; that is, the initial time series is a
nonstationary series. The ADF test value of the time series
with Ist-order difference is —10.66079, whose absolute value
is greater than the absolute value of —1.945456 at the 5%
significance level, and its corresponding p < 0.05, indicating
that the original hypothesis is rejected at the 5% significance
level and the 1st-order difference series does not have a unit
root, so the 1st-order difference series is a smooth series.

4.4.2. Model Identification. From Figure 12, it can be found
that the autocorrelation diagram after the 1st-order difference
shows that the autocorrelation value fluctuates within the
basic boundary value range; only the 1st-order and 5th-order
autocorrelation values slightly exceed the boundary value,
while the autocorrelation value fluctuates within the signifi-
cant boundary in all other orders. In the partial autocorre-
lation graph, the 1st-order partial autocorrelation value is on
the significant boundary value, while the 5th-order partial
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new energy vehicle technology.

TaBLE 4: Overall slope of each technology topic for new energy vehicles.

Topic category Overall slope Topic category

Overall slope Topic category Overall slope

Topic 1 0.23 Topic 10 0.42 Topic 19 0.26
Topic 2 0.42 Topic 11 0.08 Topic 20 0.74
Topic 3 0.50 Topic 12 0.09 Topic 21 0.15
Topic 4 0.25 Topic 13 0.30 Topic 22 0.18
Topic 5 0.20 Topic 14 0.35 Topic 23 0.20
Topic 6 0.29 Topic 15 0.46 Topic 24 0.38
Topic 7 0.15 Topic 16 0.29 Topic 25 0.27
Topic 8 0.56 Topic 17 0.24
Topic 9 0.24 Topic 18 0.31
80.000 the Ljung-Box test was greater than 0.05, so the original
S 70.000 hypothesis could not be rejected, and then the series could be
2. 60.000 considered as white noise. As can be seen from Table 7, the
; 50.000 coefficient of MA is 0.282 and the significance level meets the
240,000 test requirement (p < 0.05), so the coefficient is significantly
Lg 30.000 not 0. Also, the autocorrelation and partial autocorrelation
520,000 of the observed residuals are smooth states (see Figure 13),
o so it is reasonable to set the ARIMA (0, 1, 1) model.
£ 10.000
0.000 —————F—+""F———7T—T—T—T—T—T—T—
ITLRL OSSR RNER2R222I]R L : . .
S8R5 5358%538358885888838:8 4.4.4. Trend Prediction. Finally, the model is applied to
58 §~ 58 §~ 58 ,22; 58 § 55 § 58 §~ 5 predict the development trend of China’s new energy ve-
hicles from 2021 to 2025 by plotting the time series pre-
FIGure 10: Timing diagram of popularity of Topic 20.

autocorrelation value is slightly beyond the significant
boundary, in addition to the other basic within the boundary
value; therefore, the autocorrelation and partial autocorre-
lation can be initially considered as 1st-order or 5™-order
trailing. In addition, since SPSS does not have the function of
automatic identification of model parameters, it is necessary
to calculate all possible parameter combinations, and the BIC
indicator is selected as the evaluation indicator among many
method indicators, and the optimal parameter combination is
determined by the BIC indicator; that is, the parameter
combination corresponding to the smallest BIC value is se-
lected as the optimal ARIMA model parameters [64], and the
calculation results are shown in Table 6, and the optimal
model is ARIMA (0, 1, 1).

4.4.3. Model Testing. After determining the model param-
eters, the model was then fitted and tested by white noise
test. R* = 0.893, the fitting effect was good, and the p value of

diction results of Topic 20: Safety, Topic 8: Installation
Fixation, Topic 3: Cable Insulation, Topic 15: Vibration
Damping, and Topic 10: Water Pump Cooling (see Fig-
ure 14), in which September 2020 is used as the dividing line,
the left area shows the effect of model fitting, and the right
area shows the trend prediction results. At the same time, by
calculating the relative error between the fitted and true
values to further judge the fitting effect of the model, the data
show that the maximum relative error is less than 17%,
which is within the acceptable degree, indicating that the
fitting effect of the model is very good and therefore the
model is more accurate in predicting the data results.

(1) Topic 20: Development trend of security

According to ARIMA model prediction, from
January 2021 to December 2025, Topic 20 (Safety)
has a good development prospect, and the popu-
larity will increase from 63.58 to 113.07, with an
increase of 49.49, which is the highest increase
among all technology topics. There are two types of
automotive safety, active safety protection and
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FIGURrE 11: Timing diagram of popularity of Topic 20 after 1st-order differencing.
TaBLE 5: Stability test.
Variable ADF inspection value 5% statistical significance p value Stability
ER —-0.125792 —1.945389 0.6370 Unstable
AER —-10.66079 —1.945456 <0.0001 Stable
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FIGURE 12: Autocorrelation and partial autocorrelation plots of subject 20 heat after 1st-order differencing. (a) Autocorrelation. (b) Partial

autocorrelation.
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TaBLE 6: Model parameter determination.
ARIMA (p, d, q) BIC ARIMA (p, d, q) BIC
ARIMA (0, 1, 1) 4108 ARIMA (1, 1, 1) 4184
ARIMA (0, 1, 5) 4.331 ARIMA (5,1, 1) 4.376
ARIMA (1, 1, 0) 4.116 ARIMA (1, 1, 5) 4.366
ARIMA (5, 1, 0) 4.300 ARIMA (5, 1, 5) 4531
TaBLE 7: ARIMA model parameter estimation results.
ARIMA (0, 1, 1)
Parameter .
Coefficient T p
Constant —-1.601 -1.062 0.292
MA (1) 0.282 2.416 0.018
Residual ACF Residual PACF
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FIGURE 13: Autocorrelation and partial autocorrelation plots of the residuals. (a) Autocorrelation. (b) Partial autocorrelation.

passive safety protection. Active safety mainly de-
tects the condition of the car, environment, and
people and takes active measures to avoid accidents
in advance. At the technical level, it is mainly op-
timized by active suspension system (ASS), antilock
brake system (ABS), electronic brake-force distri-
bution (EBD), electronic stability program (ESP),
traction control system (TCS), lane departure
warning system (LDWS), panoramic surround view
(PSW), and so forth. Passive safety is mainly in the
car traffic accident through passive equipment to
minimize personal injury to passengers or pedes-
trians in the car; in the technical design it is mainly
through airbags, seat belts, head and neck protec-
tion devices, crash beams, and a variety of collision
energy-absorbing collapse structures, as well as

other aspects of improvement. The collision resis-
tance of new energy vehicles is not as good as that of
traditional fuel vehicles, and a collision or charging
overcurrent may lead to major accidents of battery
spontaneous combustion. The transition from fuel
vehicles to new energy vehicles has put forward new
higher requirements for safety technology. Along
with the deep integration of the automotive in-
dustry and the Internet information industry, the
safety technology of new energy vehicles will be
extended to the fields of Internet information se-
curity protection. Therefore, new energy vehicle
safety technology is one of the main factors affecting
its development and solving this type of pain point
can greatly promote the popularization of new
energy vehicles.
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FIGURE 14: Forecast results of the development trend of new energy vehicle technology topics in China.

(2) Topic 8: Trends in mounting and fixing

Topic 8 (Installation and Fixation) is mainly to
improve the efficiency of new energy vehicle parts
processing and production, enhance the quality of
product production, facilitate future use and
maintenance, and transform the processing equip-
ment and parts structure of new energy vehicles. For
example, the patent text “a new energy vehicle motor
assembly device” proposes improving the efficiency
of motor lifting and installation, changing the way of
human eye positioning and installation in the past,
and setting up a positioning device for the hanging
machine, so as to effectively improve the efficiency of
production and reduce the work intensity of
workers. In the patent text “a new energy vehicle
processing parts welding device” for the existing new
energy vehicle parts processing welding device has
welding angle adjustment difficulties, welding sta-
bility is not good, welding combination tools cannot
coordinate with the operation and other problems, a
new energy vehicle parts processing welding device is
designed, and successfully deal with the existing
problems, convenient for workers to operate while
improving the accuracy of welding. In order to solve
the limitation that the punching device cannot adapt
to the existing demand in the production process of
new energy vehicle chassis, which has low punching
accuracy and complicated operation, Gu Guangzhao
designed a new energy vehicle chassis positioning
punching device equipped with laser displacement
sensor, which greatly improves the product pro-
duction quality. By reforming this kind of fixed-type
technology and optimizing the process of product
processing, automotive manufacturers can produce

products that satisfy consumers more efficiently.
According to the ARIMA model, it is predicted that,
from January 2021 to December 2025, the popularity
of Topic 8 (Installation and Fixation) will continue to
rise, from 37.61 to 66.97.

(3) Topic 3: Trends in cable insulation materials

Topic 3 (Cable Insulation Materials) has a pivotal role
in the whole technology field of new energy vehicles. It
can be seen from Figure 12 that the research heat of
Topic 3 decreased slightly in March 2020, but, from the
second half of 2020, the research heat of cable insu-
lation materials slowly rose. From January 2021 to
December 2025, the research trend for cable insulation
materials shows a gentle increase from 31.65 to 56.23.
As a highly integrated platform for electrification,
cables are as indispensable as the vascular system of the
human body. From a broad perspective, cable insu-
lation materials are widely used, which can be used not
only as components of the power transmission system
in the vehicle but also in charging gun, charging pile, or
on-board charging. Since new energy vehicles mainly
use unconventional automotive fuels as their power
source, the system components are required to
transmit currents as high as between 250 A and 450 A
when performing their work, which is relatively rare
compared to conventional power-driven vehicles with
such high current transmission. It is worth mentioning
that this cable insulation material with high heat re-
sistance is of great significance to improve the per-
formance of the motor and can obviously reduce the
mass-power ratio, namely, kg/kw, in the technical
index of the motor. The mass-to-power ratio of electric
motors has been reduced from 533 kg/kw in 1900 to
6 kg/kw in 2020. The important reason for this change
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is the use of insulating materials with high heat re-
sistance, which reduces the consumption of large
amounts of metal materials and lowers the cost of
motor production. In new energy vehicles, insulation
materials account for about half of the cost con-
sumption ratio of electric motors and electrical
products, which illustrates the status and role of cable
insulation materials research in the new energy vehicle
industry. In addition, the development of highly
flexible cable insulation materials facilitates the ac-
commodation of more electronic components in a
limited space. In the application of charging guns and
charging posts, cable insulation materials need to
overcome a variety of uncertain and unfavorable fac-
tors from sunlight, weathering, humidity, seawater,
acid rain, freezing, and so forth and also meet the needs
of bending and dragging in use, which puts new de-
mands on cable insulation materials such as high and
low temperature resistance, oil resistance, water re-
sistance, flame retardancy, tear resistance, electrical
insulation, and UV (ultraviolet) aging resistance per-
formance put forward more and higher requirements.

(4) Topic 15: Development trend of vibration damping

Based on the ARIMA model, it is predicted that, from
January 2021 to December 2025, the research en-
thusiasm of Topic 15 (Vibration Damping) shows a
wave-like upward trend from 36.18 to 64.88. Topic 15
(Vibration Damping) seems to be less important and
less technical in the automotive industry technology
research. However, the reality is that damping tech-
nology can avoid damage to car parts by effectively
suppressing the reciprocal rebound force generated
after spring absorption, by reducing the vibration of
the frame and body, and at the same time can ef-
fectively improve the smoothness and comfort during
the driving process. Expanding to the field of new
energy vehicles, the damping technology can have
other new applications in addition to the above-
mentioned roles. Through a careful reading of the
patent text, it is found that the damping technology is
generally applied to provide damping devices for
batteries. This is because there are various precision
electronic parts inside the battery module assembly,
which have high environmental requirements in the
process of use, especially in shock absorption. The
vibration generated by the car driving on bumpy
roads can easily affect the battery, and the internal
components of the battery are likely to loosen, thus
leading to failure and reducing the service life of the
battery. The improvement of vibration damping
technology can protect the parts of new energy ve-
hicles to the greatest extent, reduce the failure rate of
vehicles, ensure the smoothness of driving, and thus
improve people’s riding experience.

(5) Topic 10: Development trend of water pump cooling

Although Topic 10 (Water Pump Cooling) is not as
hot as Topic 20 (Safety), its research popularity
follows the development of the overall technology
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field, as it plays an indispensable role in the field of
new energy vehicle technology. Based on ARIMA
model prediction, the popularity of topic 10 (Water
Pump Cooling) grows from 31.43 to 55.68 from
January 2021 to December 2025. Topic 10 (Water
Pump Cooling) is mainly used in the process of
driving new energy vehicles, the internal compo-
nents of the motor continuously generate losses
during the movement, and these losses are eventually
dissipated to the outside through heat. These losses
are eventually dissipated to the outside by way of
heat, and it is necessary to take away unnecessary
heat by effective cooling, so as to ensure the normal
and stable operation of the motor in a stable hot and
cold circulation system. According to the principle of
cooling, it can be divided into three types: natural
cooling, air cooling, and water cooling. Natural
cooling mainly relies on the heat transfer from the
motor body into itself to dissipate the heat generated
by the motor. This type of cooling method is inef-
ficient and only applicable to low-power generators.
Air cooling is mainly through the coaxial fan to form
the cooling air circulation, using the air around the
motor as the medium, directly discharging the heat
of the motor to the surrounding environment. Water
cooling uses coolant as the medium and promotes
the continuous circulation of coolant through pipes
to take away the heat generated by the motor rotor
and stator during operation. Among these three
cooling methods, water cooling has the greatest
impact on the efficiency improvement of new energy
vehicles. At the same time, not only is the application
of such technology limited to the cooling of the
electric motor, but also it includes the cooling of the
battery. During the high load and long-term driving
of new energy vehicles, the continuous high tem-
perature caused by the continuous discharge of the
battery will inevitably lead to the high temperature of
the coolant, which makes the efficiency of the water
cooling system drop sharply and leads to the ab-
normal power supply of the battery at high tem-
perature and also has a negative impact on the
service life of the battery. Therefore, the transfor-
mation of water cooling technology can provide
guarantee for the normal operation of new energy
vehicles, which has an important impact on im-
portant components such as batteries and motors.

Looking at the above five topics with the fastest growing
in research, it can be found that the overall development
trend of each technology topic is relatively consistent, the
development is relatively slow before the beginning of 2017,
and the number of patent issuance is also relatively small.
But, with the guidance of policies, the government increased
the encouragement of automobile manufacturing enter-
prises to improve the quality of new energy vehicles through
technological innovation, while providing a large number of
preferential subsidy policies to consumers, which to a certain
extent promoted the rapid development of new energy
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vehicles; as can be seen from the 5 technology topics after
2018, the technology of new energy vehicles has been rapidly
accumulated. The results show that these five technology
topics will continue to grow in popularity from 2021 to 2025.

5. Conclusions and Policy Implications

This paper identifies technical topics in the field of new
energy vehicles in China and constructs ARIMA model to
predict the trend of popularity of technology topics. The
main conclusions are as follows.

Firstly, through the topic mining of patent texts in the
field of new energy vehicles in China from 2000 to 2020 in
the patent database of CNK]I, it is found that there are 25
technology topics in the field of new energy vehicles. In
terms of importance, the five most important technical
topics in the field of new energy vehicles in China are as
follows: Topic 8: Installation and Fixation, Topic 5: Heat
Dissipation and Cooling, Topic 14: Vehicle Data Monitor-
ing, Topic 9: Charging Piles, and Topic 15: Vibration
Damping. Introducing the time dimension, the importance
of Topic 5: Thermal Cooling, Topic 8: Installation and
Fixation, Topic 6: Electric Drive Systems, Topic 9: Charging
Piles, and Topic 15: Vibration Damping grows steadily from
2014 to 2020. In 2014-2020, Topic 7: Chassis, Topic 10:
Water Pump, Topic 18: Electric Motor, and Topic 24:
Module are relatively slow in development. In 2014-2018,
Topic 12: Vacuum Pump and Topic 21: Wireless Charging
steadily increase in importance, but, in 2019-2020, the
importance decreases.

Second, the LDA topic model is trained unsupervised,
and the evolution trend of each technical topic can be ob-
tained by dividing the importance of each technical topic
over the years by the overall importance of the technical
topic. It was found that the importance of Topic 3: Cable
Insulation, Topic 14: Vehicle Data Monitoring, and Topic 23:
Circuit Control declined from 2014 to 2020, while the im-
portance of Topic 5: Thermal Cooling and Topic 8: Instal-
lation and Fixation continued to increase.

Third, a linear regression model was used to portray the
overall trend of changes in the 25 technology topics, and the
top 5 technology topics in terms of hotness were screened
according to the slope of the linear trend: Topic 20: Safety,
Topic 8: Installation and Fixation, Topic 3: Cable Insulation,
Topic 15: Vibration Damping, and Topic 10: Water Pump
Cooling. Based on ARIMA prediction, it is found that
2021-2025 will be a booming period for new energy vehicles
in China, and the popularity of Topic 20: Safety, Topic 8:
Installation and Fixation, Topic 3: Cable Insulation Mate-
rials, Topic 15: Vibration Reduction, and Topic 10: Water
Pump Cooling continues to grow over time. The popularity
of Topic 20: Safety, Topic 3: Cable Insulation, and Topic 10:
Water Pump Cooling shows a wave upward growth trend.
Topic 20: Heat will grow from 63.58 to 113.07 with a value
increase of 49.49, which is the fastest growth in heat among
all technical topics.

Our findings not only contribute to advancing the study
of China’s new energy vehicles innovation management and
industrial development but also provide inputs for
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policymakers. Three policy implications are proposed based
on the above analysis.

First, strengthen technology research and development
in the field of safety to protect the development of the new
energy vehicle industry. The study found that, among the 25
technology topics, Topic 20 (Safety) was the most popular.
The safety of new energy vehicles is gradually attracting the
attention of the industry, which is related to the safety of
consumers and even the whole society, as well as the con-
fidence of social groups in the development of new energy
vehicle industry, which in turn affects the future develop-
ment direction and space of new energy vehicle industry.
Therefore, it is recommended to do the following: @ The
subsidy policy of the new energy vehicle industry should be
tilted to the field of technology research and development,
focusing on subsidizing the research and development of
core components such as batteries, motors, electric controls,
and chips to enhance the safety of new energy vehicles. @
The subsidy policy of new energy vehicle industry should be
directed to the R&D of battery and its related supporting
technologies, support the R&D of graphene application in
the field of battery, and improve the safety of new energy
vehicle battery. ® Strengthen the technology research and
development of active safety, mainly involving active sus-
pension system (ASS), antilock brake system (ABS), elec-
tronic brake-force distribution (EBD), electronic stability
program (ESP), traction control system (TCS), lane de-
parture warning system (LDWS), panoramic surround view
(PSW), and so forth. @ Strengthen the technology devel-
opment of passive safety, mainly involving airbags, seat belts,
head and neck protection devices, and so forth. ® Improve
the monitoring system of new energy vehicle enterprises and
do a good job of after-sales quality tracking and inspection of
products. ® Strengthen the supervision of safety from core
components to the whole vehicle, and implement the battery
catalog system and battery coding system.

Second, accelerate the construction of new energy ve-
hicle infrastructure. With the continuous development of
the new energy vehicle industry, the charging problem has
gradually become an important factor limiting the devel-
opment of the new energy vehicle industry, and the lack of
convenience of charging facilities has become a common
concern for consumers, increasing the uncertainty of market
promotion. As of 2020, the number of public charging piles
in China was 807,000. Among them, 145,000 were in resi-
dential areas, accounting for 18%; the number of private
charging piles was 870,000; the number of public charging
stations was 63,800; and the number of exchange stations
was 555. Despite the promising achievements of China’s
charging infrastructure in the “13th Five-Year Plan” period,
there are still many shortcomings; mainly in the scale of
charging facilities there is still a gap, the spatial layout needs
to be optimized, charging efficiency still needs to be im-
proved, the utilization rate of public charging facilities is low,
and the social environment and synergy mechanism sup-
porting charging facilities have not yet been formed. In order
to accelerate the construction of new energy vehicle infra-
structure, it is recommended to do the following: @ The
financial subsidy policy for new energy vehicles should be
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gradually tilted toward the construction of supporting in-
frastructure. @ According to the market demand, appro-
priately increase the charging piles and other infrastructure,
and encourage local governments to build charging spaces in
public places such as paid parking spaces, temporary parking
strips on the roadside, and parking lots in residential
communities according to local conditions, so as to improve
the utilization rate of charging spaces. ® Ensure that res-
idential communities, public institutions, and so forth are in
accordance with a certain proportion of charging facilities to
properly solve the difficult problem of charging piles into the
community.

Third, to strengthen the technology development of
Topic 8 (Installation and Fixation), Topic 5 (Heat Dissipa-
tion and Cooling), Topic 14 (Vehicle Data Monitoring),
Topic 9 (Charging Pile), Topic 15 (Vibration Damping), and
Topic 3 (Cable Insulation) to improve the overall perfor-
mance of new energy vehicles, the study found that the above
six topics have high scores in terms of importance and
popularity, representing the technical dynamics and de-
velopment trend of the new energy vehicle technology field.
Therefore, new energy vehicle enterprises must strengthen
the investment in the above technical fields and strive to gain
the initiative to develop in the fierce competition. During the
“13th Five-Year Plan” period, China’s production and sales
of new energy vehicles have grown rapidly, ranking first in
the world for five consecutive years since 2015, with a total of
more than 4.8 million vehicles promoted, accounting for
more than 50% of the world, and new energy vehicles are
entering thousands of households. However, we should also
see that, compared with traditional fuel cars, the current
market share of new energy vehicles is still very small, and to
replace traditional fuel cars is a long way off. Historically,
new energy vehicles have failed repeatedly in the compe-
tition with traditional fuel cars. Therefore, it is crucial to
seize the technical dynamics and development trend in the
field of new energy vehicle technology, strengthen the re-
search and development of technical topics such as instal-
lation and fixation, heat dissipation and cooling, vehicle data
monitoring, charging pile, vibration damping, and cable
insulation materials, and improve the overall performance of
new energy vehicles for the development of new energy
vehicle industry.
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e-commerce has promoted the application of the Internet by traditional enterprises. While this phenomenon has deepened
industrial embeddedness, it has also profoundly affected the development of traditional manufacturing and retail industries. Based
on the embeddedness theory, this paper takes the e-commerce industrial chain in Xiong’an New Area of China as an example, uses
location entropy method and local spatial autocorrelation to analyze its spatial characteristics and influencing factors, and also
discusses the features of embeddedness from each dimension of industrial chains. The results show the following: @ The supply
chain of industry-dependent e-commerce is dominated by production wholesalers, and suppliers with cost advantages and
commercial traditions are embedded in local characteristic industries; the e-commerce value chain is dominated by production
and processing activities, and the spatial orientation of the business model is affected by regional industrial functions; the
e-commerce enterprise chain is dominated by B2B enterprises, the high-level agglomeration of which reflects the absolute scale
advantage provided by the e-commercialization of traditional industry. @ The distribution of the e-commerce industrial chains of
Xiong’an New Area is characterized by spatial heterogeneity and has obvious spatial agglomeration. The industrial chains are
concentrated in Xiong County, followed by Rongcheng County, and Anxin County has the weakest agglomeration. ® The main
factors that cause the uneven distribution of the e-commerce industrial chains in Xiong’an New Area include three aspects:
transportation location advantages, traditional industrial foundation, and government policy regulation. Research can provide a
scientific reference for accurately identifying the spatial development characteristics of the industrial chains from various
perspectives and promoting the sustainable development and e-commercialization of traditional industries.

