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Abstract: At present, the rapid development of digital finance is closely related to the economic de-
velopment of urban agglomerations. An urban agglomeration provides conditions for digital finance to
form a spatial relevancy network. Exploring the development of digital finance in the urban agglomer-
ation of the Pearl River Delta (PRD), which is the bellwether of China’s economy, can provide impor-
tant practical experience for the economic construction of coastal areas and even the whole country.
In this study, using the urban digital finance index issued by the Guangzhou Institute of International
Finance, we measured the intensity and direction of the spatial relevancy of digital finance in the PRD
urban agglomeration by applying the gravity model, modified in the calculation of distance between
cities. Then, we examined the influencing factors of the spatial network of digital finance through the
quadratic assignment procedure (QAP) approach. The achieved results are as follows. First, although
the overall density is low, the network is tightly connected and stable. Second, in terms of individual
characteristics of the network, Guangzhou, Shenzhen, Foshan still play the leading roles in the spa-
tial network of digital finance. Third, the digital finance network does not have bidirectional spillover
block. The links between segments are relatively loose. Fourth, economic level, degree of opening
up, Internet level and geographical location are important factors in driving the formation of spatial
relevancy of digital finance in the PRD urban agglomeration.

Keywords: spatial relevancy; digital finance; PRD urban agglomeration; social network analysis;
urban digital finance index

1. Introduction

The economy and finance should develop synergistically. A well-functioning economy often pro-
motes a sound financial system, and in turn, the improvement of financial services also creates favor-
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able conditions for the rapid growth of the economy [1]. Finance is underdeveloped in some areas,
especially in the countryside, where there is even a lack of financial services [2, 3]. Also, middle and
small-sized enterprises are usually encountering financing difficulties [4,5]. Therefore, how can finan-
cial exclusion effectively be avoided? How can we extend the covering of financial services, increase
their efficiencies and inclusion and then guide the rational allocation of financial resources? [6,7] As a
result, digital financial inclusion was born to address all these issues, which have been the focuses of
the current era [8–15]. With information technology developing, the integration of digitalization and
financial inclusion is deepening [16–20], which leads to a wider coverage of inclusive finance [21,22].

Urban agglomeration, which is an evolutionary result of urban integration, creates an important
platform for the development of digital finance, with the close economic connection of interior cities.
Urban agglomerations are regarded as the superlative spatial structure formed by big cities. They
take one or several cities as the cores and drive the coordinated development of surrounding cities to
form a comprehensive urban group [23, 24]. Cities in urban agglomerations are closely connected in
transportation, communication, industrial cooperation, population flow, capital exchange and so forth,
which provides some fundamental conditions for digital finance to build a spatial network [25, 26].
The significant development of digital financial inclusion in China has benefited from the formation
of urban agglomerations. There are several urban agglomerations playing vital roles in Chinese econ-
omy, like the Yangtze River Delta, the Pearl River Delta and the Beijing-Tianjin-Hebei Region. The
urban agglomeration in the Pearl River Delta (PRD) consists of Guangzhou, Shenzhen, Foshan, Dong-
guan, Huizhou, Zhongshan, Zhuhai, Jiangmen, Zhaoqing, Shanwei, Yangjiang, Qingyuan, Yunfu and
Heyuan*. It is one of the most energetic economic zones in the Asian-Pacific region. It is also an
advanced manufacturing base and a modern service base with global influence. As the bellwether of
the Chinese economy, exploring the past development of digital finance in the urban agglomeration of
PRD will provide important practical experience for the economic construction of coastal areas and
even the whole country. Accordingly, in this paper, we focus on the spatial relevancy of digital finance
in the PRD urban agglomeration and then find its driving factors. Our results can deliver some use-
ful information on the development of digital finance in PRD, relying on which one can derive some
appropriate policies.