1. Introduction

With the transformation and upgrading of information
and communication technologies (ICTs), e-commerce has
not only changed consumers’ shopping concepts and
shopping behaviors but also greatly changed the tradi-
tional commodity-circulating mode [1-3]. The attempts
of traditional enterprises to e-commerce have appeared in
large numbers in developed and developing countries
successively and have brought huge economic benefits
[4-6]. The global retail e-commerce sales reached 4,135
billion US dollars in 2020, with an annual growth rate of
about 15% [7]. The e-commerce entity is a key node in

geographic space and cyberspace, which possesses the
dual attributes of reality and virtuality, material flow, and
information flow [8]. The rapid expansion of e-commerce
scale has enabled various industrial departments to ob-
jectively form an e-commerce industrial chain based on
technical and economic connections in accordance with a
certain logical relationship and spatial organization [9].
Nowadays, the scope of the e-commerce industrial chain
has become wider, and its competitive advantages are
increasing day by day [10], which has gradually infiltrated
into all areas of global business, playing a significant role
in optimizing and reconstructing the regional industrial
system.
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Previous research on e-commerce is mainly based on
the perspectives of economics and sociology, and there are
relatively few geographical studies. Research of economics
mainly starts from the theories of industrial economics,
evolutionary economics, and trade economics, focusing on
the industrial evolution [11], industrial clusters [12], in-
dustrial integration [13], and value chain models [14] of
e-commerce. Sociological research is based on the theory of
space production and sustainable livelihoods and so on,
focusing on social restructuring [15], social transformation
[16, 17], and social governance [18, 19] in urban and rural
areas driven by e-commerce. Geography researchers
mainly start from the perspective of space, analyzing the
spatial development law, formation mechanism, regional
influence, and spatial effect of e-commerce. The main
contents include the spatial organization characteristics of
e-commerce entities from different scales [20-22], the
formation mechanism and influencing factors of e-com-
merce industrial clusters [23-25], the relationship between
e-commerce enterprises and brick-and-mortar enterprises
[26, 27], and the influence of e-commerce development on
traditional industries and urban commercial spatial or-
ganization [28-30]. There are a few research about the
e-commerce industrial chain from geographical perspec-
tives, which have only studied the formation and devel-
opment of the industrial chain of Taobao villages at the
mesomicroscale and the reorganization of the urban supply
chain [31-33]. The research reflects the spatial impact of
e-commerce industry agglomeration and the importance of
cross-border e-commerce in the global value chain [34, 35].
Overall, the study found that, as a kind of knowledge
economy, e-commerce has crossed time and space and
become the new driving force of national and regional
economic development [36]. With the advancement of
information technology, the fragmented physical space and
industrial elements in various regions are connected to
each other, which increases the complexity of the spatial
structure of e-commerce entities, reflecting the obvious
characteristics of spatial heterogeneity. The main factors
that drive and affect the e-commerce industry cluster in-
clude regional industrial foundation, economic level,
transportation environment, degree of informatization,
and social attributes of employees [37]. The expansion of
e-commerce information flow, material flow, and capital
flow has reconstructed the spatial organization of the
supply and demand market and the shopping process,
forming the effects of competition, substitution, and
complementation with brick-and-mortar retail. Further-
more, it affects the location decision of entity enterprise
and drives their agglomeration development. The sup-
porting effect of traditional industrial clusters and the
pulling effect of market demand make e-commerce
products more embedded in the place, indicating that the
importance of traditional geographic factors has not dis-
appeared in cyberspace, which has further promoted the
spatial infiltration and integration of virtual and real
economy. Due to the differences in online shopping pat-
terns, commodity types, trading platforms, and transaction
entities, there will be apparent discrepancies in the
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functioning manners and intensity of geographical factors
in online shopping, which makes e-commerce show dif-
ferent geographical embeddedness.

Our research focuses on the spatial characteristics of the
e-commerce industrial chain and the characteristics of its
industrial embeddedness. Embeddedness, which is also
called “endogeneity,” is an important concept in economic
geography [38]. It refers to the natural and inherent con-
nection between the development of social and economic
activities and their location [39]. It is profoundly affected by
a long-term, basic, and intrinsic relationship brought about
by the industrial chain or industrial network composed of
local resource and affiliated enterprises [40]. Previous
studies have integrated the conceptions of embeddedness
into the theories of global space economy [41, 42]. Some
scholars believe that embeddedness is a dynamic, longitu-
dinal, and adaptive process that evolves with the reshaping of
the supply chain, the expansion of industry scale, and the
innovation of technology [43]. The embeddedness of the
company in the region reflects the sticky relationship and the
degree of integration between the two. There are the results
of both the company’s choice to be embedded in a certain
industry or region and a certain industry or region’s choice
to develop and retain the company. The company’s space
selection depends on its location decision, and the regional
viscidity depends on the influence of the regional economy,
society, culture, and so on [44]. The involvement of the
Internet increased the product sales channels, which made
brick-and-mortar companies accelerate the speed of trans-
ferring the knowledge and technology to e-commerce en-
terprises. Then, the transfer and adaptation of consumer
preferences make the e-commerce industry more embedded
in the entity industry and the life of consumer groups, which
leads to (re)creating new spatial characteristics [45].
Combining the spatial organization of the e-commerce
industrial chain, the study of the industrial embeddedness is
helpful to judge whether the local traditional industry will be
eliminated or not under the boom of e-commercialization
and fierce market competition.

Allin all, despite the work of spatial development and its
influencing factors of e-commerce in different scales and
different models, there is a lack of research on the e-com-
merce industrial chain’s spatial distribution characteristics.
In addition, the study of e-commerce embeddedness in
traditional industries is relatively limited. China’s state-level
new area, Xiong’an New Area, covers Xiong County, Anxin
County, Rongcheng County, and some surrounding areas.
After decades of development and accumulation, the
counties have formed some traditional industries with a
considerable industrial scale, most of which are labor-in-
tensive manufacturing industries, and the overall added
product value is low. Compared with the high-end posi-
tioning requirements of the development plan of Xiong’an
New Area, the nonadaptability characteristics are obvious.
With the help of the Internet platform and under the
leadership of the new economic model of e-commerce, the
way for traditional industries to adapt to the future eco-
nomic functions and industrial division is a question worth
considering. Taking Xiong’an New Area as an example,
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using spatial autocorrelation and location entropy methods,
the authors analyzed the spatial distribution characteristics
and influencing factors of different types of e-commerce
industry chains at the township scale. The spatial hetero-
geneity of e-commerce embeddedness was clarified. This
work is expected to supplement and improve the research on
the spatial organization of regional industrial chain, reveal
the survival and development ability of traditional industries
embedded by e-commerce, and provide a scientific reference
for promoting the integrated development of the digital
economy and the substantial economy.

2. Understanding e-Commerce Industrial Chain
and Its Embeddedness

2.1. Dimensions of e-Commerce Industrial Chains. In 1958,
Hirschman put forward and explained the concept of in-
dustrial chain from the perspective of industry’s backward-
forward linkages in the book “The Strategy of Economic
Development” [46]. The industrial chain describes the
complex and dynamic relationships at different levels among
enterprises, industries, and regions. Western literature sel-
dom uses the traditional concept of “industrial chain” alone
and rarely sees the industrial chain as one unit for systematic
research. Instead, value chain, supply chain, logistics chain,
and commodity chain are more discussed [47-50]. Domestic
and foreign perspectives on the industrial chain are different
as a result of economic and institutional backgrounds’
discrepancies. Wang [51] and Liu [52] all believe that the
industrial chain is a network chain with value-added
functions that integrates backward-forward linked indus-
tries through the flow of commodities based on industrial
input and output. Referring to the “point” and “line”
structure of the industrial chain, Wu [53] analyzed the
industrial chain from the four dimensions of supply and
demand chain, value chain, enterprise chain, and space
chain. Subsequently, many researchers carried out an in-
depth study of the connotation of the industrial chain based
on the views of Wu [54-56]. This paper draws on and ex-
tends Wu’s summary of industrial chain because it covers
the supply-demand relationship of the upstream and
downstream links in the commodity circulation process,
reflects the direction of value flow and the nature of value
added, and also considers the spatial connection relation-
ships among enterprises, the main body of production and
management.

The e-commerce industrial chain is the result of the
integration of the information technology industry and
traditional industries relying on the e-commerce platforms,
and it is also the innovation of the e-commerce model
compared with the original industry [57]. Based on the
dimensions of the industrial chain (see Figure 1), this paper
explored the e-commerce industrial chain of Xiong’an New
Area from the perspective of spatial analysis.

The supply and demand chain represents the connection
between “nodes.” Given that the data of e-commerce en-
terprises in this paper are mainly production factors, the
products’ technology and market demand factors are not
considered. The supply chain structure is mainly analyzed.

Value ghain

D

Ficure 1: Four dimensions of industrial chain.

The e-commerce supply chain relies on the connection of
production factors, logistics, and e-commerce platforms. It is
the process of commodities from raw materials’ production
and processing to wholesale and retail and finally selling to
consumers.

The e-commerce enterprise chain represents the con-
nection between “points” and “lines.” It is the carrier and the
actual manifestation of the industrial chain. It is also the
linear connection of all enterprises in different production
and sales sections in the same industrial chain. The cate-
gories of e-commerce enterprises reflect the complex en-
vironment of e-commerce industry clusters. The economic
size of enterprises reflects their ability to adapt to market
changes and their development status in the e-commerce
environment [58].

The e-commerce space chain expresses the connection
between “line” and “line,” which refers to the distribution of
the same type of industrial chain in different regions. If it
tends to be spatially concentrated, it will form a spatial
agglomeration of the industrial chain, which can be divided
into three levels: regional chain, national chain, and global
chain.

The e-commerce value chain represents the connection
between the “chain” and “chain.” Porter was the first to
create the value chain theory based on the competitive
advantages of enterprises who believed that value chain is the
embodiment of enterprise to create and deliver value [59].
Value chain plays an important role in causing the formation
and change of the industrial chain. Its changes will first be
characterized in the supply chain and further lead to changes
in the enterprise chain and space chain. Finally, the various
dimensions of the e-commerce industrial chain are inter-
twined and interact with each other, forming a stable and
complex chain of spatiotemporal relationships under mul-
tiple factors.

2.2. The Embeddedness of e-Commerce Industrial Chains.
e-commerce is inseparable not only from the production,
processing, and logistic transport of commodities but also
from the transmission of transaction information, capital,
and technology. Therefore, the spatial organization of the
e-commerce industrial chain has both cyberspace and
geographic space forms. When consumers purchase prod-
ucts online, they are generally more inclined to choose



products with strong competitive edges; that is to say, the
products are unique or at good prices in that place, which
leads to the spatial directivity of consumers’ online shop-
ping. As far as online sellers are concerned, in order to
produce and sell products with competitive edges, they must
reduce production costs. Meanwhile, the products sold in
related industrial clusters are often more low cost. Infor-
mation technology embeds local products in cyberspace. As
a result, the distribution and agglomeration characteristics
of the e-commerce industry will be different, which reflects
obvious embeddedness characteristics [60].

In the e-commerce industrial chain, the online e-com-
merce platform is the central part. In the dimension of the
e-commerce supply chain, the starting point of commodity
circulation is brick-and-mortar manufacturers and whole-
sale retailers. Logistics provides a guarantee for the con-
nection of the e-commerce industrial chain and the spatial
flow of elements. In the meantime, e-commerce products are
mainly embedded in locations, resources, industry, and
economy. Location provides development space for the
e-commerce industry, and element endowments such as
resources provide material conditions for the e-commerce
industry to put down roots. The value chain dimension is the
chain that realizes the empowerment of e-commerce. Each
e-commerce value link carries out similar and interrelated
production and operation activities with offline industries
from brand R&D and technological upgrading upstream to
imports and exports downstream, realizing the continuous
value added of the entire e-commerce industrial chain. At
the dimension of the enterprise chain, embeddedness means
the integration of online and offline departments in one
enterprise. The online part is responsible for information
transmission and commodity payment, and the offline part
is responsible for commodity production and processing, in
which social capital (such as labor resources and government
orientation) is an important factor to support the sustainable
development of e-commerce enterprises in the local area,
and the economic output of enterprises is also a manifes-
tation of the differences in industrial embeddedness [40]. At
the dimension of the space chain, the externalities of in-
dustrial clusters promote the agglomeration of the e-com-
merce industry. There is also a certain coupling between the
e-commerce chain and the traditional industrial chain that it
depends on.

3. Materials and Methods

3.1. Study Area. Xiong’an New Area is a state-level new area
under the jurisdiction of Hebei Province in China. It is
located on the eastern edge of Baoding City, at the junction
of Langfang City and Cangzhou City, close to Beijing and
Tianjin. Xiong’an New Area consists of Xiong County,
Rongcheng County, Anxin County, and some surrounding
areas (including the Baiyang Lake). The area has a total of 33
towns (see Figure 2). At the end of 2019, the GDP of
Xiong’an New Area reached 21.5 billion RMB yuan. Its
industry is dominated by light industry, which is all labor-
intensive companies. Leading industries include the paper-
plastic packaging industry and latex product industry in
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Xiong County, clothing industry, toy industry, and luggage
manufacturing industry in Rongcheng County, and shoe-
making industry and feather product industry in Anxin
County. For instance, the paper-plastic packaging and
printing industry in Xiong County is a traditional industry
that started in the early 1960s. After more than 60 years of
original capital accumulation, it has developed three major
packaging products (plastic package, paper package, and
artificial leather package), four printing technology (intaglio
printing, relief printing, screen printing, and planographic
printing), and five major production areas (central towns as
the comprehensive core area, the production area of paper-
plastic package and balloon latex products centered on the
Dabu Village Industrial Zone in Longwan Town, the
printing area of plastic pipes and silk-screen color balloons
with Zangang Town as the center, the artificial leather
calendered film production and processing area with the
Xiliu Village Industrial Zone in Zhugezhuang Town as the
core, and the Dongzhao Village of Daying Town as the core
circuit board printing and processing area) [61].

Before 2013, residents in Xiong’an New Area mostly
produced and sold products all by themselves or resorted to
OEM to operate physical stores or factories as their main
source of income. Most kinds of traditional industries had
similar development models. The majority of the enterprises
were small dispersed individuals, mainly engaged in family
workshop’s production and sold with large group scale. The
enterprises were facing pressure brought by low techno-
logical level, high product similarity, and fierce market
competition, which caused a negative impact on the de-
velopment of traditional industries. However, subsequently,
under the trend of national e-commerce development,
Xiong’an New Area gradually explored methods for the
transformation of traditional industries to e-commerce by
relying on the advantages of local special industries and
leading enterprises. At present, the e-commerce market scale
has expanded widely. In order to realize the industrial
transformation, all counties in Xiong’an New Area have
established e-commerce industrial parks and e-commerce
public service centers, upgrading from scattered individuals
to intensive groups. As of 2021, there are 25 Taobao villages
and 8 Taobao towns in Xiong’an New Area, and the de-
velopment trend of agglomeration is obvious. The integrated
development of e-commerce and physical industries has
gradually become an important way for the transformation
and upgrading of traditional industries in Xiong’an New
Area. Therefore, analyzing the spatial characteristics of the
e-commerce industry and its industrial embeddedness is of
great significance to the factors optimization of industry-
dependent e-commerce and the sustainable development of
traditional industries in the future.

3.2. Data Source. Company data from e-commerce plat-
forms: data acquisition software was used to collect infor-
mation on the homepages and archives of e-commerce
enterprises in various industries on “1688.com” (https://
www.1688.com/) and “Taobao.com” (https://www.taobao.-
com/). The “business model” of “1688.com” is the way used
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FIGURE 2: Profile of Xiong’an New Area.

by e-commerce enterprises to make profits during the op-
eration, which is divided into four categories: production
and processing, distribution and wholesale, investment
agency, and business services. “Production and processing”
refers to enterprises engaged in production, processing, and
OEM work and then wholesale trade; “distribution and
wholesale” refers to enterprises that buy and sell large
quantities of commodities in the form of intermediaries for
profit; the data the authors collected do not include in-
vestment agency and business services enterprises.
According to the “1688.com” industry market classification,
the products can be divided into 19 types, including
packaging, rubber plastic chemical, craft decoration, and
toys. A total of 1213 valid data were collected from
“1688.com.” “Commodity retail” refers to the trade activity
of selling commodities or services to consumers. This type of
data originates from “Taobao.com.” A total of 195 valid data
are collected. After data sorting, it was found that the first
e-commerce company was established in 1998, and the data
collection time is from December 15, 2020, to December 31,
2020, with a total of 1408 valid data. The data mainly in-
cludes the e-commerce enterprises’ name, establishment
time, product details, registered address, business model,
type of company, annual turnover, and number of
employees.

Data from Taobao Village in Xiong’an New Area: the
number and location information of Taobao villages in
Xiong’an New Area is collected, which is obtained from the
list of China Taobao villages released by the Ali Research
Institute during the years 2015-2020.

The dimensions of the industrial chain are classified
based on the data of e-commerce enterprises. As for the
supply chain, according to commodity circulation links,
suppliers can be divided into wholesalers (production
wholesalers and distribution wholesalers), retailers, and
integrated suppliers, among which production wholesalers
are enterprises involved in the production and
manufacturing sections among wholesalers, distribution
wholesalers are enterprises engaged in pure wholesale trade,
and integrated suppliers are suppliers that include both
wholesale and retail businesses. Value chain dimension can
be divided into three categories, production and processing,
distribution and wholesale, and commodity retail, according
to the value-added ways of commodity circulation of

e-commerce enterprises. Enterprise chain dimension can be
divided into business to business (B2B), business to con-
sumer (B2C), and business to government (B2G) according
to transaction subjects. Because the enterprises are online,
almost all the corresponding production and sales sections
from the original industrial space can be found on the In-
ternet [62]. Therefore, combined with the connotation of the
industrial chain, the embeddedness connections between
different e-commerce industrial chain links and industrial
space are shown in Figure 3. Due to the lack of horizontal
connection of data, this paper does not analyze the char-
acteristics of the e-commerce space chain.

3.3. Methods

3.3.1. Location Entropy. Location entropy refers to the
specialization and concentration level of an industry in a
region [63]. In this paper, location entropy is used to cal-
culate the regional orientation and dominance of e-com-
merce enterprises of different product categories in Xiong’an
New Area. The formula used is as follows:
. NN

1
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Here, Q. is the location entropy of product j in county i,
N is the number of that kind of e-commerce enterprises, N’
is the total number of the e-commerce enterprises in county
i, and N is the total number of the e-commerce enterprises
that produce product j. When Q) <1, e-commerce enter-
prises of this kind product in this region do not have obvious
professional advantages compared with Xiong’an New Area
as a whole. When Q. > 1, the comparative advantages do
exist, and the larger the value, the higher the degree of
advantage. Combined with the result of location entropy, the
local embeddedness of e-commerce enterprises can be
further judged by comparing the dominant e-commerce
products with the local leading industries.

3.3.2. Spatial Visualization and Spatial Analysis. Local
spatial autocorrelation method is used to visualize the spatial
organization of the e-commerce industrial chains in Xion-
g'an New Area by ArcGIS. Specifically, Getis-Ord Gi * 1is
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Figure 3: The embeddedness relationship between e-commerce industrial chains and industry space.

used to calculate and estimate the cold and hot spots of
different types of enterprises in the e-commerce industries
chain in Xiong’an New Area so as to explore its spatial
organization mode. The formula is omitted. Finally, based
on the spatial characteristics and combined with the actual
situation of product types and sales types of e-commerce
enterprises, the authors analyzed the embeddedness char-
acteristics of e-commerce industry chains.

3.3.3. Transport Superiority. With reference to the research
by Jin and others [64, 65], the degree of transport superiority
is mainly composed of traffic network density, traffic line
influence, and location superiority. It embodies the scale and
the agglomeration capacity of transportation facilities and
the accessibility status of key nodes in the region and is used
to describe the advantages and disadvantages of regional
traffic as an integrated indicator. The transport superiority
reflects the advantages of quantity, quality, and superiority
of regional traffic. Previous studies generally believe that
these three aspects are of the same importance to the degree
of transport superiority. In order to understand the rela-
tionship between e-commerce development and trans-
portation location in Xiong’an New Area and further clarify
the influence of transportation endowment on e-commerce,
this paper revised the existing evaluation system of transport
superiority, combined with the actual situation of e-com-
merce enterprises, and identified five secondary indexes,
including the density of traffic lines in each township, the
number of traffic nodes, the number of traffic lines, the
shortest distance from e-commerce enterprises to the traffic
line, and the distance between township administrative
centers and county-level administrative centers (see Table 1).
To calculate the transport superiority of Xiong’an New Area,
the data in the density of traffic lines, traffic line influence on

the region, and location superiority were standardized, and
all dimensions were weighted uniformly. The weight is set to
1/3, and then the processed elements are integrated. Finally,
the transport superiority of each township was obtained.

4. The Spatial Characteristics of e-Commerce
Industrial Chain and the Influencing Factors

4.1. Spatial Distribution Characteristics of e-Commerce
Industrial Chain in Different Dimensions

4.1.1. Analysis of e-Commerce Supply Chain. e-commerce
products circulate through the supply chain to connect
upstream and downstream related enterprises and cus-
tomers. The core feature is transaction orientation and linear
connection. In terms of quantity, the types of products sold
by suppliers are quite different. Production wholesalers
(63.92%) mostly sell packaging and rubber plastic chemical
products. Most of them are raw materials or semifinished
products such as plastic pellets, plastic bags, and chemical
supplies. Most processing enterprises need a large amount of
raw material for further working in local factories, such as
pipe manufacturing, bag making, printing, brand custom-
ization, and other primary processing or deep processing
activities. Comprehensive suppliers (16.55%) mainly pro-
duce clothing textiles and toys. It covers a wide range, and
the companies play the role of multiple suppliers. Retailers’
(13.85%) product types are mainly shoe bag accessories and
craft decoration products, all of which are finished products.
Distribution wholesalers” (5.68%) product types are mainly
composed of rubber plastic chemicals, toys, and craft dec-
oration products. Among them, craft decorations mainly
include balloons and wreaths, and rubber plastic chemical
products are mainly semifinished or finished products of
plastic pipes. The processing level is relatively high, and it is
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TaBLE 1: Evaluation index system of transport superiority of Xiong’an New Area.

Indices Indicator

Statistical method

Density of traffic
lines

Traffic line influence
on the region
Location superiority

Traffic nodes’ number

Traffic lines’ density

Traffic lines’ number

Shortest distance from e-commerce enterprises

to the traffic line

Distance between township administrative

centers and county-level administrative centers

Calculation of traffic nodes’ number.

The ratio of the traffic line length of each township to the
administrative area of the township.
Number of traffic routes covered by each town.

The natural breakpoint method by ArcGIS is used to divide the
shortest distance between e-commerce enterprises and
transportation lines into 5 categories. The closer the distance, the
easier the transportation. Therefore, the weights of 5, 4, 3, 2, and 1
are set in order from the nearest to the farthest distance. The
number of each distance level is counted, and each town’s
weighted value is summed.

Calculation of Euclidean distance between the town government
and the county government.

only used for transit and wholesale sales. There are not many
such enterprises. From this point of view, the supply and
marketing mode of the same type of commodities deter-
mines the degree of processing.

In order to explore the spatial distribution law of
e-commerce enterprises’ supply chain, local spatial auto-
correlation analysis was used to identify the clustering
characteristics of the number of suppliers. The results show
that hot spots with a Z-score greater than 1.65 and a 90%
confidence level (P<0.1 for probability likelihood) are
mainly distributed in Xiong County and Rongcheng County.
Anxin County is in a large area with nonsignificant ag-
glomeration areas; meanwhile, the overall hot spot coverage
rate is low.

The hot spots for production wholesalers (in Figure 4(a))
and distribution wholesalers (in Figure 4(c)) are mainly
distributed in towns of Xiong County. The product types in
the hot spots are mainly rubber plastic chemical and
packaging, respectively. Self-produced products and dealers’
products are mostly from the local village or nearby rural
enterprises. These two types of wholesalers are usually close
to the industrial clusters in order to minimize the cost
between production and sales. In the meantime, their hot
spots just cover the five major production areas of Xiong
County’s paper-plastic packaging and printing industry. The
hot spots for retailers (in Figure 4(b)) are in Xiongzhou
Town and Zhaobeikou Town, with the smallest middle-level
clusters, in which the products are mainly packaging. The
physical size of retailers is relatively small. In order to obtain
price advantages, they retail through specialized markets
nearby or out of town. As for comprehensive suppliers (in
Figure 4(d)), zones with Z > 2.98 are mostly concentrated in
the east of Rongcheng and mainly based on the toy products
of the local characteristic industry. The cluttering zone not
only includes specialized retail markets but also has a large-
scale and highly specialized toy industry cluster.

Rongcheng County’s e-commerce supply chain is rela-
tively comprehensive. Xiong County’s wholesalers and re-
tailers are more concentrated. Anxin County’s supply chain
is not yet mature, and characteristic industries still have
great development potential. The supply chain mainly
connects various suppliers with the flow of commodities.

Most of the traditional industrial clusters in Xiong’an New
Area have a history of decades of development. The most
obvious competitive advantage stems from the low cost of
commodity manufacturing, and the tradition, culture, and
invisible knowledge and experience of local business have
also become the foundation of e-commerce. Therefore, in
general, the product types in the hot spots are based on local
traditional industrial clusters, and e-commerce is embedded
on the basis of geographical proximity, sharing economic
resources such as production materials and labor with
traditional industries [66].

4.1.2. Analysis of e-Commerce Value Chain. The value-added
process of e-commerce products in circulation is shown in
Figure 3. The value-added activities of the e-commerce
value chain in Xiong’an New Area are mainly production
and processing. This type of enterprise accounts for
80.04% of the total, which has a great advantage in terms
of quantity, followed by commodity retail enterprises,
accounting for 13.85%. The number of distribution and
wholesale enterprises is very small, only accounting for
6.11%.

The value chain distribution and spatial orientation of
different product types are shown in Table 2. To avoid the
lack of statistical significance, Table 2 only counted the top
10 product types with the largest number of e-commerce
enterprises included. The components of the value chain
of all types of products are roughly the same, with pro-
duction and processing as the main focus and distribution
and wholesale as the least. Except for toys and rubber
plastic chemical products, which have more distribution
and wholesale enterprises than retailers, the rest of the
enterprises are mainly concentrated in the production and
processing and retail links, that is, the upstream and
downstream of the e-commerce industrial chain, leading
to the “polarization” characteristic of the chain. Now that
mixed operations have become the mainstream, high-
intensity links in the value chain, such as production and
processing (production and wholesale) and retail (export
and import), can bring more enterprise profits [3], which
causes less pure wholesale trade.
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TaBLE 2: Value chain composition and main distribution areas of major e-commerce product types in Xiong’an New Area.

Type of product Number of enterprises and

Production and

Commodity retail Distribution and wholesale

spatial orientation processing
Packaging Number 221 41 2
Orientation Xiongzhou Town Xiongzhou Town Xiongzhou Town
Rubber plastic Number 228 14 20
chemicals Orientation Zangang Town Xiongzhou Town Zangang Town
Craft decorations Number 175 1 14
Orientation Longwan Town Longwan Town Mijiawu Town
Toys Number 124 5 13
Orientation Liangmatai Town Rongcheng Town Liangmatai Town
Shoe bag Number 108 24 10
accessories Orientation Zhugezhuang Town Daying Town Santai Town
Number 116 9 7
Clothing textiles Orientation Rongcher}g Town and Rongcheng Town Liangmatai Town and
Anxin Town Longhua Town
Household supplies Numbe.r ol . ’ . 7
Orientation Luzhuang Town Xiongzhou Town Anxin Town
. Number 20 9 2
Mac.hmery and . . . Zhugezhuang Town and
equipment Orientation Xiongzhou Town Rongcheng Town Liulizhuang Town
Number 18 6 4
Hardware tools Orientation Pingwang Town Xloggzhou Town and Rongcheng Town
Jiaguang Town
Automotive Number 14 ' 11 2
supplies Orientation Pingwang Town Xiongzhou Town and Rongcheng Town and

Rongcheng Town Daying Town

In terms of spatial distribution, the overall value chain
tends to be centered on Xiongzhou Town, Zangang Town,
Longwan Town in Xiong County and Liangmatai Town and
Rongcheng Town in Rongcheng County. The development of
an industry not only is based on resource endowments but
also depends on the regional preference of its industrial
functions. The value-added business model will be more
inclined to areas with strong industrial functions and then
realize the specialization and scale operation of this type of
e-commerce product. For example, although the traditional
industries of shoe bag accessories and clothing textiles are
leading industries in Anxin County, the production pro-
cessing and retail links are concentrated in Zhugezhuang
Town, Daying Town, and Rongcheng Town in Rongcheng

County. Locally, labor-intensive manufacturing activities are
highly specialized; the production and processing and dis-
tribution and wholesale links of household supplies enter-
prises are concentrated in Luzhuang Town and Anxin Town,
Anxin County. Originally, this type of product had the
greatest advantage in the traditional industries of Anxin
County. However, its e-commerce retail links point to
Xiongzhou Town, Xiong County, which has a higher eco-
nomic level and richer market resources. The distribution of
the value chain of the above categories of products has shifted
from its advantageous regions, which not only reflects the
social division of labor of the same type of products in dif-
ferent regions but also proves the impact of the specialization
of regional industrial functions on the value chain [67].
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4.1.3. Analysis of e-Commerce Enterprise Chain. Divided by
transaction entities, B2B enterprises are the main compo-
nent of the Xiong’an New Area enterprise chain (74.29%),
followed by B2C (13.85%), and B2G enterprises (11.86%) are
the least, which is in line with the scale of national
e-commerce [68]. B2B enterprises are mainly production
wholesalers (72.37%), which is consistent with the charac-
teristic that the traditional industries in Xiong’an New Area
are basically labor-intensive manufacturing. They produce
and sell finished products and semifinished products, such as
plastic bags, paper packaging bags, balloons, and funeral
supplies. Comprehensive suppliers (21.13%) are the second,
which mainly produce toys and clothing. Distribution and
wholesalers (6.50%) are the least, mainly to wholesale
downstream enterprises toys, clothing, plastic pipes and
balloons, and other completed products. B2C enterprises are
retailers, mainly selling plastic bags, cartons, balloons, fu-
neral supplies, and other finished products to customers.
B2G enterprises are also mainly production wholesalers
(85.62%), aiming to serve the government’s municipal
works, water conservancy, and building works by
manufacturing and selling plastic pipes. Distribution and
wholesalers (7.19%) and integrated suppliers (7.19%) are
equal, mainly supplying plastic pipes and shoe bags.
During the rapid expansion of e-commerce in space, the
scale of enterprises is dominated by small, medium, and
microenterprises, among which all B2C enterprises are this
kind of enterprise. e-commerce enterprises with 11-50
employees have become the largest type (41.55%) in the
enterprise chain of Xiong’an New Area. A large number of
small-scale e-commerce enterprises means that the
e-commerce market is sinking and refined, and at the same
time, it also reflects the strong driving force of e-commerce
to transform traditional small and microenterprises.
e-commerce enterprises with an annual turnover of 7-10
million yuan accounted for the highest proportion (14.91%),
mostly pointing to areas with industrial foundations such as
Xiongzhou Town, Longwan Town, and Zangang Town in
Xiong County. e-commerce enterprises with an annual
turnover exceeding 100 million yuan are also concentrated
in Zangang Town, Xiong County, which shows that the
externalities of the traditional industrial economy have in
turn enhanced the vitality of e-commerce development.
Using the hot spot analysis method to explore the
spatial correlation patterns of various e-commerce com-
panies, this paper observed the spatial clustering diagram of
the enterprise chains in Xiong’an New Area. On the whole,
hot spots with a Z-score greater than 1.96 and a 95%
confidence level (P<0.05 for probability likelihood) of
B2B, B2C, and B2G are basically concentrated in Xiong
County and have strong continuity, while nonaggregating
areas and cold spot areas are concentrated in Anxin County
and Rongcheng County. The hot spots for B2B enterprises
(in Figure 5(a)) are gathered in Pingwang Township,
Rongcheng County, Xiongzhou Town, and Longwan Town,
Xiong County, showing a linear distribution. The cold spot
area is located in Mozhou Town of Anxin County. B2C
enterprises hot spots (in Figure 5(b)) are located in
Xiongzhou Town, Xiong County, and Zhaobeikou Town,

Anxin County, with a small distribution area, and the rest
are nonsignificant areas. As for B2G enterprises, areas with
Z >3 (in Figure 5(c)) are concentrated in Zhanggang Town,
Shuangtang Town, Zangang Town, Mijiawu Town, and
Daying Town, Xiong County, covering the Xiongdong area,
presenting a block distribution. Affected by the con-
struction of the new area, e-commerce enterprises’ ag-
gregation provides a large amount of materials needed for
urban infrastructure.

The number of hot spots of B2G companies is signifi-
cantly higher than that of B2B and B2C enterprises, indi-
cating that B2G companies have a higher degree of
agglomeration. It can be seen that B2B, B2C, and B2G
enterprises have significant spatial agglomeration charac-
teristics. Xiong County has always been a high-level cluster
of various enterprises, followed by Rongcheng County, and
Anxin County has not seen an obvious spatial agglomera-
tion. This high-level agglomeration is embedded in the
strong industrial foundation of Xiong County, and the base
of e-commerce scale is relatively large, so it has an absolute
scale advantage provided by the e-commercialization of
traditional industry [69]. e-commerce enterprises in low-
level agglomeration areas are sparse, and the development of
traditional industries is relatively weak. The main products
of local industries are not prominent. It is necessary to
promote the transformation of traditional industries by
improving the level of e-commerce development or devel-
oping “blue ocean” products.

4.2. Influencing Factors of the Spatial Distribution of
e-Commerce Industrial Chain

4.2.1. Transport Superiority Promotes the Agglomeration of
e-Commerce Industry. Although e-commerce can cross the
constraints of spatial distance, its development is still based
on regional embeddedness in reality, and the transportation
and logistics foundation has profoundly affected the ag-
glomeration level of the regional e-commerce industry [22].
Visualizing and spatially superimposing the e-commerce
enterprises in the Xiong’an New Area with highways and
railway traffic lines shows that there is a very high correlation
between the two layouts. On the whole, the northern part of
Xiong’an New Area, namely, Xiong and Rongcheng County,
has more and dense traffic routes and hubs than Anxin
County and has a higher traffic location advantage. There are
obvious clusters and strips of e-commerce enterprises
around the traffic lines. This feature is extremely prominent
in Xiongzhou Town and Rongcheng Town. Figure 6 shows
that the distribution of e-commerce enterprises and trans-
port superiority in Xiong’an New Area is basically the same.
Pearson correlation analysis and verification are carried out
on the number of e-commerce enterprises and the degree of
transport superiority. The correlation coefficient is 0.804,
which means that it has a strong correlation. The significance
level is 0.00 (p <0.01). It has an extremely significant sta-
tistical effect; that is, the greater the degree of transport
superiority, the greater the number of e-commerce enter-
prises in the town.
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4.2.2. Traditional Industries Support the Diffusion of the
e-Commerce Industrial Chains. With the popularization of
e-commerce, a large number of traditional industries in
Xiong’an New Area have formed the sales network. Relying
on the guarantee of the government and major e-commerce
platforms, the originally relatively scattered but highly local
advantage industries and products have begun to connect to
the Internet, and they gradually turned into an online
e-commerce industry cluster [58]. Use the location entropy
method to explore the correlation between the location
orientation of e-commerce companies and local industrial
clusters (see Table 3).

It can be seen that the distribution of location entropy
of the e-commerce products in Xiong’an New Area has a
strong correlation with its leading industries. The indus-
trial chain of packaging, rubber plastic chemical, craft
decoration, electrical electronics, and medical supplies has
significant advantages in Xiong County. Toys, machinery
and equipment, hardware tools, automotive supplies, of-
fice supplies, and pets supplies tend to be distributed in
Rongcheng County. Shoe bag accessories, clothing and
textiles, household supplies, food and beverages, home

building materials, gardening supplies, sports and fitness,
and metal processing products are more specialized in
Anxin County. The paper-plastic packaging industry is one
of the leading industries in Xiong County. The location
entropy of corresponding e-commerce enterprises such as
packaging (plastic bags, paper bags, etc.), rubber plastic
chemicals (pipes, pipe fittings, and other plastic material
products), and craft decorations (latex balloons and ac-
cessories) is relatively large, and the e-commerce industrial
chain is concentrated. One of the leading industries in
Rongcheng County is the toy industry. The location en-
tropy of the corresponding e-commerce products is as high
as 4.35. There are 137 enterprises, accounting for 43.91% of
the total number of e-commerce enterprises in Rongcheng,
which indicates that the e-commerce industrial chain
involves many links. The leading industries in Anxin
County include the shoemaking industry and feather
product industry, the corresponding e-commerce prod-
ucts are shoe bag accessories (shoes, soles, and other
products) and clothing textiles (down products), and this
category of e-commerce enterprises has the largest loca-
tion entropy.



Complexity

11

TaBLE 3: Location entropy distribution of different types of e-commerce products in Xiong’an New Area.

Type of commodity Xiong County

Rongcheng County Anxin County

Packaging 1.33
Rubber plastic chemicals 1.51
Craft decorations 1.47
Toys 0.03
Shoe bag accessories 0.99
Clothing textiles 0.21
Household supplies 0.48
Machinery and equipment 0.68
Hardware tools 0.70
Automotive supplies 0.62
Food and beverages 0.45
Home building materials 0.80
Gardening supplies 0.51
Electrical electronics 1.52
Sports and fitness 0.38
Office supplies 0.51
Metal processing 0

Medical supplies 1.52
Pets supplies 0

0.39 0.32
0.02 0
0.06 0.14
4.35 0.12
0.48 2.02
2.50 2.62
0.42 4.95
1.75 1.36
1.93 0.90
2.67 0
1.06 4.96
0.95 1.33
0.38 4.92

0 0
1.13 4.22
3.01 0

0 8.43

0 0
4.51 0

The bold values are the highest location entropy value of each type of product, which means the highest regional specialization degree.

4.2.3. Government Policy Guides the Development of e-Com-
merce Industrial Chains. The agglomeration and develop-
ment of the e-commerce industrial chains in Xiong’an New
Area cannot be separated from the adjustment and policy
guidance of governments. In recent years, Hebei Province
has successively issued “Implementation Opinions on
Promoting Full Coverage of Rural e-commerce,” “Three-
Year Promotion Plan for e-commerce Development in
Hebei Province (2014-2016),” “Action Plan for Accelerating
e-Commerce Development in Hebei Province (2018-2020),”
and other policy documents. In 2020, the State Council
approved the establishment of a national cross-border
e-commerce comprehensive pilot zone in Xiong’an New
Area. In 2017, the Xiong’an New Area Management
Committee began to study the ideas for the construction of
“digital Xiong’an” based on big data, which will promote the
innovative development of e-commerce transformation and
new retail. In 2018, the Xiong County Bureau of Commerce
signed an e-commerce talent training strategy with Taobao
University to promote the transformation and upgrading of
Xiong County’s traditional industries to apply “Internet +.”
In 2019, Rongcheng County plush toys association achieved
strategic cooperation with Quyang County to jointly build
an e-commerce training base. In 2020, the country suffered
the impact of the COVID-19 epidemic, and countless offline
physical industries turned to online. Especially with the help
of the government, Rongcheng County formulated the
“Nine Measures to Support the Transformation and
Upgrading of Traditional Industries in Rongcheng County
(Temporary)” to strongly support the local enterprises such
as Jihongxing Apparel and Aosen Apparel. These companies
transition to the production of antiepidemic materials and
live-streaming e-commerce to fill the gaps in the New Area.
In general, the Xiong’an New Area will focus on key urban
areas and town centers, and policies will internally support
the development of e-commerce enterprises, accelerate the

cultivation of specialized villages, and plan and deploy
e-commerce from point to point. e-commerce industry
collaboration relationships across administrative regions
should be established while strengthening front-to-back
industry linkages through Internet technology and plat-
forms. Finally, the e-commerce industry will realize the
upgrade of the industrial chain.

4.2.4. Influence Mechanism. The influence mechanism of
the e-commerce industry chain development in Xiong’an
New Area is shown in Figure 7. First of all, the vast majority
of e-commerce enterprises in Xiong’an New Area sell tan-
gible products, so the products’ flow path cannot be sepa-
rated from the production processing and logistics
transportation. In order to produce and sell goods with cost
advantages, the location of e-commerce enterprises must be
close to factories and markets to reduce transportation costs,
which will promote the integrity and efficiency of the
e-commerce supply chain. Therefore, the advantage of
transportation and location is the primary condition and the
basis for the formation and agglomeration of the e-com-
merce industry. Further, in order to reduce production costs
to a greater extent and increase the competitive advantage of
commodities, online and offline industries will replicate and
migrate the value chain, and the layout of e-commerce
enterprises will point to areas with relevant industrial
clusters. Then, the advantages of traditional industries
promote the diffusion of the e-commerce industry, making
the e-commerce in Xiong’an New Area form an industry-
dependent development path. Finally, the guidance and
support capabilities of government policies support the
coordinated development of multiple places and institutions
from a macroperspective and ensure the development of
e-commerce and infrastructure construction within the
county on a microlevel. The government measures provide
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social capital and economic support for the e-commerce
enterprise chain and also provide a suitable institutional
environment for the industrial chain.

5. Conclusion and Discussion

Based on 1408 e-commerce enterprises’ data in Xiong’an
New Area, this paper revealed the spatial characteristics and
influencing factors of e-commerce industrial chains and
discussed the characteristics of industrial embeddedness
based on various aspects of the e-commerce industrial chain.

The e-commerce supply chain in Xiong’an New Area is
dominated by production wholesalers, followed by inte-
grated suppliers, retailers, and distribution wholesalers.
Rongcheng County’s e-commerce supply chain is more
comprehensive, Xiong County’s wholesalers and retailers are
more concentrated, and Anxin County’s supply agglomer-
ation is the weakest. Commodities can characterize the
industrial embeddedness of the supply chain, and supply
links” differences can cause discrepancies in the degree of
product completion. The cost advantage of product
manufacturing makes traditional industries the basis for the
development of e-commerce.

The value chain dimension is dominated by production
and processing activities, followed by commodity retailing
and distribution and wholesale. Value links spatially inclined
to Xiongzhou Town, Zangang Town, and Longwan Town in
Xiong County and Liangmatai Town and Rongcheng Town
in Rongcheng County. The intensity of value information
promotes the agglomeration of the value chain sections,
while the production and sales links deviate from the in-
dustrial advantage regions. This cross-township and even
cross-regional geographical division of labor structure re-
flect the impact of the specialization of regional industrial
functions on the value chain.

At the enterprise chain, B2B enterprises are the
majority, followed by B2C enterprises and B2G enter-
prises. The scale of employees and the annual turnover of
all kinds of enterprises have an obvious trend of mini-
aturization. Local industrial clusters bring economic
vitality to e-commerce enterprises. Spatially, the high-
level clusters of the three types of e-commerce companies
are all located in Xiong County. The agglomeration of
Rongcheng County is the second, and Anxin County has
no obvious agglomeration. The high-level agglomeration
stems from the strong traditional industrial foundation,
which brings scale advantages for the transformation of
e-commerce.