At present, most literature prefers to discuss the effects of digital financial inclusion on the economy;
for instance, see Manyika et al. [27], Ji et al. [28], Deng et al. [29], Li et al. [30], Sun and Tang [31], Li
and Ma [32] and so forth. Fewer studies discuss the spatial features of digital finance [33–37], as both
Wang and Guan [33] and Shen et al. [34] revealed a geographical spatial aggregation distribution and
clustered pattern in national income groups. Liu et al. [35] constructed the spatial association network
of China’s digital financial inclusion development directly using the simple correlation coefficients.
Dong et al. [36] explored the regional disparity in digital finance inclusive development and its sources
in the Yangtze River Delta economic cluster. Li et al. [37] examined the effects of digital financial
inclusion on household consumption by applying spatial econometric models. For the present study,
we selected the PRD urban agglomeration as the research object, due not only to its regional advantages
but also to its significant economic development in recent years. Due to the distinct differences among
the cities in PRD, we had to extend the technical links used in the existing literature. Most authors
usually apply straight-line length to measure the distance between two cities, when improving the
classical gravity model. However, in practice, the relevance between two cities depends on not only the

*Shanwei, Yangjiang, Qingyuan, Yunfu, Heyuan are involved after replanning, and the others are original.
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straight-line distance in geography, but also the traffic convenience. Thus, using the traffic accessibility
to measure the distance between two cities is more practical. Therefore, in this paper, according to
the development of traffic networks and the change of passage ways like intercity high-speed rail, the
authors improve the distance measurement in the gravity model from two dimensions, the highway
distance and the minimum time cost. Then, it is the first time measuring the spatial relevancy of digital
finance in PRD urban agglomeration by applying the improved model.

With regard to the measurement of urban digital finance, rather than using the index of digital
financial inclusion developed by Peking University, which has been widely analyzed in academia and
practice but is inclined to measure the financial inclusion, in this paper, the index of urban digital
finance developed by the team of Guangzhou Institute of International Finance (GIIF), issued in the
Seventh Forum on Risk Management and Financial Statistics (2022)†, is used to attain our research
objective [38]. There are some other indexes of digital financial inclusion constructed in the existing
literature [39–44], all of which mainly focus on the financial inclusion, lacking some digital elements.
This index of urban digital finance issued by GIIF was compiled from three dimensions, including the
digital finance service, the digital finance technology and the digital finance environment [45], so that
it is more inclined to measure the digitization level of financial development, which is different from
the existing indexes of digital financial inclusion. In addition, we further applied the analytic network
process (ANP) and quadratic assignment procedure (QAP) to study the network structure and location
characteristics of digital finance in the PRD urban agglomeration, and explored the driving factors of
urban digital finance, such that some common problems like multicollinearity, caused by conventional
statistical approaches, can be avoided.

This paper first explores the spatial relevancy of digital finance in the PRD urban agglomerations
based on social network analysis and financial spatial spillover theory, which enriches the theoretical
research on both digital finance and regional economy. It provides some facts on the reginal develop-
ment of digital finance in the PRD urban agglomeration, from which we can analyze the current status
and existing problems of digital finance in the PRD urban agglomeration. Furthermore, we examine
various influencing factors for the spacial relevancy of digital finance in the PRD urban agglomeration.
By analyzing the empirical results, we propose some specific policy recommendations to improve the
network structure of digital finance among cities and promote the effective allocation of financial re-
sources in the PRD. The findings of this paper can help policy makers expand the depth and breadth of
digital finance and promote its development in the PRD urban agglomeration.

The rest of the paper is organized as follows. In Section 2, we have feature analysis on the spatial
relevancy of digital finance in the PRD urban agglomeration by using social network approach. In
Section 3, we examine the influencing factors in the formation of the spatial network structure of
digital finance in the PRD urban agglomeration. In Section 4, we conclude the paper.