Exploring the factors influencing the spatial distribution
of the e-commerce industrial chains in Xiong’an New Area,
it is found that transportation location advantages are the
basis for e-commerce enterprises and their chains to ag-
glomerate and also provide conditions for e-commerce
supply chains to be rooted in traditional industries. Relying
on traditional industries, different types of e-commerce
commodities have achieved large-scale operations in their
industrial advantage regions. Government policy regulation
provides a guarantee for the agglomeration and expansion of
the e-commerce industrial chains.

The study found that the supply chain of industry-de-
pendent e-commerce still relies on the commodity circulation
path of traditional industries, especially the e-commerce
derived from the strong industrial foundation of Xiong’an
New Area, whose products have more local embeddedness.
This phenomenon indicates that traditional geographical
factors are still very important in cyberspace [60, 70, 71].
Under the embeddedness effect of e-commerce, traditional
industries will not be completely eliminated. Enterprises that
already have the scale of the supply chain, are rich in value
links, and have vigorous enterprises are more likely to survive
in the future development of Xiong’an New Area. Based on
the above conclusions, with the help of a multidimensional
industrial chain formed by the connection of e-commerce
enterprises in Xiong’an New Area, the local government
should pay special attention to the improvement of disad-
vantaged areas and use e-commerce advantages and positive
externality of traditional industries to radiate to underde-
veloped areas in order to drive the application of e-commerce
by business entities in Anxin County. On the other hand,
focusing on improving the quality and efficiency of e-com-
merce in areas where the e-commerce industrial chain is
concentrated and under the premise of green development,
Xiong’an New Area should promote the digitalization and
intelligentization of industries to tackle the “low-locked” and
element loss problem of traditional industries with low added
value, weak R&D capabilities. Then thereby, the elimination
rate of enterprises in the industrial clusters of Xiong County
and Rongcheng County could be reduced. Finally, the
embeddedness characteristics of the e-commerce industrial
chain studied in this paper can be used as proof to analyze the
interaction between e-commerce and traditional industries,
focusing on the adjustment of the traditional industrial
structure under the influence of e-commerce, provide a
theoretical reference for the entry and exit of enterprises, and
point out the direction of the sustainable development of
traditional industries.
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Previous research always makes further discussion about
the transformation and reconstruction of physical space
caused by the embedding of e-commerce into local eco-
nomic space after analyzing the e-commerce characteristics
and influencing factors. This paper mainly revealed how
e-commerce was embedded in the local industry and area
from a different perspective of industrial chains and dis-
cussed the survival and development of traditional indus-
tries. Limited by data, the research in this paper is limited to
the qualitative discussion of the embeddedness character-
istics of the e-commerce industrial chain. In fact, based on
the embeddedness connotation, it should also cover social,
cultural, political, and other aspects. It needs to be further
investigated through field research and data collection. In
short, the research on the spatiality and embeddedness of the
e-commerce industrial chain plays an important role in the
transformation and upgrading of traditional industries, as
well as the integration and development of the digital
economy and the real economy, and more empirical cases
are urgently needed for systematic research on it.
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Financial development is often considered one of the main drivers promoting household consumption. As a form of financial
development, whether digital financial inclusion can promote household consumption has been a concern for researchers and
policymakers. Considering geographical connectivity characteristics, we examine the effects of digital financial inclusion on
household consumption by applying spatial econometric models and using data from 31 provinces in China from 2013 to 2018.
The impact of digital financial inclusion is further disaggregated into direct, indirect, and total impacts. The results show that if
digital financial inclusion is improved by 1%, household consumption will correspondingly increase by 0.2207%. The spatial
spillover effect on neighboring areas is negative: a 1% increase in the level of digital financial inclusion of nearby provinces leads to
a0.1289% decrease in household consumption in the local province. For policymakers, it is necessary to balance the development
of digital financial inclusion and view different areas as a whole when making policies to promote consumption. Further analysis
based on subsamples finds that the effect of digital financial inclusion on household consumption is more considerable for rural

households than for urban households.

1. Introduction

Consumption, investment, and export have been described
as the “three drivers” of economic growth in China for a long
time. However, under the circumstances of slow global
economic growth and complex international relationships
due to the prevalence of COVID-19, China’s net exports
show signs of decline. China’s net export was RMB 15057.1
billion in 2010 and RMB 11397.9 billion in 2019, a decrease
of 24.30%. During the same period, investment, which has
long been the largest engine of economic growth in China,
also shows a slowing growth rate, with its contribution to
GDP growth falling from 47% in 2010 to 43.1% in 2019. As
investment and export hit bottlenecks in China, con-
sumption is playing an increasingly fundamental role in
economic growth. Its contribution to economic growth rose
from 49.3% in 2010 to 55.8% in 2019. This indicates that
China’s economy has transformed from investment-driven
growth and export-driven growth into consumption-driven
growth, and consumption has become the most considerable

driving force. The Fifth Plenary Session of the 19th Central
Committee proposed emphasizing the “domestic cycle”,
which means stimulating domestic demand and making
consumption the main engine of economic development.
Therefore, under the new normal of China’s economy,
expanding domestic demand and promoting consumption
are of great significance to China’s sustainable development.

Thanks to the development of innovative technologies,
such as big data, the Internet, and cloud computing, digital
financial inclusion has experienced exponential growth since
the late 2000s and early 2010s. According to the digital fi-
nancial inclusion index, the index increases from 40 in 2011
to 300 in 2018. Digital financial inclusion provides various
services to residents, including mobile payments, online
loans, online insurance, and Internet finance. By the end of
2020, mobile payment had 854 million users, accounting for
86.4% of the total number of netizens in China, and its
transaction value had reached RMB 200 trillion. “Huabei”
and “Jiebei”, online consumer loan services launched by
AliFinance, had offered loans up to USD 95 billion by the
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first quarter of 2018, nearly 3.7 times the amount of loans
launched by the China Construction Bank [1]. In recent
years, 12.29 billion new Internet insurance policies have
been issued, accounting for 71% of the number of new
insurance policies. YWE Bao, the country’s largest online
money market fund, was launched in June 2013 by Alipay.
By the first quarter of 2014, it had more than 15 million users
and assets reaching RMB 250 billion.

Financial development plays a pivotal role in boosting
household consumption. It can promote efficient resource
allocation and smooth intertemporal consumption, thus re-
lieving residents from liquidity constraints and increasing
consumption demand [2]. As a form of financial development,
digital financial inclusion influences household consumption
in an irreplaceable way. Some studies have studied the rela-
tionship between digital financial inclusion and household
consumption, but few take spatial links into account. However,
according to the first law of geography, everything is alike and
correlated to each other [3]. First, because of the large territory
and great economic and geographic heterogeneity, there are
tremendous differences between provinces. As a result, geo-
graphical disparities in household consumption and digital
financial inclusion are apparent. However, with the im-
provement in infrastructure, the popularization of Internet
technology, and the issuance of interprovincial cooperation
policies, communication across regions is becoming closer.
Factors of production, such as talent and technology, thus flow
more frequently. Consequently, household consumption and
the development of digital financial inclusion show spatial
correlation characteristics. Additionally, as provinces become
more closely linked, the socioeconomic situation of one
province might exhibit a remarkable demonstration effect [4]
or crowding-out effect [5] on neighboring provinces imme-
diately or within a short period [6]. Therefore, identifying the
spatial distribution and taking spatial correlation into account
are meaningful when exploring the relationship between
household consumption and digital financial inclusion.

This paper contributes to the relevant research in three
dimensions. First, the attributes of entities that are adjacent
to each other are prone to be similar. Spatial econometrics
takes spatial agglomeration and the evolution of spatial-
temporal patterns into account. This approach is chiefly used
to investigate environmental economics and is hardly ap-
plied to studies on digital financial inclusion and household
consumption. In this paper, we use the global Moran’s I
index and local Moran’s I index to describe their spatial
autocorrelation characteristics in China. Second, the existing
research considering the relationship between digital fi-
nancial inclusion and household consumption assumes that
spatial objects with adjacent geographical locations are not
related. Based on SDM, we analyze the spatial spillover
effects in China, taking the effect of neighboring provinces
into account. This method is particularly useful for pro-
viding suggestions to policymakers about how to optimize
household consumption among different areas to create
win-win situations. Third, recent studies tend to regard the
effect as a whole and seldom consider the difference between
disadvantaged people in rural districts and the main groups
in urban districts. However, by comparing the empirical
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results of these two groups, we find that digital financial
inclusion has significantly distinct impacts on household
consumption in China.

The rest of this paper is organized as follows: Section 2
presents an overview of the related literature and proposes
research hypotheses. Section 3 introduces the adopted data,
variables, and empirical model. Section 4 exhibits the em-
pirical results, associated interpretations, endogeneity tests,
and robustness tests. Section 5 concludes.

2. Literature Review and Research Hypotheses

Financial inclusion can ease the exclusiveness of traditional
finance. The development of digital financial inclusion can
improve financial services’ accessibility, coverage, and efficiency
[7]. Especially for unbanked residents, digital financial inclusion
expands the channels by which they can obtain access to and
actively use affordable financial services that can meet their
various financial needs [8]. Zhong and Jiang (2020) empirically
demonstrated this viewpoint by using daily peer-to-peer (P2P)
lending data from multiple platforms in China. They found that
digital financial inclusion can reduce the asymmetry in tradi-
tional financial markets and thus weaken the exclusiveness of
traditional finance [9]. As long as consumers have digital de-
vices that can access the Internet, they can experience services
offered by digital financial inclusion [10].

Digital financial inclusion has a significantly positive im-
pact on household consumption [11, 12]. More precisely,
digital financial inclusion is expected to influence household
consumption in several aspects by providing different kinds of
services. First, mobile payments make it easier for consumers to
make purchases. It can avoid the situation in which residents
do not have enough cash, thus accelerating the process of
consumption decisions and increasing the likelihood of con-
sumption [12]. In addition, mobile payments can significantly
stimulate household consumption through a “mental account”.
The theory argues that the psychological loss caused by digital
transactions is lower than that caused by cash transactions [13].
Moreover, by lowering the threshold of entry and reducing the
impacts of distance on trade, mobile payments promote the
emergence of e-commerce. E-commerce can not only enrich
the diversity of commodities but also reach disadvantaged
consumers who were previously not served [14]. Second, the
life and transaction data of residents can be accumulated
through big data, thus improving information asymmetry and
helping individuals obtain credit easily and quickly. As a result,
their liquidity constraints can be relieved [15-17]. Third, on the
one hand, the development of online insurance can intensify
competition among insurance companies and facilitate the
upgrading of the traditional insurance industry. On the other
hand, it can also enrich the types of products and improve
insurance accessibility, which encourages consumers to buy
insurance, reduces their uncertainty losses, and improves their
sense of security [18]. Fourth, the emergence of Internet finance
lowers the threshold of investment services, improves invest-
ment convenience, and provides subsidy channels [19]. For
example, by expanding the approaches to investments with a
small amount of money, YWE Bao increases investment returns
and household wealth.
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Based on the analysis, this paper proposes the following
hypothesis:

Hypothesis 1. (H1). The development of digital financial
inclusion can promote household consumption.

In theory, digital finance does not need to rely on
physical outlets. As a result, it has greater geographical
penetration and can save costs. However, as a new form of
finance, digital finance still needs to follow the basic rules of
financial development. On the one hand, its development
still depends on the real economy and traditional finance.
Digital finance evolves as the innovative superposition of
traditional finance, and the two are mutually integrated and
complementary [20]. On the other hand, the factors that
influence the development of digital finance may have much
in common with those that affect the real economy and
traditional finance. These factors are usually spatially related,
such as GDP, the Internet, industrial structure, population
density, and openness [21]. Moreover, the promotion and
diffusion of digital finance depend on geography. For ex-
ample, Ant Financial is headquartered in Hangzhou. If the
company wants to promote business in other places, the level
of difficulty is positively related to the distance from
Hangzhou. This rule has been repeatedly emphasized in
traditional economic geography, and digital finance can
hardly escape it. In addition, digital finance originated from
online shopping and online payment. Due to express de-
livery and other factors, online shopping is highly geo-
graphically dependent, as shown taking “free delivery” in
Jiangsu, Zhejiang, and Shanghai as an example [22].

Second, with the improvement in the transportation
system and the decrease in communication costs, com-
munication between different provinces is becoming closer
in China, and production factors can easily flow from one
region to another [14, 23]. This situation is beneficial to the
exchange of resources and the sharing of information be-
tween adjacent provinces regarding the development of
digital financial inclusion [21].

Third, the mode of governmental guidance “from points
to areas; parts pushing the whole” makes spatial agglom-
eration the characteristic of the level of digital financial
inclusion [24]. In addition, governments tend to learn from
and imitate each other when making policies, thus forming
province clusters and further promoting the spatial ag-
glomeration of the level of digital financial inclusion.

Therefore, although digital financial inclusion can have
some hypergeographic characteristics, in theory, it cannot
eliminate geographical restrictions in reality and shows
strong spatial agglomeration [25-28].

Regarding the spatial effect of digital financial inclusion
on household consumption, on the one hand, the devel-
opment of digital financial inclusion can increase household
consumption, and it presents spatial correlation. The

development of digital financial inclusion in nearby places
can affect the development of digital financial inclusion in a
province, thus indirectly increasing household consumption
in the area [29]. Therefore, the development of digital fi-
nancial inclusion in nearby places might contribute to the
growth of household consumption in a particular place. On
the other hand, unbalanced digital financial inclusion de-
velopment may intensify interprovincial competition in
resource distribution. As a result, the economy of provinces
with a higher level of digital financial inclusion prospers,
siphoning increasingly more resources from less-developed
provinces and impeding their development, thus negatively
affecting household consumption [24]. Therefore, the de-
velopment of digital financial inclusion in nearby places
might bring about a crowding-out effect and decrease
household consumption in a particular district [5].

Based on the analysis, this paper proposes the following
hypothesis:

Hypothesis 2. (H2). The development of digital financial
inclusion has a spatial effect on household consumption.

3. Methodology

3.1. Data. The household data and control variables are
from the China Statistical Yearbook released by the National
Bureau of Statistics. The calculated calibers of household
consumption before 2013 and after 2013 are different. After
considering the comparability of the data, we decide to use
the data after 2013.

The digital financial inclusion index was compiled by
Alipay and the Internet Finance Institute of Peking Uni-
versity from 2011 to 2018 to reflect the level of digital fi-
nancial inclusion in China. Table 1 shows the components of
the comprehensive index. The index consists of three di-
mensions: coverage, depth, and digital support services.
There are three levels of indexes available: provincial, mu-
nicipal, and county.

Based on the principles of availability and consistency,
we use data from 31 provinces in China from 2013 to 2018.

3.2. Spatial Econometric Model. The existing literature il-
lustrates various factors that impact household consumption
[30-32]. Based on these, we choose the following control
variables: household income, human capital, transport in-
frastructure, fiscal expenditure, industrial structure, open-
ness, and population density. Table 2 shows how those
variables are defined.

To empirically investigate how digital financial inclusion
affects household consumption, we exhibit a baseline re-
gression model as follows:

In Cony, = 3, + B; In DFL, + 3, In Incom;, + 35 In Hum;, + 5, Trans;,

(1)

+ BsFisc;, + B Indsu,, + B,open;, + BgPop;, + u; + €,
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TaBLE 1: Components of the digital financial inclusion index.

Level 2 indexes

Level 3 indexes

Coverage
Coverage depth

Digital financial inclusion index

Digital support services

Depth digital support services

Coverage of account
Coverage of account payment
Payment insurance
Insurance investment
Investment monetary fund
Monetary fund credit
Credit loan
Loan convenience
Convenience cost

TABLE 2: Variable definition.

Variables Symbol Definition

Household consumption Con The aggregate household expenditure

Digital financial inclusion DFI Digital financial inclus.ion_index compiled bY Alipay and Internet finance
institute of Peking university

Household income Incom The aggregate household income

Human capital Hum The number of students enrolled in colleges and universities

Transport infrastructure Trans The sum of paved roads and railways/total area of province

Fiscal expenditure Fisc The aggregate of government expenditure/ GDP

Industrial structure Indus The added value of the tertiary industry/GDP

Openness Open The total value of imports and exports/GDP

Population density Pop The total population/total area of province

where 8, is the kth parameter to be estimated; i represents
the province, and t represents the period; u, represents the
time fixed effect; and ¢, is the residual error.

Table 3 presents the descriptive statistics of the inde-
pendent variable, dependent variables, and control variables.
As Table 3 shows, the average household consumption is
RMB 16,443.12, and the average digital financial inclusion
index is 226.2849. The maximum value of household con-
sumption is RMB 43351.3, which is more than six times the
minimum value (RMB 6306.79). This implies that there is a
significant disparity in consumption between different
provinces. The maximum value of digital financial inclusion
is 377.7337, while the minimum value is 115.1, indicating

substantial inequality in the development of digital financial
inclusion in China.

Equation (1) does not consider the spatial dependence
between entities. However, the household consumption of
adjacent provinces may affect the household consumption of
a province, as may the development of neighboring areas.
This is an inherent shortcoming of traditional econometric
models, which consider cross-sectional units to be unrelated.
Spatial econometrics is an effective method to evaluate
geographical dependency. Next, we introduce spatial
econometric models to take geographical dependency into
consideration. The spatial Durbin model below is specified
for this purpose:

N
In Cony, =, +p Z w;;In Conj, + B, DFI; + B, In Incomy, + f5In Hum,, + 8, Trans;

j=1

+ BsFisc;, + BcIndsuy, + B,open;, + SgPop;

i1

j=1 j=1

Jj=1

& = Awey + g,

N N
+0, Z w;;In DFI, + 6, Z w;;In Incom, + 6; Z w;;In Humy,
j=1

N

(2)

i1

N N N
. N
+ 0, Z w;;Trans;, + 05 Z w;;Fisc, + 0s Z wijzjzlw,-jlndusjt
=

N N
+ 6 Z w;;Open , + 04 Z w;;Popj, + &
Jj=1

(3)
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TaBLE 3: Descriptive statistics.

Variables Mean Std. Dev. Min Max Obs
Con 16443.12  6715.299 6306.79 43351.3 186
DFI 226.2849  55.47315 115.1 377.7337 186
Incom 22914.17 10036.82 9740.43 64182.65 186
Hum 855996.5  526122.5 33474 2140780 186
Trans 9.426809  5.299249 0.5916085 21.74448 186
Fisc 0.2860584 0.2115872 0.1207761 1.379157 186
Indus 0.0735436 0.0131422 0.0560575 0.1273875 186
Open 0.0735436 0.0131422 0.0560575 0.1273875 186
Pop 0.0452295 0.0692612 0.0002595 0.3826197 186

where w;; is the spatial weight matrix; p is the spatial
autoregression coefficient, which reflects the spatial spillover
effect of the dependent variable; 0 is the spatial lag coeffi-
cient, which reflects the spatial spillover effect of the in-
dependent variables; ¢;, is the residual error; A is the spatial
autoregression coefficient of the residual error; and u_is the
specific effect. '

Equation (2) is the spatial Durbin model (SDM) and can
be simplified into the spatial autoregression model (SAR)
and spatial error model (SEM). If 6 = 0, the SDM can be
transformed into an SAR. If 6+ pff =0, the SDM can be
transformed into an SEM. The Wald test and likelihood ratio
(LR) test examine whether 0 =0 and 0+ pf = 0, respec-
tively. These tests are performed below.

3.3. Spatial Weight Matrix. The selection of the spatial
weight matrix is pivotal when constructing spatial models
because a matched matrix can support the validity of the
judgment and estimation. The most commonly used ma-
trices are the adjacent spatial weight matrix, geographical
distance spatial weight matrix, economic distance weight
matrix, and relative threshold weight matrix [33]. Because of
the unique structure of different provinces in China, ap-
plying the geographical distance spatial weight matrix,
economic distance weight matrix, or relative threshold
weight matrix is unreasonable [34]. Accordingly, the adja-
cent spatial weight matrix remains the only choice.

An adjacent spatial weight matrix is set based on the
criteria of contiguity. w;; = 1 means i and j share a boundary;
otherwise, w;; = 0:

1, iisadjacentto j,
Wi = .. . . (4)
0, iisnotadjcentto j.
4. Empirical Analysis

4.1. Spatial Distribution Analysis. To better understand the
spatial distribution characteristics of household consump-
tion and the level of digital financial inclusion in China, we
draw spatial distribution maps of 31 provinces in mainland
China in 2013 and 2018 (Figures 1 and 2).

Household consumption is shown in Figure 1. In 2013,
the five provinces with the most household consumption
were Shanghai, Beijing, Zhejiang, Tianjin, and Jiangsu,
which are all located in the eastern areas, while the five

provinces with the least household consumption were Tibet,
Guizhou, Yunnan, Gansu, and Guangxi, which are all in the
west. The household consumption of Jilin and Tibet is the
highest among provinces in the central and western districts,
respectively, but the average household consumption of
eastern districts (RMB 18276.33091) is almost twice as high
as that of Jilin (RMB 12054.34) and nearly three times that of
Tibet (RMB 6306.79).

In 2018, household consumption increased from RMB
13307.11226 to RMB 19787.75613. The top five provinces and
the last five provinces in terms of household consumption are
the same as those in 2013. Households living in Hubei consume
the most (RMB 19537.79) among central provinces, but the
number is still slightly smaller than the average number of
households in the whole country. Inner Mongolia has the
highest household consumption (RMB 19665.22) among
provinces in the west, but it is still less than the national average.

On the whole, household consumption in China is
undoubtedly unbalanced. There is a gradient transfer
characteristic from east to west, indicating that household
consumption is high in the east but low in the west. Al-
though the sum of household consumption of each province
increases during the corresponding sample period, the
pattern of distribution is relatively stable. This phenomenon
is partly because of the geographical location and economic
development plan of China. Due to its vast territory, China is
usually separated into three parts: the western region, the
central region, and the eastern region'. The eastern areas
have long coastlines, which is the most prominent difference
from provinces in the western region, while the provinces in
the west are all inland and far from the coast [35]. Because of
their geographical advantage, eastern provinces opened up
earlier and thus attracted more foreign investment than
other provinces. The government’s preference for sup-
porting eastern provinces further intensifies the imbalance
of economic development among different areas. In the later
period of China’s reform and opening up, China gradually
opened up to foreign investors and international markets,
from the coastal to the middle and inland areas. Geo-
graphical features and governmental policies contribute to
disproportionate financial development, with the eastern
provinces developing much faster than the central and
western provinces. Accordingly, families living in the east
are wealthier than those in the west, thus consuming more.

The development of digital financial inclusion is shown in
Figure 2. In 2013, the five provinces with the highest level of
digital financial inclusion were Shanghai, Beijing, Zhejiang,
Fujian, and Guangdong, which are all located around
Hangzhou (where the headquarters of Ant Financial are
located). The five provinces with the lowest levels were
Sichuan, Tibet, Gansu, Qinghai, and Ningxia, which are far
from the coast. In 2018, the level of digital financial inclusion
increased from 155.75 to 300.21. The top five provinces in
terms of the level of digital financial inclusion were Shanghai,
Beijing, Zhejiang, Fujian, and Jiangsu, while the last five were
Inner Mongolia, Gansu, Qinghai, Ningxia, and Xinjiang.

On the whole, the development of digital financial in-
clusion presents a characteristic of spatial heterogeneity. The
eastern coastland, where Hangzhou is located, gathers
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Figure 1: Spatial distribution of household consumption in 2013 (a) and 2018 (b).
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FIGURE 2: Spatial distribution of the development of digital financial inclusion in 2013 (a) and 2018 (b).

provinces with advanced digital financial inclusion, while
high-level provinces are relatively scarce in the central and
western regions. This phenomenon implies that the devel-
opment of digital financial inclusion still depends on ge-
ography. That is, the closer a province is to Hangzhou, the
higher its development of digital financial inclusion. This is
partly because the promotion and diffusion of digital finance
depend on geography.

Based on the analyses above, we conclude that the spatial
distribution of China’s household consumption presents a
ladder distribution from coastal to inland areas and has a steady-

state characteristic. The levels of digital financial inclusion in
China basically decline from Hangzhou to its neighbors.

4.2. Spatial Autocorrelation Analysis. Spatial autocorrelation
measures aim to investigate the spatial relationship between
entities with adjacent geographical locations [36]. The
Moran’s I index, Geary coeflicient, and Getis index can be
used to examine spatial autocorrelation and spatial ag-
glomeration. Among them, the Moran’s I index is the most
frequently used. If an entity is affected by others around,
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spatial correlation exists. This is not in accordance with the
basic premise of traditional statistics and makes most sta-
tistical tests invalid, so the tests are essential. The Moran’s I
index consists of the global Moran’s I index and local
Moran’s I index.

The global Moran’s I test measures how similar an entity
is to others that are geographically nearby [37, 38]. Similar to
the correlation coefficient, the global Moran’s I index is
distributed in [-1, 1]. The coefficient is high when the ab-
solute value of the autocorrelation coefficient is high. When
the global Moran’s I index varies between [0, 1], it indicates
that the entity is positively correlated with others. When the
index varies between [—1, 0], it means that the correlation is
negative. A value of 0 implies no correlation.

Based on the adjacent spatial weight matrix, we use the
global Moran’s I to test the spatial autocorrelation of
household consumption and the level of digital financial
inclusion of 31 provinces in China from 2013-2018. Table 4
displays the results. As shown in Table 4, the global Moran’s I
indexes are between [0, 1], and all are significant at the 1%
level, implying that household consumption and the level of
digital financial inclusion in China are positively auto-
correlated in space. In addition, the global Moran’s I index
basically increases over time, especially after 2015, which
implies that the spatial autocorrelation strengthens with
continuous socioeconomic development [39].

The results above imply that provinces with similar levels
of household consumption and digital financial inclusion are
prone to concentrate geographically. To further explore the
spatial effects at the provincial level, scatter plots of the local
Moran’s I index are drawn (Figures 3 and 4). Local Moran’s I
scatter plots can divide household consumption into four
quadrants that denote four kinds of agglomerations.
Quadrant I indicates high-high (HH) agglomeration, which
means that provinces with high household consumption are
near to each other. Quadrant III reflects low-low (LL) ag-
glomeration; that is, if a province with low household
consumption falls into quadrant III, the provinces nearby
also have lower consumption. Quadrants IT and IV represent
low-high (LH) agglomeration and high-low (HL) agglom-
eration, respectively, which means that a province with low
household consumption is surrounded by provinces with
high household consumption, and vice versa.

For the results of household consumption shown in
Figure 3, most of the provinces are located in quadrant I and
quadrant ITI, which means that most provinces have similar
characteristics to their neighbors, in line with the spatial
cluster characteristic detected by the global Moran’s I index.
In 2013, 6 provinces fall into quadrant I and 16 provinces
into quadrant III, occupying 70.97% of the total number of
samples. The number of provinces located in quadrant I and
quadrant IIT is the same in 2014 and 2013. In 2015, 6
provinces are in quadrant I, and 17 provinces are in
quadrant III, with a proportion of 74.19%. The situation in
2015 persists into 2016 and 2017. In 2018, 6 provinces are
located in quadrant I, and 19 provinces are in quadrant III,
accounting for 80.65%.

For the level of digital financial inclusion, the same
characteristics of positive spatial agglomeration can be

TaBLE 4: Global Moran’s I indexes (2013-2018).

Global Moran’s I index

Year Household consumption  Digital financial inclusion
2013 0.371*** 0.456"**
2014 0.373*** 0.453***
2015 0.372%** 0.416**~
2016 0.362%"* 0.438"**
2017 0.369%** 0.498***
2018 0.377*** 0.544"**

Note. *p<0.1, **p<0.05, ***p<0.01.

found in Figure 4. Most of the provinces are located in
quadrant I and quadrant III, representing 70.97% and
77.42% of the total number in 2013 and 2018, respectively.
The provinces falling into quadrant I are coastal provinces,
while those falling into quadrant III are mainly inland
provinces.

The results show that the geographical effect cannot be
ignored in the study of digital financial inclusion and
household consumption. Otherwise, the estimation would
be invalid.

4.3. Spatial Effect Test

4.3.1. Lagrange Multiplier (LM) Test. Before building the
SDM model, we first use LM tests to test the existence of the
spatial effect. The tests determine whether SAR or SEM can
describe the features of the data better than the OLS model,
which does not consider spatial interaction. We make
judgments by using the LM test (LMg,, LMgg,,) designed
by Anselin (1988) and the robust LM test (Robust LMy,
Robust LMgp)) developed by Anselin et al. (1996) [33, 40]. If
the results of LM, and LMgg), are nonsignificant, the OLS
model should be selected. However, if either of the statistics
are significant, spatial econometric models should be built.
We should select the model with the larger LM statistic
under the same condition of significance. If we are not able
to conclude merely according to the LM statistic, the robust
LM statistics are needed, and the model with the larger
robust LM statistic under the same significance is considered
more convincing.

Table 5 shows the results of the LM test and the robust
LM test. Only the statistics of the SAR model (LMg,y and
Robust LMggy) pass the significance level test of 1%,
demonstrating the existence of spatiality. Thus, it is more
appropriate to select SAR than SEM.

4.3.2. Likelihood Ratio Tests (LR) and Wald Test. Elhorst
(2010) pointed out that if the OLS model is not accepted by
the LM tests, then we should examine whether the SDM can
be transformed into the SAM or SEM based on the results of
the LR test and the Wald test [41].

The LR test and the Wald test are built to test the hy-
potheses H: 0 =0 and H: 0+ pfS =0 (the letters are de-
fined in equation (2)). The results of the LR test and the Wald
test are presented in Table 6. As Table 6 indicates, the
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FIGURE 3: Scatter plots of the local Moran’s I index for household consumption (2013-2018). (a) Household consumption of 2013.
(b) Household consumption of 2014. (c) Household consumption of 2016. (d) Household consumption of 2017. (e) Household con-

sumption of 2018.

statistics are all significant at the 1% level, proving that the
SDM cannot be simplified, and the SDM is the final choice.

4.3.3. Hausman Test. Before model construction,

the

Hausman test is needed to determine whether random ef-
fects or fixed effects are more appropriate. According to the

result, the statistic value is 227.87 and is significant at the 1%
level, so we choose fixed effects instead of random effects.

4.4. The Effect of Digital Financial Inclusion on Household
Consumption. We report the empirical results of the OLS
model and spatial model in column (1) and column (2) in
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FIGURE 4: Scatter plots of the local Moran’s I index for digital financial inclusion (2013 and 2018). (a) Digital Financial Inclusion Index in

2013. (b) Digital Financial Inclusion Index in 2018.

Table 7, respectively. For the results of the spatial model in
column (2), researchers pointed out that the coeflicients
should be decomposed to prevent estimation bias caused by
the feedback loop effect. The decomposition results are
shown in Table 8. The coefficient of digital financial inclusion
in the OLS model is not significant, while the coefficients in
the decomposition in Table 8 are all significant. This dif-
ference implies that the OLS result might be contaminated
by ignoring variable bias [42]. That is, the nonsignificance of
the OLS model can be attributed to endogeneity caused by
variable omission. According to the tests presented above
and the fact that production factors flow across boundaries
with increasing frequency, we know that provinces are in-
creasingly correlated. Therefore, if we fail to consider spatial
factors, the estimation will be invalid. Overall, the OLS
model fails to consider the important effects of variables
from surrounding areas, and spatial models can partly solve
this problem.

The parameter of spatial autoregression p is —0.6400
and is significant at the 1% level. This phenomenon might
be interpreted as follows. First, in general, household
consumption among regions presents a competitive rela-
tionship because resources are limited as a whole. Re-
sources are usually allocated according to demand, which
contributes to a spatial crowding-out effect [5]. This in-
dicates that higher household consumption demand in one
region may increase the consumer goods transmission from
its neighbors and accordingly inhibit household con-
sumption in those provinces. Second, the increasing de-
velopment of transportation systems has significantly
facilitated population movement between different areas.
People tend to move to regions with higher living standards
and more kinds of consumer goods, which accelerates
regional differences in household consumption. From this
viewpoint, it is imperative to develop policies that
strengthen cooperation among provinces, promote effec-
tive resource allocation, and increase the aggregate supply
of goods to form a balanced consumption pattern and a
win-win situation.

TABLE 5: Results of the LM test and robust LM test.

Test method Statistic p-value
LMg g 12.782%** <0.01
Robust LMg, g 12.877*** <0.01
LMqgr 0.953 0.33
Robust LMy 1.048 0.31

Note. "p<0.1, **p<0.05, “**p<0.01.

4.5. Decomposition of the Spatial Spillover Effect. In the or-
dinary model, the coefficient  can directly reflect the impact
of independent variables on the dependent variable. How-
ever, in the case of spatial econometric models, the expla-
nation of coeflicients is more complex [43]. Anselin and
LeGallo (2006) and Kelejian and Prucha (2007) pointed out
that for SEMs with the spatial autoregression term, the
coeflicients should be particularly explained to prevent es-
timation bias caused by the feedback loop effect [44, 45].
Thus, we decompose the spatial spillover effect into the
direct effect, the indirect effect, and the total effect. The
decomposition results of the SDM are listed in Table 8.
For the effect of digital financial inclusion, a 1% im-
provement in digital financial inclusion directly increases
household consumption by 0.2207% but indirectly decreases
it by 0.1289%, and the net effect is a total increase of 0.0917%.
By providing diversified financial services, such as mobile
payments, online loans, Internet insurance, and Internet
finance, digital financial inclusion may affect household
consumption in four dimensions. Digital payment platforms
give rise to online shopping, which can improve information
asymmetry and diversify commodities in the consumer
market, thus boosting household consumption. Digital
credit expands the way residents obtain loans, eases their
liquidity constraints, and, as a result, promotes household
consumption. Online insurance makes it easier for residents
to obtain access to insurance services, thus smoothing
consumption when individuals face adverse shocks. Online
investment provides households with accessible investment
services and increases their investment income, accordingly
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TaBLE 6: Results of the LR test and the Wald test.
LR/Wald Statistic p-value
LR test (SDM vs. SAR) 91.32*** <0.01
LR test (SDM vs. SEM) 72.29%** <0.01
Wald test 88.34%** <0.01

Note. “p <0.1, *"p<0.05, and """ p < 0.01.

TABLE 7: Results of the nonspatial model and SDM.

Variables (1) panel (2) SDM
Ln(DFI) 0.0509(1.14) 0.1956*%(3.96)
Ln(Incom) 0.7772***(11.67) 0.6141*** (5.78)
Ln(Hum) 0.0792**(1.98) 0.0357(1.11)
Trans 0.0254***(5.17) 0.0282***(8.17)
Fisc 0.1457*(1.65) 0.2743***(3.89)
Indus —0.4043(~0.84) 0.6768*(1.70)
Open 0.3203(0.49) ~0.3720(~0.81)
Pop —0.3142(-0.11) 5.7158***(2.64)
w*Ln(DFI) ~0.0421(-0.53)
w*In(Incom) 0.4967*%(2.21)
w*In(Hum) 0.5457%**(8.58)
w*(Trans) 0.0439%"*(4.82)
w* (Fisc) 0.0535(0.41)
w*(Indus) 0.9989(1.20)
w*(Open) —0.4187(-0.46)
w* (Pop) ~0.6529(~0.17)
p —0.6400%**(—5.80)
0 0.0002%**(9.20)
R-square 0.7840 0.4875

Note. z-values are in parentheses. “p <0.1, *"p <0.05, and ***p < 0.01.

TaBLE 8: Decomposition of the spatial spillover effect at the na-

tional level.

Variables Direct effects  Indirect effects Total effects
Ln(DFI) 0.2207***(3.63) —0.1289*(-1.72)  0.0917**(2.10)
Ln(Incom) 0.5860°**(4.90)  0.0879(0.49)  0.6738***(5.69)
Ln(Hum) —0.0373(-0.99) 0.3963***(7.18) 0.3589***(8.19)
Trans 0.0248***(5.47) 0.0190***(2.58) 0.0440***(7.54)
Fisc 0.2756***(2.90) —0.0823(=0.72)  0.1933**(2.19)
Indus 0.6050(1.52) 0.4900(0.84) 1.0952*(1.93)
Open ~0.3343(-0.64) —0.1844(-0.25) —0.5187(~0.81)
Pop 5.8262°*(2.43) —-2.6660(-0.86)  3.1602(1.50)

Note. z-values are in parentheses. “p <0.1, **p <0.05, and ***p < 0.01.

improving their level of consumption. As a whole, by
providing a variety of financial services, digital financial
inclusion increases the actual and expected income of res-
idents, thus influencing their purchasing decisions. For the
negative indirect effect, it seems that the negative spatial
spillover effect outweighs the positive effect. The negative
indirect effect suggests a negative spatial dependency in
determining household consumption in neighboring
provinces. As mentioned above, the most plausible expla-
nation may be the interprovincial movements of capital,
knowledge, high-skilled laborers, and even innovative en-
terprises, which are increasingly regarded as local growth
drivers. The movements can mainly be attributed to easier
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financial service access induced by the advanced digital fi-
nancial inclusion of neighboring areas. Taking small and
medium-sized enterprises (SMEs) as an example, SMEs in
China have long faced financial restrictions linked to tra-
ditional finance, and digital financial inclusion can ease this
problem [46]. Therefore, these enterprises are more likely to
move from provinces with a low level of digital financial
inclusion to those with a high level. The majority of SMEs are
innovative companies with much potential in economic
terms, and thus, the unbalanced pattern of economic de-
velopment will worsen. Overall, provinces with advanced
digital financial inclusion can develop better and attract
more resources and residents from a province with a lower
level of digital financial inclusion, thereby negatively
influencing economic development and household con-
sumption in the province. The vampire eftect is obvious [34].
For policymakers, it is essential to balance the regional
development of digital financial inclusion in terms of
quantity and coverage. By doing so, digital financial in-
clusion can have an immeasurable influence on household
consumption promotion at the national level in the future.

For the impact of household income, the direct, indirect,
and total effects are all positive. The direct and total effects are
significant at the 1% level, while the indirect effect is not
significant. A 1% increase in household income will lead to a
growth of 0.5860% in household consumption, indicating that
household income is one of the main engines of consumption.
This result is in accordance with Keynes (1936), Friedman
(1957), and Grunberg and Modigliani (1954) [47-49]. They
pointed out that deposits and consumption depend on income.
They believed that consumers would consume according to
their income level, and as their income increases, people spend
more on consumption. The indirect effect indicates that a 1%
growth in the income of surrounding provinces drives the
growth of consumption in the local province by 0.0879%,
showing mutual promotion and synergy in terms of the effect
of household income. Although the impact of household in-
come on household consumption in the sample is not very
obvious, it is still meaningful for helping China stimulate
household consumption.

Transport infrastructure has significantly positive direct,
indirect, and total effects on household consumption, with
values of 0.0248, 0.0190, and 0.0440, respectively. This result is
in accordance with that of Zhang and Chen (2003). They held
that modernized traffic networks can attract capital, technol-
ogy, and talent resources and thus are conducive to economic
development and consumption growth [50]. China’s trans-
portation system usually links a province to its surroundings.
As a result, the effect of transportation infrastructure in China
presents a significant agglomeration effect of mutual promo-
tion and a spatial spillover effect. As transportation infra-
structure is further improved, these agglomeration and
spillover effects are increasingly enhanced. However, in recent
years, the existing transportation systems have not met the
ever-growing demand of population explosion brought about
by urbanization and the two-child policy. Economic devel-
opment is also restricted by traffic congestion and the shortage
of transportation resources. Accordingly, it is essential to invest
more in road expansion and transportation construction and to
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better support the driving role of transportation in household
consumption [34].

From the perspective of human capital, the indirect and
total effects are positive at the 1% significance level, while the
direct effect is exceptional, being negative and nonsignifi-
cant. The positive indirect effect may be explained by imi-
tative behavior: to keep up with the economic development
of their neighbors, local governments are inclined to observe
and imitate the policies of their neighbors. An advanced
education environment provides a strong impetus for
economic development and household consumption.
Hence, the education level of one province can be condi-
tional on that of its neighbors, resulting in positive spillover
effects of the education environment among these regions.

Regarding fiscal expenditure, the local and total impacts
are significantly positive, but the indirect effect shows a
reserved result, as it is a negative externality and is not
significant. According to the precautionary savings hy-
pothesis, when the expected income in the future is un-
certain, consumers will become cautious. They will increase
savings to deal with the possible risks caused by the un-
certainty of income [18]. Researchers name this kind of
savings caused by the uncertainty of future income pre-
cautionary savings. Carroll (1994) supported the conclusion
that the primary motivation for savings is to protect against
accidents [30]. Based on the theory, as government spending
increases and the social security system improves, the
precautionary saving motive becomes less crucial [51]. In
addition, macroeconomics considers fiscal expenditure a
form of income redistribution that can increase the
household income of the poor and alleviate income im-
balance. Compared with high-income households, low-in-
come households have more potential for consumption as
income increases [52]. As a result, fiscal expenditure can
promote household consumption as a whole [53]. Moreover,
government policies, such as offering subsidies for coun-
tryside inhabitants to buy home appliances, can directly
boost household consumption. The negative indirect effect
means that increased government spending can reduce
consumption activities in neighboring cities, and it can be
interpreted by the crowding-out theory. The residents living
in a province may be attracted by the better financial,
sanitation, and living conditions of nearby places. These
results remind policymakers to comprehensively consider
the situations of the local province and its neighbors when
making full use of “the visible hand”.

The direct and indirect effects of the industrial structure
are positive but statistically nonsignificant. As a less energy-
intensive industry, service sector is expected to greatly
encourage economic development and promote con-
sumption when expands. Upgrading of the industrial
structure can also make production more effective, thus
lowering the price of products. Moreover, the prosperity of
the tertiary industry diversifies goods and provides
households with more options. Although the coeflicients of
the direct and indirect effects are statistically nonsignifi-
cant, they do not suggest that industrial structure is of no
significance for household consumption. We tend to in-
terpret that the tertiary industry has a low degree of
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development, and the current scale of development is not
enough to have effects on household consumption. Thus, to
increase household consumption, it is essential to promote
the upgrading of the industrial structure. The positive but
nonsignificant indirect effect implies that the optimization
of the industrial structure in nearby provinces can boost
overall consumption, implying positive contagion impacts
from industrial upgrading. The total effect is significantly
positive, which implies that a motivating function on
consumption exists, although the direct and indirect effects
have not yet become significant.

The coefficients of the direct, indirect, and total effects of
openness are —0.3343, —0.1844, and —0.5187, respectively,
confirming that the degree of openness hinders the con-
sumption behavior of households. This superficially coun-
terintuitive result is mainly attributed to the adverse effects
brought about by the international commodity trade. Import
and export trade crowds the domestic market, causing
consumer prices to rise and thus restricting the growth of
regional household consumption. The negative coefficient of
the indirect effect proves an external spillover effect on
consumption activities in China. Promising import and
export projects are usually rare. An increase in import and
export projects in a region encourages foreign investors to
seek more profitable opportunities in neighboring regions,
thus influencing the neighbors’ consumption. The negative
effects indicate that the fair taxing and reasonable pricing
policies of import goods are instrumental in promoting
household consumption. However, none of the three co-
efficients are significant, proving that the effect of openness
is relatively limited. This result may be because China has
been opening up for a long period, and the effect of opening
up has levelled off.

The last point relates to population density. The direct
impact is significantly positive, but the indirect effect is
nonsignificantly negative. The growth of the population
encourages household consumption activities, but the in-
crease in the population in surrounding areas decreases such
activities, which may result from a complete consumer
goods transmission system. When the number of people
living in nearby provinces increases, their demands on the
local province increase, and the supply they provide for the
local province decreases. Overall, it is beneficial to consider
the population density when making consumption pro-
motion policies for an area.

4.6. Endogeneity Test. There may be endogeneity problems
caused by reverse causality, variable omission, etc. To further
address this problem, appropriate instrumental variables are
required. Based on Zhang and Hu [54], we use the one-
period lag of the digital financial inclusion index as its in-
strumental variable to perform the endogeneity test. Because
the level of digital financial inclusion with a one-period lag is
related to its current level, and the past level of digital fi-
nancial inclusion cannot be affected by the current house-
hold consumption. Table 9 shows the results. According to
the decomposition results, the coefficient of digital financial
inclusion is significantly positive, and the coefficient of the
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TaBLE 9: Decomposition results of the endogeneity test.
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TaBLE 10: Robustness test.