2. Feature analysis on spatial relevancy of digital finance

In this section, we first have analysis on the whole and individual features of the spacial network
structure of digital finance in the PRD urban agglomeration, with reference to the indicators commonly
used in social network analysis; then, we cluster 14 cities therein and explore the relations between
blocks by applying the block model.

†https://zhibo.sina.com.cn/finance/209934
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2.1. Measuring the spatial relevancy of digital finance

As the current analysis on spatial relevancy is relatively mature, mostly using social network anal-
ysis and the block model, this section also follows this approach to portray the network structure of
spatial relevancy of digital finance in the PRD urban agglomeration.

2.1.1. The modified gravity model

The gravity model, based on the formula of gravitation in physics, has been widely employed to
measure the spacial relevancy. The formula of gravitation, shown as (2.1), measures the interaction
between two objects,

Y =
Gm1m2

r2 , (2.1)

where G represents the gravitational constant, m1 and m2 represent the masses of the two objects, and r
measures the distance between them. Subsequently, the gravity model was commonly used to measure
the relevancy between cities and modified to various versions according to different understandings
on the spacial relevancy theory. In this paper, in order to measure the relevancy of digital finance
between cities in the PRD urban agglomeration in a proper way, the authors modify the gravity model
by considering that gravity is proportional to the “quality” of the city and inversely proportional to the
economic distance between cities. The so-called economic distance, which is the distance between
two places expressed in terms of freight, time, and convenience, varies mainly due to technological
advances in transportation and improvements in facilities.

In our context, the “Mass” of a city is represented by its financial size. On the one hand, the
population, as the core of a city, is a primary element of financial services, which can be regarded as
an important indictor measuring the “Mass” of a city; on the other hand, the total deposits and loans
at the end of the year is a natural indicator reflecting the financial size of a city. Thus, we determine
the proxy variable of the “Mass” of a city as the product of the urban population and the total deposits
and loans at the end of the year. With regard to the distance between two cities, the spatial distance
alone cannot well reflect the practical distance between them. In this paper, we integrate the spatial
distance and time cost between two cities to measure the their distance, by fully considering the traffic
and geographical conditions.

Thus, this paper characterizes the relevancy of digital finance in the PRD urban agglomeration with
the modified gravity model, which is written as follows:

Ri j =
Ki j
√

PiMi
√

P jM j

Di jTi j
,Ki j =

Ii

Ii + I j
, (2.2)

where, i and j denote the cities in the PRD urban agglomeration, and Ri j is the index that we need
to measure, which reflects the relevancy intensity between the digital finance of city i and that of city
j. Pi and P j respectively represent the permanent populations of city i and city j, and Mi and M j

respectively represent the total amount of year-end deposits and loans of city i and city j. The product
of the population size Pi and the year-end deposits and loans Mi represents the “mass” of city i, that is,
the urban financial scale. Ii and I j respectively represent the digital finance indexes of city i and that of
city j. Due to the asymmetric relevancy of the urban digital finance, in order to reflect the direction of
the spacial network, the proportion of city i’s digital finance level to the sum of both city i’s and city j’s

Electronic Research Archive Volume 31, Issue 8, 4378–4405.



4382

digital finance levels is used to represent the modified empirical constant Ki j, denoting the contribution
degree of city i in the joint development of digital finance of city i and city j.

With regard to the denominator in Eq (2.2), the distance index between two cities in the gravity
model is modified from two dimensions: the optimal road distance and the time cost of passage be-
tween two cities. This paper uses the product of Di j (the shortest highway distance between two cities)
and Ti j (the minimum time cost of passage between two cities) to measure the distance index. Fi-
nally, this paper calculates the relevancy intensity of digital finance from city i to city j, according to
Eq (2.2), and constructs a directed matrix depicting the relevancy between any two cities in the PRD
urban agglomeration.