Variables Direct effects Indirect effects Total effects

Variables Direct effects Indirect effects Total effects

Ln(DFI) 0.2112***(3.35)  —0.0951*(-1.67)  0.1162**(1.98)
Control YES YES YES

Note. z-values are in parentheses. “p <0.1, “*p<0.05, and ***p<0.01.

spatial lag term is significantly negative, which is consistent
with the baseline regression.

4.7. Robustness Analysis. To ensure the robustness of the
results, we re-estimate the SDM using a geographic distance
spatial weight matrix (calculated by the reciprocal of the
longitude and latitude distances between two provinces).
Table 10 presents the robustness results of spatial effects
based on the geographic distance spatial weight. Although
there may be some inconsistency in amplitude and signif-
icance level, the direction of the impact and the main
conclusions of the core independent variable remain un-
changed. The necessity of adopting spatial models is proven
again. The improvement in digital financial inclusion will
promote household consumption in the local province and
reduce household consumption in neighboring provinces.

4.8. Comparison of Spatial Effects between Urban and Rural
Regions. There is an urban-rural dual structure in China,
which is mainly manifested in the mode of economic de-
velopment. The urban economy is based on modern large-
scale industrial production, while the rural economy is based
on small-scale farming. The difference contributes to the
advanced infrastructure of urban areas and the consumption
gap between cities and the countryside. As a form of fi-
nancial inclusion, digital financial inclusion can reach
consumers in remote areas who otherwise would not be
covered by traditional financial institutions. Consequently, it
can narrow the consumption gap and improve the urban-
rural dual structural system. This section compares the
spatial effect of urban and rural regions, and the results of the
core in dependent variable are shown in Table 11.

As shown in the results of the subregions in Table 11,
the direct effects of digital financial inclusion on the
household consumption of urban and rural regions are all
positively significant. The direct effect of urban areas is
0.2657, which is lower than the number of rural areas
(0.3864), proving that digital financial inclusion has a
smaller promoting effect on the consumption of house-
holds living in cities. A possible interpretation is that digital
financial inclusion can eliminate the restrictions of fi-
nancial thresholds. Owing to financial repression, the fi-
nancial threshold brings about disparities in financial
availability. High-income groups living in cities have
substantial financial resources. They can enjoy convenient
financial services because of their advantages in geography
and capital accumulation. However, due to geographical
disadvantages and because their capital accumulation re-
strictions cannot reach the wealth threshold level, low-
income groups living in less-developed regions are not able
to easily obtain access to financial services. They face more

Ln(DFI) 0.3522***(4.59) —0.3098**(-2.29)
Ln(Incom) 0.7767***(5.64) —0.4626%(—1.73)

0.0424(0.49)
0.3141(1.47)

Ln(Hum) —0.0236(=0.61) 0.2979***(3.33) 0.2745***(3.26)
Trans 0.0247***(5.22)  0.0317***(3.36)  0.0564***(5.38)
Fisc 0.2292*%(2.24)  —0.0451(=0.23)  0.1841(1.04)
Indus 0.3371(0.76) 0.6041(0.79) 0.9412(1.08)
Open —0.3534(-0.62)  0.0192(0.02)  —0.3342(-0.32)
Pop 6.3964**(2.09)  —6.531*(-1.67)  —0.1348(~0.05)

Note. z-values are in parentheses. “p <0.1, **p <0.05, and ***p < 0.01.

TaBLE 11: The effect of digital financial inclusion on urban and rural
regions.

Indirect effects Total effects

0.2657°**(2.86) —0.1818(~1.02) 0.0838(0.47)
0.3864***(3.76) —0.2502(~1.59)  0.1361(1.02)

Note. z-values are in parentheses. “p <0.1, **p<0.05, and ***p < 0.01.

Regions Direct effects

Urban regions
Rural regions

liquidity constraints and are more impacted by the mar-
ginal effect of digital finance on consumption. Overall,
digital financial inclusion can dramatically lower the cost of
financial services and make financial resources more
available. Therefore, low-income people can have broader
and easier access to credit, and their credit restrictions can
be eased, which is beneficial to promote their consumption.

However, the total effects of both areas are not signifi-
cant. This may be because digital financial inclusion is still
underdeveloped, so it cannot make a difference when af-
fecting the disadvantaged people and the main public. Al-
though digital financial inclusion has developed rapidly in
recent years, it is still far from developed. Policymakers
should create a friendly environment to encourage the
development of digital financial inclusion and make it easier
for disadvantaged people to gain access to financial services,
which is the primary goal of financial inclusion.

5. Conclusion

Based on panel data for 31 provinces from 2013 to 2018 in
China, we study the impact of digital financial inclusion on
household consumption. We find that household con-
sumption and the development of digital financial inclusion
show geographical agglomeration. The spatial distribution of
China’s household consumption presents a ladder distri-
bution from coastal to inland areas because of the unbal-
anced pattern of economic development. The levels of digital
financial inclusion in China decline with the distance from
Hangzhou, partly because of the difficulties of promoting
and diffusing digital finance from Hangzhou. By con-
structing spatial panel models and disaggregating spatial
spillover effects into the direct, indirect, and total effects, we
find that digital financial inclusion has a positive direct
impact and an adverse indirect impact on household con-
sumption at the national level. Further analysis based on
subsamples shows that the influence of digital financial
inclusion on household consumption is more significant for



Complexity

rural residents than for urban residents. However, the dif-
ference is not significant because of the underdevelopment
of digital financial inclusion.

Our findings have the following meaningful implications
for policymakers. First, because the development of digital
financial inclusion can boost household consumption and
improve the dual urban-rural system, policymakers should
focus on its driving impact and make no effort to promote it.
However, it is not enough to consider only local conditions
because provinces are increasingly related. When making
policies, it is crucial to assess the condition of peripheral
regions and view provinces as a whole. Third, provinces are
expected to develop in a coordinated way by cooperating
with surrounding provinces and realizing effective source
distribution to form a balanced pattern among different
provinces, resulting in a win-win situation.

The research in this paper has certain limitations. First,
the data are at the provincial level, so they may have specific
sample deviations and cannot reflect individual features. If
micro data could be accessed in the future, researchers could
compare the new outcomes using micro data with the
conclusions drawn from this paper. Second, this paper uses
data from 2013 to 2018, which is not very recent. A policy for
making data publicly available in China is urgent. Third, as
this paper involves data only on aggregate household con-
sumption, it is advised to comprehensively investigate dif-
ferent types of consumer goods that households buy.

Data Availability

The data of the Digital Financial Inclusion Index used to
support the findings of this study may be released upon
application to the Institute of Digital Finance, Peking
University, which can be contacted at guofengsfi@163.com.
The household consumption data and the control variables
used to support the findings of this study are released by the
National Bureau of Statistics.
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The flow of high-level talents in China is becoming more and more active and has a profound impact on the innovation and
development of cities. Based on the research on the spatial distribution of the school and work stages of high-level talent in China,
we study the structure and evolution of China’s high-level talent mobility network by using the data on the flow trajectory of talent
among cities in China. The results show that: (1) the spatial distribution of talents in the two stages has greater consistency, but
there is a change characteristic of “large dispersion, small agglomeration.” (2) Compared with the school stage, the network in the
work stage has much more connections; the centrality gap of cities has narrowed. (3) “Core-periphery” structure of two networks
is relatively significant and similar. The core layer in the two networks has not changed, but the subcore layer and the subedge layer
have undergone changes. In addition, talents mainly flow to core and subcore cities. (4) The space structure of network is more
complex in the work stage, and it is expanding to the Guangdong-Hong Kong-Macao Greater Bay Area in southeastern China.

1. Introduction

Talent has become a crucial strategic resource in China’s
economic and social development [1]. The spatial layout and
flow efficiency of high-level talents (HLT) to a large extent
characterize the regional economic development status [2]
and represent the distribution of the engine of the science
and technology industry [3]. Large-scale talent flow is bound
to have a significant impact on China’s regional innovation
capabilities, economic system structure, industrial layout,
population distribution structure, and social and cultural
environment [4, 5]. Therefore, studying the state of HLT is
crucial to the overall understanding of innovation and
economic development [3, 6].

At present, China’s rapid technological innovation,
increasing progress in transportation technology, fast

development of information and communication tech-
nology, and the combined effect of multiple factors have
provided great convenience for the flow of HLT across the
country. At the same time, local governments have in-
troduced a series of policies and measures to attract talents,
which accelerate the flow of HLT. However, the unhealthy
competition for talent introduction among cities has ag-
gravated the irrational flow of talents, leading to an uneven
regional distribution of talents. Issues such as “Peacocks
Flying Southeast,” “Crisis in the Midwest,” and “Dilemma
in the Northeast” have emerged in China [7]. In April
2017, the Ministry of Science and Technology issued the
“Thirteenth Five-Year Plan for the Development of Sci-
entific and Technological Talents” (Ministry of Science and
Technology, PRC. The 13th Five-Year Plan for The De-
velopment of Scientific and technological Talents, 2017.
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Available  at:  http://www.casec.org.cn/article/show%
20article.%20asp?articleid=728), proposing to remove
obstacles to the flow of talents and allow free flow of
scientific and technological talents in accordance with
market laws. In September 2021, General Secretary Xi
Jinping pointed out at the Central Conference on Talent
work  (http://www.gov.cn/xinwen/2021-09/28/content_
5639868.htm?version=2.5.40020.452&platform=win) that
Beijing, Shanghai, and the Guangdong-Hong Kong-Macao
Greater Bay Area could be built into HLT hubs, and some
central cities with HLT concentration should also focus on
building platforms to attract and gather talent. Factors
such as regional development differences, unhealthy talent
competition among cities, and government policy guid-
ance will inevitably have an important impact on the flow
of HLT in China. In this context, there is an urgent need to
thoroughly study the spatial distribution and flow char-
acteristics of China’s HLT, so as to provide support for the
government to formulate scientific policies for attracting
talents.

In recent years, the study of talent flow in China has
become a hot topic. Relevant researches mainly focus on the
current situation of talent flow [8-10], model of talent flow
[11, 12], influencing factors of talent flow [13], and the impact
of talent flow on scientific research output [14]. Although
scholars have studied talent flow in China, there are still some
problems that need to be remedied. First, there is a lack of
quantitative research on the domestic flow of HLT in China.
Due to the limitation of data acquisition, the study of HLT
flow in China has always been a difficult problem. Most of the
existing quantitative studies only studied the geographical
flow characteristics of a specific type of talents (academicians,
outstanding young scholars, or Changjiang scholars)
[8,9, 15]. These studies have great limitations, and the results
cannot represent the flow of HLT in China in a broader sense
[9, 15, 16]. Second, few studies analyzed and compared talent
flow from the growth stage of talent [17]. Due to the dis-
tribution of national education and work resources, regional
development, and individual factors of talents, the flow of
talents in the stage of education and work has different
characteristics, and the reasons and mechanisms of the flow
are also different. Therefore, it is of great practical significance
to study the characteristics of the flow of HLT among cities. It
can also enrich the relevant researches on the flow of talents in
China and provide reference for the formulation of talent
attraction policies for cities in China.

This article aims to compare and analyze the spatial
distribution, flow characteristics, and differences of China’s
HLT in the school and work stage. The article has six parts.
The first part is introduction. The second part reviews the
relevant research on the flow of HLT in China and discusses
how to study the flow of HLT based on the theory of net-
works and mobility spaces. The third part introduces the
data sources and research methods. The fourth part is the
result analysis, which is elaborated from four aspects: the
spatial distribution characteristics of HLT, the changes in the
basic attributes of the talent flow network, and the changes in
the “core-edge” structure and spatial structure of the talent
flow network. The fifth part further discusses the changing
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characteristics of the spatial distribution of talents, the
characteristics of talent mobility (bidirectional, stickiness,
and Matthew effect), and the spatial heterogeneity of talent
mobility networks. Finally, the main conclusions and con-
tributions of this article are briefly summarized.

2. Space of Flows, Network, and Talent Flow

The concept of “flow” has emerged in the context of eco-
nomic globalization and informatization, which are
reshaping the organization structure of the world—what
Castells calls “the rise of network society” [18]. The salient
feature of this new organizational structure is the dominant
position of various “flows,” such as population flow, in-
formation flow, capital flow, and technology flow. “Flow”
and “space” are inseparable. Manuel Castells proposed that
“space of flows” means “physical organization of social
practices that share time without geographical adjacency”
[19]. Its structure consists of four parts: “(1) It is made up of a
technological infrastructure of information systems, tele-
communications, and transportation lines. (2) The space of
flows is made up of nodes and hubs. (3) The space of flows is
also made of habitats for the social actors that operate the
networks. (4) The space of flows comprises electronic
spaces” [20].

Ma summarized and proposed that “flow” in various
forms between cities is a “soft network” (which can be di-
vided into economic, political, social, and cultural con-
nection functions) based on the “hard network” (such as
highway, railway, airport, telecommunications, and other
infrastructure) between cities, which are expressed in
multiple forms of connection among human, materials, and
information [21-23]. Talent mobility network between cities
can be regarded as “soft network” based on “hard network.”
Talent flow is always associated with specific cities [24]. As
the main place of knowledge innovation and technology
diffusion, city is one of the important network nodes, which
belongs to the second part of the structure of “space of
flows.”

At the end of the 20th century, the complex network
theory based on mathematical graph theory and statistical
physics provided a theoretical basis for studying the com-
plexity of network systems [25-27]. Complex network
theory and methods have been used in many fields such as
disease transmission [28], transportation networks [29],
scientific research cooperation networks [30], and urban
networks [31, 32]. This method also provides a new per-
spective for the identification of talent flow network
structure. It usually abstracts the overall flow of talents into a
network and applies network analysis methods to carry out
related research. With the development of big data tech-
nology, the data of “talent flow” have become available.
Scholars have begun to try to collect information on the flow
of talents online, mining trajectory data of talents from the
resume, published papers, patents, and other information at
various stages of learning, work, etc. [33]. On the basis of big
data mining, scholars usually apply various characteristics
and indicators of complex networks to the relevant analysis
of talent flow networks. For example, there is a network of
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the talent flow composed of scientific research leaders [27],
scientists [34], corporate talents [35, 36], overseas students
[37], and returned talents [38].

There have been studies using the talent flow network
to explore the spatial characteristics and trends of talent
flow, and to predict and simulate the trend of talent flow.
Fagiolo and Mastrorillo obtained relevant conclusions
about the trends and characteristics of global migration in
the world today by studying international migration
networks and predicted the trend of international mi-
gration in the future [39]. Wang et al. [40, 41] constructed
a global technology leader talent flow network model to
measure and analyze the characteristics of the global
technology leader talent flow in major countries (regions)
and the world as a whole. Zhu Pengcheng [36] conducted
research on the geographical network of talent flow in the
Yangtze River Delta and explored the direction and ac-
tivity of talent flow in the network. Shi Wentian [34]
found that Beijing and Shanghai located in the core area of
the scientific research cooperation network of Chinese
scientists.

In addition, scholars have also begun to portray dif-
terent types of urban networks or innovation networks in
terms of talent flow. In the era of knowledge economy, the
importance of human capital in economic and social de-
velopment has become increasingly prominent, and the
flow and agglomeration of talents has become an important
driving force for the evolution of the world’s urban network
system and the development of global cities. In the study of
the world city network based on the flow of “highly skilled
international migrants” [42, 43], scholars believe that the
processes of talent management and global staffing are
nourishing the knowledge base of world cities. It provides a
continuous flow of talents for these places, ensuring that
they achieve a high ranking in the global city hierarchy [43].
Moreover, using talent mobility to build innovative rela-
tionships between cities can better reflect the connection of
tacit knowledge than papers and patents, and HLT can
reflect the high-level part of tacit knowledge, which has an
important value for simulating the flow of high-level
knowledge and innovative connections between cities [21].
Relevant studies have found that HLT can also establish
important knowledge connections for cities where they
live, study, or work for a long period of time, and built
innovation network between cities by using China’s
“Thousand Talents Plan” talents and important entrepre-
neurs’ migration [38].

Network science and methods provide a strong support
for the research on the structural characteristics and
evolution of talent regional flow network. This paper tries
to use the talent flow network to answer the following three
core questions: first, compare the characteristics of node
attributes in the talent flow network and analyze the
characteristics of talent flow between cities. Second, by
comparing the core-edge structure of the network, this
paper discusses whether there is Matthew effect in the
current flow of HLT in China. Third, the spatial hetero-
geneity of talent flow network is analyzed by comparing its
spatial structure.

3. Data and Methods

3.1. Definition of High-Level Talents and Data Sources.
According to the definition of talents in talent science,
talents are people who have certain knowledge and skills
under certain historical conditions and use their creative
work to make greater contributions to society or a certain
aspect of society [44]. HLT usually refers to a small number
of academic elites who produce knowledge, enjoy a high
reputation, and lead the development of disciplines [45].
Chinese city governments have slightly different identifi-
cation systems for HLT, but they generally divide talents into
three categories: domestic and foreign top talents, national-
level leading talents, and local-level leading talents. At
present, a number of high-level academic groups have
formed, including academicians of the Chinese Academy of
Sciences and Chinese Academy of Sciences, Changjiang
Scholars, Outstanding young people, and so on. Considering
the availability of data, the HLT in this article refers to the
academicians of the Chinese Academy of Sciences (ACAS),
the academicians of the Chinese Academy of Engineering
(ACAE), the Chinese academicians of the International
Eurasian Academicians (IAEA), the Chinese academicians
of the Academicians of Developing Countries (TWAS), the
scholar of the Changjiang Scholars Program (CJSP), and the
scholar of the National Outstanding Youth Fund Project
(NOYFPS).

The election of the academicians of the CAS began in
1955. The earliest year of the academicians still living in the
datais 1980. The election of the CAE began in 1994, and the
earliest year of the living academicians is 1994. The earliest
Chinese academicians of IJAEA and TWAS, still alivingis
1994 and 1983, respectively. The Changjiang Scholars
Program was established in 1998, and the National Science
Fund for Outstanding Youths was established in 1994.
Therefore, the research period of this article is 1980-2020.

The talent data in this paper are all obtained from the
official website. Among them, the data of ACAS are obtained
from the official website of the Chinese Academy of Sciences
(http://casad.cas.cn/ysxx2017/ysmdyjj/qtysmd_124280/), with
a total of 812 talents. The data of ACAE are obtained from the
official website of the Chinese Academy of Engineering
(https://www.cae.cn/cae/html/main/col48/column_
48_1.html), with a total of 911 talents. The IAEA and TWAS
were obtained from the official website (http://bj.ieaschina.
org/expert/jieshao.html;  https://www.cas.cn/zt/hyzt/twas23/
abouttwas/201208/t20120808_36%2025109.html), respec-
tively, with a total of 378 talents. The source of the information
on the CJSP is with the Ministry of Education of the People’s
Republic of China (http://www.moe.gov.cn/jyb_xxgk/s5743/
$5745/), with a total of 3143 talents. The data of NOYFPS came
from the National Natural Science Foundation of China
(https://www.nsfc.gov.cn/), with a total of 4303 talents. Be-
cause some talents have multiple titles at the same time, this
article merges the data of such talents into one sample. For
example, if a scientist has successively obtained the titles of
CJSP, TWAS, and ACAS, then we will retain the last title of
ACAS for this scientist, but his data information contains the
titles of CJSP and TWAS. In addition, this article does not
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include foreign talents from 1980 to 2020. In the end, this
article collected information on 7734 talents.

3.2. Talent Flow Trajectory Data Processing. The research area
of this article is China (as some talents have study or work
experience in Hong Kong, Macau, Taiwan, and other regions,
the above regions are also included in this research), and the
basic research unit is prefecture-level cities. The talent flow
trajectory data are mainly judged by the change of the working
city. If the working city of the talent changes, we judge that the
talent flow has occurred [8, 41]. The specific steps are as follows:
(1) Define the city of the talent’s first school as the “first city of
school” and then count the city where the school is located in
chronological order. When the city changes, it is defined as the
“second, third, ..., school city” of the talent. On this basis,
determine the talent flow trajectory based on prefecture-level
cities (first school city — second school city — third school
city, etc.). If the city where the talent school is located has not
changed, it will not be included in the flow trajectory. (2)
Define the city of the talent’s first workplace as the “first city of
workplace” and then count the city where the workplace is
located in chronological order. When the city changes, it is
defined as the “second, third, ... city of workplace” of the talent.
On this basis, determine the talent flow trajectory based on
prefecture-level cities (first city of workplace — second city of
workplace — third city of workplace, etc.).

3.3. Network Construction. Drawing lessons from network
graphics and matrix expression methods, create the talent
flow network of this article [27, 46]. The talent flow network
is a directed complex network. In this paper, cities are
regarded as nodes in the network, and the direction of talent
flow is regarded as edges. To build a networked model, talent
flow is along the direction of the edges between nodes
(Figure 1). To construct a network matrix of talent flow
between cities, the ordinate of the matrix is set as the outflow
city, and the inflow city is set as the abscissa of the matrix.
The value of the element in the matrix is the number of high-
level talents flowing from the out-flow city to the in-flow
city.

3.4. Centrality Analysis of Network Nodes

3.4.1. Degree Centrality. This refers to the number of other
nodes directly connected to the target node in the network
and represents the degree of node connection [46]. In this
article, the degree centrality of a node indicates the number
of cities that have a talent flow connection with the city.
Degree centrality is divided into in-degree centrality and
out-degree centrality. Among them, the in-degree centrality
can reflect the centrality of a city as a city for attracting
talents in the talent flow network. The out-degree centrality
reflects the centrality of a city as a talent outflow city in the
talent flow network [47]. It is calculated as follows:

Cp (i) = Z kij + z kji (1)
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Here, Cp, (i) is the degree centrality of the node, which
refers to the number of other nodes connected to the node i,
k;; represents the outflow of the node, and k;; represents the
inflow of the node.

3.4.2. Strength Centrality. This refers to the sum of the
weights of the edges formed by all other nodes associated
with a node in the network [48, 49]. It represents the
connection scale of nodes in the network. In this paper,
strength centrality is the sum of the flow of talents between a
certain city and all other cities:

N

S;= Y Cy (2)
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Here, S; is the strength centrality of city i, that is, the sum
of the flow of city i and other cities; j is the other cities
connected to city i; N is the number of cities; and Cj; is the
flow quantity of talent between city i and city j.

3.4.3. Betweenness Centrality. This measures how much a
point lies “in the middle” of other points in the graph. If a
point is on the shortcut of other point pairs, we say that the
point has a high intermediate centrality [46]. The calculation
formula for the centrality of the directed network is as
follows:

1&g ()
CB(i):EZzgkak—, j#k#i,and j<k, (3)
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where g is the number of shortest paths used to
connect point j and point k and g (i) is the number of
shortest paths through point i between point j and point k.

3.4.4. Comprehensive Centrality [30]. The first three node
centrality indicators in the article all measure the rights of
nodes in the network from a single aspect and lack the
comprehensive centrality measurement of the connections
between nodes. Therefore, this article draws on the com-
prehensive centrality model to comprehensively evaluate
each node, which is calculated as follows:

z; = p; X Stand (Cp) + p, x Stand (S;) + p5 x Stand (Cp),
(4)

where z; is the comprehensive centrality and Stand (Cp,),
Stand (S;), and Stand(Cjy) are the standardized values of
degree centrality, strength centrality, and betweenness
centrality, respectively. p,, p,, and p; are the weights of the
three indicators, respectively. This article believes that the
three indicators are equally important, so the weights are all
set to 1/3.

3.5. Network Visualization Method

3.5.1. Visualization of Core-Edge Structure. Based on the
value of comprehensive centrality, this paper uses the Jenks
method (a method of classification) to divide the network
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FIGURE 1: Multivalued network graph and multivalued network matrix.

into four levels of “core, subcore, subedge, and edge” and
draw it with the help of Ucinet, Pajek. The color of the city
nodes in Figure 2 represents the different levels of com-
prehensive centrality. Because there are too many city nodes,
the city structure diagram only shows the core layer, the
subcore layer, and the subedge layer.

3.5.2. Visualization of Space Structure. Taking the flow
trajectory of talent between cities as the core connection of
the provincial talent mobility network, this paper draws the
spatial structure of the talent mobility network by using
ArcGIS. The size of the node in Figure 3 indicates the
number of talent flowing through the city. The larger the
node, the more mobile talents. The thickness of the edge in
Figure 3 indicates the amount of mobility between the two
cities. The thicker the edge, the more the amount of mobility.

4. Results

4.1. Spatial Distribution and Flow of HLT. The distribution
of talents in China has always shown a strong spatial
imbalance [50]. At the school stage, the HLT are dis-
tributed in 141 cities (Figure 4), with an average of 97
talents in each city. There are 22 cities above average, and
the top 10 cities are Beijing, Shanghai, Nanjing, Wuhan,
Xi’an, Hefei, Hangzhou, Harbin, Changchun, and Tianjin.
There are 212 cities where HLT in China are located in
Figure 4, with an average of 63 talents in each city. There
are 24 cities exceeding the average, and the top 10 cities
are Beijing, Shanghai, Nanjing, Wuhan, Guangzhou,
Hong Kong, Xi’an, Hangzhou, Hefei, and Tianjin. Cities
that attract HLT to choose jobs are mainly located in the
east of China, followed by the central region, and very few
in the west.

Comparing the spatial distribution of talents, the spatial
distribution of talents in the work stage has been signifi-
cantly expanded. However, the spatial distribution of talents
in the two stages is still relatively consistent. They are mainly
distributed in the eastern part of China, along the Yangtze
River valley, and central and western provincial capital cities.
These cities are also the main locations of China’s 985 and
211 universities (Figure 4). It can be seen that this spatial
distribution of HLT is closely related to the spatial distri-
bution of national universities, laboratories, and innovation
platforms.

The data show that at the school stage, 2047 talents
(26.47%) moved once, that is, they changed to a master’s or
doctoral school; 303 people (3.92%) moved twice, that is,
both master and doctoral schools changed. In comparison, a
total of 2,348 people moved during the work stage. The
highest number of flows reached 9 times. Among them, 2914
people (22.12%) moved 1 time; 1365 people (17.65%) moved
twice; and 566 people moved 3 times or more (37.68%).
From the school stage to the work stage, the number of talent
flows increased from 2,653 to 4341, and the flow of talents
became more active. However, cities with a large amount of
talent flow are concentrated in a few cities (Table 1). The
results show that the top five city pairs for the flow of HLT
during the school stage are Wuhan — Beijing, Nanjing —
Beijing, Xi’an — Beijing, Hefei — Beijing, and Shanghai
— Beijing. The top five cities for the flow of high-level
talents at the work stage are Beijing — Shanghai, Beijing
— Hong Kong, Shanghai — Beijing, Hong Kong —
Beijing, and Beijing — Wuhan.

4.2. Node Centrality of the Network

4.2.1. Degree Centrality. In the school stage, Beijing has the
highest indegree centrality, followed by Shanghai. The
indegrees of the top 15 cities are all greater than the outdegree
(Figure 5). These cities have high-quality educational re-
sources and are favored by talent. At the work stage, Beijing’s
indegree is still the highest, but Beijing’s outdegree and
indegree are almost the same. Beijing’s high housing prices
and competitive pressure may have contributed to the outflow
of some young talents. In addition, some talents work part
time in areas outside Beijing, which makes Beijing’s outdegree
relatively high. The outdegree of Changsha and Harbin is
higher than the indegree, and they are the cities with more
serious brain drain in China. In contrast, first-tier cities such
as Beijing, Shanghai, Guangzhou, Nanjing, Wuhan, and
Hangzhou all have higher indegree than outdegree and are
key cities for absorbing talent.

4.2.2. Strength Centrality. The results (Figure 6) show that in
the school stage, the strength centers of cities such as Beijing,
Shanghai, Nanjing, and Wuhan are at the forefront, indi-
cating that these cities are the preferred cities for talent in the
process of studying. Moreover, these cities are regions with
extremely rich educational resources, which promotes the
frequent flow of talents between these cities. Although
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FIGURE 2: Hierarchical structure diagram of the talent mobility network.

TaBLE 1: Top 10 city pairs of the number of talent flows.

School stage Work stage
Outflow city Inflow city The number of talent flows Outflow city Inflow city The number of talent flows
Wuhan Beijing 115 Beijing Shanghai 121
Nanjing Beijing 83 Beijing Hong Kong 85
Xi’an Beijing 62 Shanghai Beijing 65
Hefei Beijing 60 Hong Kong Beijing 62
Shanghai Beijing 59 Beijing Wuhan 57
Changchun Beijing 52 Beijing Guangzhou 56
Chengdu Beijing 51 Beijing Nanjing 56
Jinan Beijing 51 Wuhan Beijing 56
Lanzhou Beijing 44 Beijing Hefei 51
Nanjing Shanghai 43 Nanjing Beijing 50

Guangzhou has a high degree of centrality, its strength
centrality is low. Compared with cities such as Beijing,
Shanghai, Wuhan, and Nanjing, Guangzhou’s educational
resources are relatively weak. In the work stage, Beijing’s
strength centrality is still the highest, and the number of
connections in Beijing is almost the total number of con-
nections in Shanghai, Nanjing, Wuhan, Xi’an, and Hang-
zhou. In addition, despite the massive increase in the
number of nodes in the network during the work phase,
there are only 21 cities with a strength centrality higher than
100, which shows that the destination of talent flow has a
strong agglomeration.

4.2.3. Betweenness Centrality. In the school stage, the
ranking of the centrality of cities is quite different. Cities
such as Beijing, Shanghai, Nanjing, Wuhan, and Xi’an have
relatively high betweenness centrality, and they have a strong
ability to control the resources in the network. As an im-
portant gathering place for educational resources, these
nodes play an intermediary role. During the work stage,
Beijing’s centrality is extremely high, indicating that no
matter whether it outflows or inflows, a larger part of the
work place of talent includes Beijing.

From the stage of school to the stage of work, the scale of
the network has expanded greatly. The number of city nodes
in the network has increased from 142 to 216. From the
perspective of the changes in node centrality (Figure 6), the
nodes and their projections are relatively scattered, and the
centrality of each node has a large gap during the school
stage. During the work stage, the centrality of Beijing and
Shanghai is still much higher than that of other cities.
However, other city nodes have become more concentrated,
the centrality gap between nodes has narrowed, indicating
that the network is more mature in the work stage, and the
role of city nodes is more prominent.

4.3. Core-Edge Structure of Network

4.3.1. School Stage (Figure 2). (1) Core layer: Beijing. As a
national science and technology innovation center, Beijing
has the largest number of universities and research insti-
tutions in China, attracting a large number of high-level
talents, becoming the core of the network, and occupying a
dominant position in the network. And the resources of the
edge layer continue to flow to the core, which will further
strengthen the position of the core node. (2) Subcore layer:
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FiGure 3: Changes in the spatial structure of the talent mobility network. (a) School stage. (b) Work stage.

Shanghai, Nanjing, Chengdu, Wuhan, Xi’an, Changchun,
and Changsha. As the secondary core, cities in this level are
closely connected to other cities. (3) Subedge layer: Lanzhou,
Hefei, Harbin, Dalian, Tianjin, Taiyuan, Guangzhou,
Hangzhou, Shenyang, Jinan, and Fuzhou. Although the
average comprehensive centrality of this level of nodes is not
as high as that of the first two levels, it is also a relatively
important node for leading the connections between cities of
different levels. (4) Edge layer: Shangrao, Dongying, Linfen,
Linyi, and Urumgqi and other 123 cities. The nodes in this
level have low connections with other nodes and are located
at the edge of the network, which forms an extremely un-
balanced development pattern on the core.

4.3.2. Work Stage (Figure 2). (1) Core layer: Beijing. Beijing
is firmly at the core and highest level of the network. As an
important economic, educational, and cultural center of
China, Beijing is very attractive to high-level talents. (2)
Subcore layer: Shanghai, Nanjing, Tianjin, Guangzhou,
Hangzhou, Wuhan, Xi’an, and Hong Kong. The subcore
cities are the more important nodes in the network. Most of
these cities are located in coastal areas, with developed
economy, high education level, superior working environ-
ment, and suitable natural environment. These cities have
created good conditions for the influx of talent and become
the main influx destination of talents. Although Wuhan and
Xi’an are located in the central and western regions,
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respectively, the two cities are not only provincial capitals
but also gateway cities in the central and western regions.
They also have a large number of scientific research plat-
forms and profound cultural heritage. Therefore, it has also
attracted a large influx of talents and has become a secondary
core. (3) Subedge layer: Lanzhou, Xiamen, Taipei, Hefei,
Harbin, Dalian, Chengdu, Kunming, Shenyang, Jinan,
Shenzhen, Zhengzhou, Chongging, Changchun, Changsha,
and Qingdao. The flow of talent at this level has been sig-
nificantly reduced, and the number of cities has increased
significantly, and most of them belong to provincial capital
cities or provincial central cities. Among them, the status of
Shenzhen in the network has been greatly improved com-
pared to the status of education. Shenzhen’s low status in the
talent mobility network may be due to the fact that it is an
emerging innovation center. The number of top universities,
scientific research institutions, and national laboratories in
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Shenzhen in the early days was small, and the influx of talent
was little. With the accelerated flow and integration of in-
novative elements such as high-tech industries, capital, and
technology, Shenzhen is gradually building into an inter-
national scientific and technological innovation center, and
it will certainly attract a steady flow of high-level talent. (4)
Edge layer: Sanya, Sanming, Shangrao, Dongguan, Dongy-
ing, and other 188 cities. This level of network node has the
lowest status, and a large number of talents flow to the core
and subcore layers.

From the perspective of change, the core of China’s high-
level talent mobility network is always Beijing. The subcore
level has changed a lot. During the education stage,
Chengdu, Changchun, and Changsha were in the subcore
level, but in the working stage, these three cities have already
withdrawn from this level. Tianjin, Guangzhou, Hangzhou,
and Hong Kong have been upgraded from the original
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subedge level to the subcore level. This situation may have a
great relationship with the distribution of educational re-
sources in China. The overall subedge layer has not changed

much, while the number of nodes in the edge layer has
increased.

4.4. Spatial Structure of the Network. At the stage of school,
the network space structure showed a “small quadrangular
pyramid structure” with Beijing as the apex and Xi’an,
Wuhan, Shanghai, and Nanjing as the base (Figure 3). This
structure is not only related to the distribution of national
educational resources but also related to the region itself. For
example, Xi'an is the center of the western region, and
talents in the western region tend to flow to Xi’an. The talent
flow in the network is mainly concentrated on Shanghai,
Nanjing, Wuhan, Xi’an, Hefei, and other cities. Beijing,
Shanghai, and Guangzhou are major cities with both inflow
and outflow of talent, and in general the inflow is greater
than the outflow. Cities such as Wuhan, Nanjing, Hefei,
Xi’an, Changchun, and Harbin are dominated by the outflow
of talent. The city pairs with the largest flows are as follows:

Wuhan-Beijing, Nanjing-Beijing, Xi’an-Beijing, Hefei-Bei-
jing, Beijing-Shanghai, and Changchun-Beijing.

During the work stage, the network space structure was
upgraded and expanded, showing a “large quadrangular
pyramid structure” with Beijing as the apex and Xi’an,
Chengdu, Guangzhou (Hong Kong), and the Yangtze River
Delta region (Shanghai, Nanjing) as the base (Figure 3). The
entire spatial structure expands to the Guangdong, Hong
Kong, and Macao regions in southeastern China. The city
pairs with the largest flows are as follows: Beijing-Shanghai,
Beijing-Hong Kong, Shanghai-Beijing, Hong Kong-Beijing,

Beijing-Wuhan, and Beijing-Guangzhou. Talents’ choice of
workplace is related to the city in which they were educated.
However, the scope and number of talents flowing during
the work stage is still expanding to the coastal cities in the
southeast.
Comparing the changes in the structure of the talent
mobility network in the two stages, it is found that the
network is expanding to the southeast, and the status of the
city nodes in the southern part of the network is constantly
increasing. Take Guangzhou as an example. In the education
stage, Beijing and Guangzhou are less connected, while the
flow of talent between Beijing and Guangzhou at the work
stage has greatly increased. In recent years, Guangzhou has
continuously introduced policies to attract talent. From 2016
to 2020 alone, Guangzhou has invested a total of 3.5 billion
yuan in finance to focus on cultivating and introducing 500
leading talents in innovation and entrepreneurship. In ad-
dition, 500,000 to 5 million, up to 30 million salary subsidies
will be given to outstanding industrial talent and high-level
talent, and the team of leading entrepreneurs and talents will
be supported in various ways. The superior talent policy
attracts the continuous inflow of talent. According to the
data in this paper, the current high-level talent in
Guangzhou has reached 291. The influx of talent can en-
hance Guangzhou’s position in the talent mobility network.
With the exchange, diffusion, and accumulation of knowl-
edge, technology, and information among talents,
Guangzhou’s innovation cooperation and innovation ca-
pabilities will continue to be strengthened, and it can also
enhance the city’s innovation network influence. While the
network is extending to the southeast, the connection
structure between cities in the Northeastern region and
Beijing has been weakening. In particular, Beijing’s ties with
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Changchun have decreased the most. It can be seen that the
Northeast region is unable to retain talent well and is in a
disadvantaged position in the talent mobility network as an
important talent training area.

5. Discussion

Based on China’s HLT flow data, this paper constructs HLT
flow networks in the two stages of school and work, abstracts
the actual flow of talent into an analyzable and operable
digital matrix, and uses complex network analysis methods
to carry out related research and analysis. Comparative
analysis found that the spatial distribution of HLT in China
has a trend of “large dispersion and small aggregation.” The
gap between the centrality of nodes in the network has
narrowed.The flow of talents has become more frequent and
complicated. The core-peripheral structure of the network
has not changed much, and the Matthew effect of the flow of
talents still exists. From a spatial perspective, the talent flow
network has significant spatial heterogeneity and continues
to expand southward.

5.1. Changing Characteristics of the Spatial Distribution of
Talents. As talents moving from the education stage to the
work stage, their spatial distribution shows changed char-
acteristics of “large dispersion and small gathering.” “Large
dispersion” is mainly manifested in the obvious increase in
the number of cities where talents are distributed during the
work stage. Some non-first-tier and nonprovincial capital
cities in the central and western regions are also destinations
for talent choices. HLT are distributed in second- and third-
tier small cities due to the following reasons: first, it is related
to the geographical distribution of work platforms. The
establishment of some of the top domestic colleges and
universities is affected by historical accumulation, admin-
istrative planning, and other nonmarket factors. They are
located in the central and western regions. Second, it has a
greater relationship with national and local policies. When
implementing the policy of attracting talents, the country
will also take efficiency and fairness into account and give
full consideration of the coordinated development of the
region. The “Outline of the National Medium and Long-
term Talent Development Plan (2010-2020)” proposes to
establish and improve a regional talent exchange and co-
operation mechanism that is compatible with the devel-
opment of the western region, the revitalization of old
industrial bases in the northeast, the rise of the central
region, and the development strategy of the eastern region.
In the process of implementation, localities also attract
talents through flexible methods such as building acade-
mician workstations and setting up part-time professors and
lecture professors. The third is the balance between life
pressure and personal development space [3]. High housing
prices or living costs are an important obstacle for talents to
stay in developed cities for a long time. Therefore, high-level
talents have shown a trend of spreading across the country.

“Small gathering” is mainly reflected in the fact that
talents are still gathering in a few eastern first-tier cities and
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provincial capitals [51-53]. Beijing, Tianjin, and Shanghai
are hot spots for talent distribution [50]. This is mainly due
to the rapid economic development in the eastern part of
China, as well as the better conditions in scientific research,
education, life, job opportunities, platforms, and prospects
[8, 50, 54, 55]. Provincial capital cities such as Wuhan and
Hefei in the central part also have a number of first-class
universities and scientific research institutes, and there are
more talents who choose to work in central cities [56, 57].
The western region is far lower than the eastern region in
terms of economic development, employment environment,
and talent introduction policies, which resulted in fewer
talents to work. This phenomenon also reflects that the
distribution of human resources does not completely overlap
with educational resources. For example, Lanzhou, as a top
talent training city, has 319 talents who choose to go to
Lanzhou University for education, but only 150 talents
choose to work in Lanzhou.

5.2. Bidirectional, Sticky, and Matthew Effect of HLT Flow.
Through comparative research, it is found that the flow of
HLT between cities in the school stage is agglomerating,
mainly in a few cities such as Beijing and Shanghai. The flow
of talents at the work stage has a significant bidirectional
characteristic. That is, some cities are not only the places
where talents flow in but also the places where talents flow
out. This finding is more consistent with the research results
of Refs. [8, 9], and [15]. From the spatial flow trajectory of
China’s HLT workplaces, we find that the flow of talents is
mainly among Beijing, Shanghai, Hong Kong, and pro-
vincial capital cities. These cities are both strong inflow
centers and strong outflow centers. Moreover, these cities
are often developed cities with technology and economy.

The flow of HLT in China has a strong stickiness. That is,
where the talents go to school and where they are employed
have a strong consistency. From the talent flow data, it is
known that 1,822 (23.56%) talents’ school locations and
work locations have never changed; 2,569 (33.22%) talents
finally returned to the city where the school is located to
work after experiencing a series of flows. This result is similar
to the research results of Refs. [51, 58]. Although the types of
talents studied are different, they show a relatively similar
flow trend. That is, when choosing a working city, it is easier
for talents to choose a city with academic relationships. The
research of Refs. [6, 17] also found that factors such as
interpersonal relationships established during school and a
high degree of familiarity with the surroundings enhanced
their tendency to find employment near the place of study.
Of course, there are also significant regional differences in
the stickiness of high-level talent flow. Cities with strong
stickiness are mainly located in the southeast coastal area,
the middle and lower reaches of the Yangtze River, and
provincial capital cities. This result shows the significance of
the overall stickiness of the superior area to the formation of
talent highlands [51].

The Matthew effect still exists in the flow of HLT in
China. That is, the more talented places are, the more at-
tractive to talents, and the more talents they can get; the less
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talented places, the less attractive to talents, they will lose
more talents, where are at a disadvantage in the talent
competition [59]. In this study, this effect is mainly man-
ifested in the talent flow network controlled by a small
number of core nodes, and most of the talent flow is still
concentrated in a few core cities. By comparison, it is found
that the core-edge structure of the network in the school
stage and the work stage is very significant and similar. From
education to work, the network nodes at the subcore layer
and the subedge layer have changed significantly. In the
network, the core city Beijing will continue to strengthen
and consolidate its core position by attracting resources
from other levels of the network. In the subcore layer, cities
such as Chengdu, Changsha, and Changchun withdrew,
while cities such as Hangzhou, Tianjin, and Hong Kong
entered. It not only reflects the difference between talents’
preference for education cities and work cities but also
reflects cities at the subcore and subperipheral levels can
continuously strengthen their own investment, enhance
their economic and innovative capabilities, and achieve a
leap to a higher level. The marginal cities are still in a state of
transporting talents to other levels for a long time due to
their weak strength.