In contrast to other papers that use the gravity model and modify it, the general gravity model
usually measures the distance between two cities using the difference in GDP between the two cities.
However, we believe that this approach is not appropriate enough because the economic distance that
exists between cities cannot be fully described by the difference in GDP alone. As economic distance is
mainly influenced by transportation and technological development, we measure the economic distance
in terms of the geographical distance and minimum time cost between cities. In addition, as we focus
on the spatial relevancy of digital finance in cities, the financial scale of cities is used to measure the
“quality” of cities.

2.2. Indexes for social network analysis

After building the relevancy network, it is necessary to perform a structural analysis with the net-
work. The social network analysis approach is utilized to analyze the network from three perspectives:
overall network characteristics, individual characteristics and spatial clustering characteristics. The
specific indicators are summarized in Table 1 below.

Table 1. Indicators in social network analysis.

Overall network characteristics Individual network characteristics Spatial clustering characteristics

Network density (D): Degree centrality (De):
Bidirectional spillover block

tightness of contact whether the city is centrally located

Network efficiency (E): Betweenness centrality (Be):
Net beneficiary block

connection efficiency of the network the city’s ability to be uncontrolled

Network connectivity (C): Closeness centrality (Ce):
Net outflow block

network robustness the city’s ability to control other cities

Network hierarchy (H):
Broker block

city status gap

2.2.1. Indexes for overall network analysis

The overall characteristics of the network can be described by network density, network efficiency,
network connectivity, and network hierarchy. Among them, network density (D) can reflect the close-
ness between cities in the digital finance network, usually expressed as the ratio of the actual con-
nections in the network to the maximum potential connections. The more connections there are, the
greater the network density, indicating a more significant impact of the spatial network structure of
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digital finance on individual cities. Assuming that the number of cities in the network is M, the max-
imum number of potential connections is M × (M − 1). If the actual connections in the network is N,
the network density can be calculated as

D =
N

M × (M − 1)
. (2.3)

The network efficiency (E) represents the number of redundant lines that exist in the network, given
the principal components within it. In other words, it reflects the connection efficiency between cities
in the entire network, taking into account the indirect connections that exist besides the direct ones
between nodes. This is a reverse indicator. The lower the network efficiency is, the more the indirect
connections between cities, implying closer connection between them, and the more stable spatial
structure of digital finance and capable of achieving balanced development in cities. In this paper,
the network efficiency is used to measure the connection efficiency of the PRD urban agglomeration
in the spatial network of digital finance. The lower the network efficiency is the more channels of
communication and closer the connection, implying that the digital finance network is more stable and
facilitating the balanced development of the cities in the PRD region. Denote the redundant connections
in the network by W and the most probable maximum redundant connections by max W. The network
efficiency can be described as

E = 1 −
W

max W
. (2.4)

The network connectivity (C) primarily measures the robustness of the spatial relevancy network.
The higher the network connectivity is the more paths exist between cities in the network, implying
that the spatial network of digital finance is more robust and less dependent on specific cities, and it
is less likely to cause the collapse of the spatial network. If the network shows strong dependencies
on PRD urban agglomeration, it means that many of the network’s connections are linked to their
respective cities, and once a problem arises, it could cause network paralysis. The higher the network
connectivity is the stronger its stability. Assuming the total cities in the network is M, and the quantity
of cities without any links is S , the network connectivity C can be calculated as

C = 1 −
S

M × M−1
2

. (2.5)

The network hierarchy (H) represents the asymmetric reachability of cities within a spatial network.
A higher H implies that fewer cities occupy a dominant position, with the majority being peripheral
cities, which are more susceptible to being controlled and governed. This results in a wider gap in city
status, forming a hierarchical structure. As denoted in Eq (2.6), the quantity of symmetric reachability
(the connection between two nodes) is V , and the maximum possibly symmetric reachability is max V .
The ratio of V to max V represents the proportion of symmetric reachability:

H = 1 −
V

max V
. (2.6)