5.3. Spatial Heterogeneity of the HLT Flow Network.
Through comparative analysis, it is found that the spatial
heterogeneity of China’s HLT flow network at the work stage
is more significant. At the school stage, the flow of talents is
mainly among cities with abundant education resources. At
the work stage, the trend of regional concentration of talent
mobility in China is more obvious. Talents mainly gather in
the Beijing-Tianjin-Hebei, Yangtze River Delta, Wuhan
metropolitan area, Chengdu-Chongqing urban agglomera-
tion, and the Guangdong-Hong Kong-Macao Greater Bay
Area. Among them, the talent flow network is expanding to
the Guangdong-Hong Kong-Macao Greater Bay Area in
southeastern China. With the continuous implementation of
regional development strategies such as the Guangdong-
Hong Kong-Macao Greater Bay Area, it may stimulate the
continued flow of talents to the region. Cities such as
Guangzhou, Shenzhen, and Hong Kong will continue rising
in their roles as talent-absorbing places. Moreover, the
heterogeneity of China’s HLT flow at different stages is also
greatly related to the distribution of the country’s education
and science centers. It can be said that the formation and
transfer of education centers and technology centers will
inevitably be accompanied by the flow of talents. On No-
vember 8, 2020, the Chinese Academy of Social Sciences and
China Times jointly released the “2020 National Central City
Index” report (https://baijiahao.baidu.com/s?id=168275848
0360564512&wir=spider&for=pc). The report ranks China’s
education center cities and identifies Beijing, Shanghai,
Nanjing, Xi'an, Wuhan, Guangzhou, Chengdu, and
Changsha as the country’s education center cities. This
ranking is almost the same as the ranking of cities with HLT
in the school stage, which further proves that high-level
talents are more inclined to flow into cities with rich edu-
cational resources during the education stage. In March
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2021, the 14th Five-Year Plan for the National Economic and
Social Development of the People’s Republic of China and
the 2035 long-term goal outline (http://www.gov.cn/xinwen/
2021-03/14/content_5592884.htm) were released, pointing
out to support Beijing, Shanghai, and the Guangdong-Hong
Kong-Macao Greater Bay Area to form an international
science and technology innovation center, and to construct
comprehensive national science centers in Beijing-Huairou
and Shanghai-Zhangjiang, the Greater Bay Area, and Anhui-
Hefei as well as to support the construction of regional
science and technology innovation centers in places where
conditions permit. The spatial distribution of these tech-
nological innovation centers is very consistent with the
regional concentration of talent flow during the work phase,
which shows that there is a close relationship between the
two.

6. Conclusion

The flow of talents has always been highly concerned by
scholars and the government. At present, China is in the
most active period of cross-regional flow of HLT. This re-
search conducted a comparative study on the current status
of China’s HLT flow and its network structure during the
school and work stages, and the following conclusions were
reached.

First, comparative analysis found that the spatial dis-
tribution of HLT in China has a trend of “large dispersion,
small agglomeration.” The distribution of talents in the
school stage is more consistent with the spatial distribution
characteristics of the country’s educational resources, while
the work stage is mainly concentrated in cities with better
economic development and clusters of innovative platforms
and does not completely coincide with the distribution of
educational resources.

Second, from school to work stage, the flow of talents
becomes more active and the scope of mobility continues to
expand. At the school stage, China’s HLT mainly gather in
cities with rich educational resources such as Beijing and
Shanghai. At the work stage, talents are more inclined to
flow into eastern coastal cities and provincial capitals. In
addition, the flow of talents at the work stage has a sig-
nificant bidirectional characteristic of flow between first-
tier cities or provincial capital cities. At the same time,
some advantageous regions also have strong stickiness to
talents.

Third, the core-edge structure of the network in the two
stages is significant. The core layer is Beijing, and the subcore
and subedge layer cities have changed. The core-edge
structure of the two stages shows relatively similar char-
acteristics. That is, cities with high economic levels, rich
educational resources, complete innovation infrastructure,
and high-level technology are at the core of the talent flow
network. Most non-first-tier and nonprovincial capital cities
are at the marginal level. Moreover, the Matthew effect of
talent flow has always existed.

Fourth, the spatial structure of the network has been
upgraded and expanded, from the “small quadrangular
pyramid” structure with Beijing as its apex and Xi’an,
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Wuhan, Shanghai, and Nanjing as its base, to Beijing as its
apex, Xi'an, Chengdu, and Guangzhou (Hong Kong), the
Yangtze River Delta (Shanghai, Nanjing) as the base of the
“large quadrangular pyramid” structure. At the work stage,
the flow of talents shows obvious spatial heterogeneity, and
the trend of regional concentration of talents is more
obvious.

From the perspective of urban development, the higher
the position of a city in the talent flow network, the more
talent resources it can attract from the network, as well as the
capital, knowledge, and technology resources that talents can
bring. The city’s high-level talent matching, overall creative
ability and level, high-end level, and innovation benefits will
directly determine the city’s status in national competition
and industrial division of labor. However, by comparing and
analyzing the characteristics of the talent flow in the two
stages, we find that in cities with weak economic strength,
the educational advantage cannot be transformed into a
technological advantage and an economic advantage, which
will lead to brain drain. In this case, the government needs to
consider reducing the barriers to talent introduction
through more flexible methods such as precise introduction
of talents, flexible introduction of talents (intellectual in-
troduction, academic part-time job, and talent dispatch),
etc., when its own human resources cannot be better re-
served. By strengthening the connection with the human
resources of other cities, forming a cross-regional cooper-
ation network, and using the resource exchange in the
network, these are also ways to minimize the disadvantages
caused by the brain drain.

Based on the growth stage of talents, this paper studies
the spatial distribution and talent flow network of China’s
HLT, trying to enrich the current research on talent mobility
and even talent geography in China. However, this article
still has some shortcomings. In the future, we will continue
to improve relevant theoretical analysis, try to build a
multiscale, multiconnotation regional talent mobility net-
work, and explore the impact of regional talent mobility and
the formation of the network on regional economic and
technological development, so as to provide targeted and
operable policy recommendations for national or regional
talent policies and innovative development.
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Globalization and informatization have significantly reshaped the map of the global economy. Mega cities and regions have
become the battlegrounds in the interplay between globalization and localization, with megaregions becoming the most globally
significant spatial configurations in this regard. However, academics and government departments disagree on how to define the
spatial boundaries of megaregions. In this study, on the basis of highway traffic flow data between cities, we integrate the
community detection and core-periphery profile algorithms to characterize the city networks in China and identify the city groups
and delineate the core structures of city groups, which are the underlying megaregional structures in China. Based on this, we
identify 21 megaregions among city groups in China, including the Yangtze River Delta, Pearl River Delta, Beijing-Tianjin-Hebeti,
and Chengdu-Chongqing megaregions, and preliminarily delineate their spatial boundaries. On the whole, there are spatial
differences among China’s megaregions to a certain extent. Central and eastern China have numerous, large, and a high density of
megaregions, while the western region has relatively few megaregions. The latter also differs notably from mature megaregions in
terms of rank sizes, urban systems, and functional divisions of labor. Generally, this study develops a novel analytical framework
for identifying the functional regions of megaregional space in China from a perspective of relational geography, with meth-

odological implications for other fields of inquiry.

1. Introduction

The past two decades have seen globalization and infor-
matization that greatly reshape global economic geography
and the rise of a network society, and mega cities and regions
have become the spatial units that host the fiercest interplay
between globalization and localization [1-3]. As globaliza-
tion and urbanization have progressed, urban competition
has gone beyond individual cities, and it is increasingly
about position and functional connections in divisions of
labor, especially competition, and cooperation in urban
networks. Because of this, megaregions have become
globally significant spatial configurations [4-6]. Since
China’s 11th Five-Year Plan period (2006-2010), the de-
velopment of megaregions has been elevated to the status of
a national strategy, and they have been seen as the primary
entities for promoting China’s “new type of urbanization.”

Megaregions are currently a popular topic in both academia
and governments. The concept repeatedly crops up in
various settings, and it has become an important develop-
ment strategy in regional economic and spatial planning in
China [7]. As an objective geographical phenomenon,
megaregions have always been an important topic of re-
search in urban geography and urban planning, but for a
long time the term has had ambiguous connotations in
academic research, as the academic community has failed to
reach a consensus on its definition and spatial boundary.
This, in turn, has led to the ambiguity surrounding mega-
regions in practice [8, 9].

Defining the spatial boundary of a megaregion has al-
ways been a fundamental task of research on these spatial
entities, and it is a prerequisite for understanding their
formation, development, and evolution. Given that mega-
regions are very large, complex, dynamic, and open systems
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[10], their spatial boundaries can be ambiguous and
changing. Defining and understanding the spatial bound-
aries of megaregions can also be tedious and difficult work
for both geographers and planners. Based on the definition
of megalopolis [10], combined with criteria for dis-
tinguishing metropolitan areas and regions, scholars have
proposed criteria for identifying the spatial boundaries of
megaregions (or megalopolises) from various perspectives
[7, 11, 12]. Along with the “relational turn” in economic
geography [13, 14], many scholars have emphasized the
importance of the perspectives of relationality and con-
nectivity in understanding the regional delineation of
bounded geographic areas [15, 16]. Recently, Nelson and Rae
used a large data set of commuter flows to identify mega-
regions in the United States [17]. Others integrate the big
data with emerging methods, shedding light on the division
of multilevel functional regions as a geographic issue
through visualization and spatial analysis [18-20].

With regards to identifying megaregions in China,
substantial changes have taken place in both research data
and methods, especially along with the advancement of
modern geographic information technology and the advent
of the era of big data. In addition to using traditional urban
area-based spatial identification methods, some scholars
have begun to try new methods of geographic information
analysis, such as gravity model [21] and network analysis
[22], to explore emerging data types, including night-time
light [23] and point of interest (POI) [24], or combining
qualitative and quantitative analyses to develop frameworks
for recognizing the spatial boundaries of megaregions from a
multidimensional perspective and defining the spatial
boundaries of China’s megaregions or a single megaregion
[25, 26]. Depending on their research approaches, scholars
have defined and divided megaregions into different
numbers, types, and ranges, and they have produced various
megaregion boundary schemes [27].

In this era of globalization and information, cities are
constantly becoming connected to the global production
networks as locations and nodes. Cities and regions are
being linked through various flows, networks, and rela-
tionships, forming urban functional region systems of
various spatial scales [28, 29]. As large-scale urbanized re-
gional landscapes, megaregions are huge complex systems
that integrate economic, social, political, cultural, and other
elements [1, 30]. Economic connections and functional
divisions of labor are the most important spatial charac-
teristics of these functional region systems, and they are key
indicators that reflect their essence. As a result, defining the
spatial boundaries of megaregions requires consideration
from the perspective of relational geography.

The field of network science has shown that real-world
networks tend to consist of various mesoscale structures,
such as community structures [31] or core-periphery
structures [32]. Thus, the national-scale city networks also
have mesoscale structures, such as community and core-
periphery structures, within the overall network. These
mesoscale structures provide potential and new perspectives
for a comprehensive and scientific understanding of urban
and regional structural systems within the national urban
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system. City networks, which are rooted in geographical
spatial relationships, have typical mesoscale structural
foundations that can provide a potential methodology for
empirically classifying and identifying the spatial boundaries
of megaregional space. Highway passenger transportation
mainly covers short distances, with significant spatial de-
pendence and distance decay, which has proved useful in
analyzing intercity functional relationships at the city and
regional scales. For these reasons, intercity highway flows are
crucial indicators for analyzing regional economic systems at
the megaregional scale.

Against this background, on the basis of the city network
perspective, we integrate the community detection and core-
periphery profile algorithms to identify the city groups of the
city networks and delineate the megaregions among the city
groups in China so as to provide a methodological frame-
work based on the relational geography for determining the
spatial boundaries of megaregions.

2. Methodology and Data

2.1. Analytical Framework. As for the spatial characteristics
of megaregions, we adopt a city network perspective to
identify the spatial boundaries of megaregions. Specifically,
we integrate the community detection and core-periphery
profile algorithms to build an analytical framework and then
spatially recognize the boundaries of megaregions in China
based on the intercity connectivity. First, using highway flow
data among cities at or above the prefectural level, we
characterize the characteristics of the city network structures
in China and then employ the community detection algo-
rithm to divide China’s city networks and identify the city
groups in functional region systems. Second, based on the
above city groups, we further use the core-periphery profile
algorithm to identify the core structures of the city groups
and extract the core nodes, which are the most influential
and most closely connected groups of nodes and correspond
to the most cohesive agglomeration of cities in the city
groups, which are believed as the “megaregional” compo-
nent of the city groups. Third, taking into consideration
natural surface conditions and socioeconomic development
backgrounds, we finally delineate the spatial boundaries of
megaregions in China.

2.2. Methods

2.2.1. Community Detection. In the field of network science,
a community refers to a subset of a network. The nodes of a
network can be grouped into sets of nodes so that each
community is closely connected internally with sparser
connections between groups. The identification of densely
connected groups, based on network attributes, is referred to
as community detection [33]. Community detection, which
is crucial for understanding group structures in networks,
has long been one of the most important issues in network
science. To identify the community structures in the real-
world networks, many efficient algorithms are created, such
as Girvan and Newman [34], Walktrap [35], Fast-greedy
[36], and Infomap algorithms [31].
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As in real-world networks, node weight, edge weight,
and linkage direction are important features for illustrating
community structures of networks. Although the commu-
nity detection methods could be conducted in different
algorithms, many of the popular algorithms are currently
unable to take directed and weighted networks into con-
sideration. To fill this gap, the Infomap algorithm, currently
one of the most robust algorithms, can consider topological
properties including node and edge weights and network
directions, which exhibits remarkable robustness and
adaptability [5, 37, 38]. Therefore, based on the intercity
highway passenger flows, we employ the Infomap algorithm
of community detection to identify the city groups from the
city networks in China.

In brief, the Infomap algorithm identifies communities
within directed and weighted networks via the combined use
of random walks and compression principles [31].
According to Shannon’s source coding theorem, if we use n
codewords to describe the n states of a random variable X
that occur with frequencies p;, the average length of a
codeword can be no less than the entropy of the random
variable X itself:

H(X) =-) plog(p,). (1
1

This expression provides a lower bound on the average
length of codewords in each codebook. To calculate the
average length of the code describing a step of the random
walk, we need only to weight the average length of code-
words from the index codebook and the module codebooks
based on their rates of use. This is the map equation:

L(M) =qH(Q)+ Y p;H(P,). )

i=1

In this expression, L(M) denotes the expectation of
average code length that the random walk spends inside and
outside communities; g is the probability to exit module i
H(Q) is the frequency-weighted average length of codewords
in the index codebook; p; is the probability to visit any node
that the random walker spends in module i; and H(P;) is the
frequency-weighted average length of codewords in module
codebook i.

2.2.2. Core-Periphery Profile. The portrait of a network as
divided into a dense core and a sparse periphery, referred to
as a core-periphery structure, originated from scholars in
social sciences in the 1990s, and now this paradigm has been
extended to other disciplines [32]. To identify the core-
periphery structures in networks, some algorithms were
proposed successively, such as the block-modeling [39], k-
shell decomposition [40], and centrality [41]. However, most
of the proposed algorithms are unable to deal with the
weighted networks, and their robustness still needs to be
verified. Against this background, Della et al. recently
proposed the algorithm of core-periphery profile [42],
disclosing the overall network structures and the peculiar
roles of specific nodes.

In a network with an ideal core-periphery structure,
peripheral nodes (p-nodes) are allowed to link to core nodes
only; namely, no connectivity exists among p-nodes. In most
real-world networks, however, the structure is not ideal
although the core-periphery structure is evident: a weak (but
not null) connectivity exists among the peripheral nodes.
This calls for the generalized definition of a-periphery,
which denotes the largest subnetwork S with the persistence
probability ag < a.

We define the core-periphery profile ay, k=1, 2, ..., n, of
the network by the following algorithm. This is the equation:
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We start by the node i with the weakest connectivity and
generate a sequence of sets {I} =P, c P, C ...P, =N by
adding, at each step, the node attaining the minimal increase
in the persistence probability. Correspondingly, we obtain
the core-periphery profile, that is, the sequence
0=a;<a,<--- <a, =1 of the persistence probabilities of
the sets Py.

The above algorithm provides, as byproducts, two other
important tools of analysis including the centralization and
coreness. We define the centralization C for a core-periphery
profile o as the complement to 1 of the normalized area;
namely,

2 n-1
CZI—HZ(X,{. (4)

We can therefore quantify such a similarity by mea-
suring the area between the a;-curve of a given network and
that of the star network and normalizing to assign C=1 to
the star network itself (maximal centralization) and C=0 to
the complete network (no centralization). If a network
displays a definite core-periphery structure (large C), then
the sequence o, naturally provides a measure of coreness of
each node. We have «; = 0 for all p-nodes (the periphery in
the strict sense), whereas the coreness of the last inserted
node is maximal and equal to «, = 0.

2.3. Data Sources. This study uses original data on highway
flows between 289 administrative units above the prefectural
level in China. The data structure is asymmetric 289 x 289
matrix, characterizing the strength of spatial connectivity
among cities in China based on the highway flows. We
primarily used a vehicle services website (checi.cn) for web
page retrieval and then extracted intercity highway flow data
by circular queries. In addition, we combined the websites of
the commercial services, such as China Highway Ticket
Network and provincial and municipal highway ticket
networks, Ctrip.com and Changtu.com, to verify and correct
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data manually based on cross-checks to ensure the com-
pleteness and accuracy of the data. This included data
capture carried out using Microsoft’s C# programming
language. The data collection date was June 2017.

3. Results

3.1. Identifying the City Groups in China. Based on the
highway flow data between 289 cities at or above the pre-
fectural level in China, we employ the Infomap community
detection algorithm [31] to divide the whole cities into
groups of cities. And then, we identify 19 city groups in total.
Figure 1 shows the spatial network patterns of city groups in
China based on the intercity highway flow data.

In terms of spatial patterns, these 19 city groups exhibit
strong spatial dependence and diverse spatial organization
patterns, with an apparent multilevel, networked regional
configuration. In terms of spatial form, there are obvious
hierarchical structures of city networks developing within
city groups, which reflect the spatial imbalance toward core
cities. Most city groups show varying degrees of core-pe-
riphery structures, with core cities occupying dominant
positions within the network structures. Peripheral cities
have a relatively weak connection with the network struc-
tures. This is the major reason that we use the core-periphery
structures in city groups to identify megaregions in this
study.

The 19 city groups have different spatial compositions.
Within the city groups, cities have obvious differences in
rank size and distribution, with a general trend of a slightly
decreasing gradient. The specific parameters are shown in
Figure 2. City Group 1, City Group 2, and City Group 3 are
the three largest city groups, corresponding to the Jiangsu-
Zhejiang-Shanghai city group in the Yangtze River Delta,
which contains 25 cities and has a total of 8,357 connections;
the Guangdong-Guangxi city group, which contains 37 cities
and has a total of 9,519 connections; and the Beijing-Tianjin-
Hebei-Shandong city group, which contains 32 cities and has
a total of 5,993 connections. These city groups far exceed the
other city groups in terms of the number of cities they
incorporate and their number of connections, indicating
significant agglomerative economic effects.

3.2. Extracting the Core Structures of City Groups. Based on
the above city groups, we employ the core-periphery profile
algorithm [42] on the basis of random walkers to extract the
most cohesive structures of city groups, which are embry-
onic structures of megaregions among China’s regional
economies. Because City Group 19 has only two prefectural-
level cities—Urumgqi and Karamay—that are geographically
distant and have relatively weak economic connections, they
do not have the basic conditions to develop city networks
and economic integration. We do not believe that Xinjiang
currently has the natural and economic conditions for a
megaregion to develop, so only the other 18 city groups are
used as the basis of this study.

Using the core-periphery profile algorithm mentioned
previously, we calculate the polarization effects of the core-
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periphery structures as well as the position and importance
of nodes in the networks. The centralization results are
shown in Figure 3. From the core-periphery centralization,
most of city groups in China have values greater than 0.5,
indicating that they have obvious core-periphery structures,
core cities have a clear agglomerative effect within the city
groups, and some nodes have important positions and roles
in the networks. The centralization coefficients of City
Group 1 and City Group 16 are less than 0.5, which means
the core-periphery structures of those two groups are not as
strong as the others, rather than showing that they do not
have core-periphery structures. Specifically, City Group 1
(Jiangsu-Zhejiang-Shanghai) has a relatively balanced net-
work structure, so the polarization effect of the core-pe-
riphery structure is less pronounced than in other city
groups. City Group 16 (central Inner Mongolia) has a low
overall network density and no node cities with obvious
advantages. The gap in strength between the cities is not
notable, and the city network has relatively low connectivity.
The city group does not have obvious core and periphery
components, so its centralization coeflicient is relatively low.

Figure 4 compares the “coreness” of the core-periphery
structures of city groups in China. The x-axis ranks the city
groups according to their coreness, and the y-axis is the
coreness value. To investigate core-periphery structure
features of each city group, we set the node order and
coreness of the city groups to the same level, assuming that
the number of nodes is 100, which allows comparison of the
core-periphery structures of different city groups. Overall,
the core-periphery structures of city groups in China are
roughly similar. The number of core nodes in the network is
generally greater than the number of periphery nodes, with
the ratio of core to periphery nodes relatively stable at
around 6: 4. The curves in Figure 4 reveal that the watershed
between core and periphery nodes is at approximately the
point of 40%. After that, the coreness of the city groups
begins to diverge, displaying four types.

The first type is the city groups with centralization co-
efficients greater than 0.8, which have notable features of
core-periphery structures. Their core structures are situated
after the 50% mark. This type includes City Group 15
(Guizhou), City Group 17 (Gansu, Ningxia, Qinghai, and
Tibet), and City Group 18 (Yunnan). The second type is the
city groups with centralization coeflicients between 0.6 and
0.8, which have clear features of core-periphery structures.
They are the most numerous types of city groups, including
the City Groups 2, 4, 5, 6, 8, 9, 11, 12, 13, and 14. The core
structures of this type are situated at over 40%. The third type
is the city groups with centralization coefficients between 0.4
and 0.6, with core nodes at or above 30%. This type includes
the City Groups 1 (Jiangsu-Zhejiang-Shanghai), 3 (Beijing-
Tianjin-Hebei-Shandong), 7 (Fujian), and 10 (Jiangxi). The
fourth type is the City Group 16 (central Inner Mongolia),
which has a centralization coefficient of 0.32 and a relatively
weak core-periphery structure, with little distinction be-
tween core and periphery nodes.

Based on the above descriptions of coreness and node
order, we separate the core structures and periphery
structures of the city groups and extract the core-
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FIGURE 2: Structural attributes of city groups in China.

periphery structures of city groups. The core structures
are the embryonic structures of megaregions, so they
provide a foundation for identifying the spatial

boundaries of megaregions in China. The results are
shown in Figure 5.

On the whole, the city groups in China exhibit the core-
periphery structures embedded in the city networks. They
essentially form ringed nested structures, with regional
central cities at the core and regional peripheral cities at the
edge. The core structures are larger than the periphery
structures. In addition, the core structures have a variety of
irregular spatial patterns. The different-color core structures
in Figure 5 represent the core structures of corresponding
city groups. For example, Core Structure 1 corresponds to
City Group 1, and the other core structures are similarly
shown. From the composition of spatial structures, the core
structures of China