2.2.2. Indexes for individual analysis

For individual characteristics, the following three indicators are usually adopted: degree centrality
(De), betweenness centrality (Be) and closeness centrality (Ce). Among them, degree centrality is
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determined by the quantity of direct links between a node city and other node cities, reflecting the
centrality of the city in the spatial network. The larger the degree centrality is, the closer the spatial
connection between the core city and surrounding cities. In a directed network, degree centrality
also has a direction, where the sum of links pointing towards a city node is represented as the in-
degree, while the sum of links originating from the city node to other city nodes is represented as the
out-degree. The calculation of relative degree centrality is shown by Eq (2.7), where N′ represents
the quantity of direct links between a city and other cities (the sum of in-degree and out-degree), N
represents the network scale, and 2(N −1) is the maximum direct links a node can possess in a directed
network. The ratio of N′ to 2(N − 1) is used to calculate the degree centrality:

De =
N′

2(N − 1)
. (2.7)

Betweenness centrality reflects the degree of “Betweenness” of a city in the spatial relevancy net-
work, i.e., its ability to connect with other cities as a node in the network. If a node city is on the
shortest path connecting multiple node cities, then that city acts as the “Middleman” connecting other
cities, serving as a “Bridge” or “Hub” between them. The betweenness centrality indicates the extent
to which the city controls other cities in terms of digital finance. It is expressed by Eq (2.8), where i is
some node, y jk sums the shortest paths connecting cities j and k, and y jk(i) represents the shortest path
connecting cities j and k that passes through city i:

Be =
∑

j

∑
k

y jk(i)
y jk
. (2.8)

Additionally, another important indicator to measure the centrality of a city in the city network is
the closeness centrality. This indicator measures the shortest path distance between cities in the spatial
relevancy network, with a larger value indicating that a city is more likely to be located in a central
position in the network due to the shorter path distance to other cities. Denote by di j the shortest path
distance between city i and city j, and then the formula for closeness centrality is calculated as

Ce =

∑N
j=1 di j

N − 1
. (2.9)

2.2.3. Block model analysis

After working on the overall and individual characteristics of the network, the block model is
adopted to cluster cities with similar functions in the spatial network. Through the block model analy-
sis, the important roles played by PRD cities in the spatial relevancy network of digital finance can be
characterized, thus revealing its structural characteristics. Generally, the CONCOR tool in UCINET
6.0 software is used to classify the cities in the spatial relevancy network into four blocks, and the
specific classification criteria are shown in Table 2.

In Table 2, Nk denotes the quantity of cities in a block after classification, and Nk × (Nk−1) denotes
the maximum possible connections within this block. N denotes the overall quantity of cities in the
entire network, and thus the maximum possible connections between the cities in this block is Nk−1.
Therefore, the calculation method of the internal connection ratio within this block is shown as

Nk × (Nk − 1)
Nk × (N − 1)

=
Nk − 1
N − 1

. (2.10)
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Table 2. Block model plate classification standard.

Block role Ratio of inter-block relations
Ratio of relations received
from other blocks

Bidirectional spillover ≥ (Nk − 1)/(N − 1) ≈ 0
Net beneficial ≥ (Nk − 1)/(N − 1) > 0
Net spillover < (Nk − 1)/(N − 1) ≈ 0
Broker < (Nk − 1)/(N − 1) > 0

Subsequently, according to (2.10), the spatial network is divided into the following four blocks:
1) The bidirectional spillover block is characterized by a large quantity of connections with its

internal members, while also sending out significant connections to cities outside the block. However,
it receives only limited connections from external members, displaying a bidirectional spillover effect.

2) The net beneficiary block exhibits both internal connections with cities within the block and
received connections from external block cities, but it rarely sends out connections to external blocks.

3) The net outflow block is characterized by having more connections with external blocks than
within the block but not receiving many connections from external blocks.

4) The broker block receives and sends out connections simultaneously. It connects more with
other external blocks, while it connects less within the block, serving as a “Broker” with a bridging
and linking role.

2.3. Data and descriptions

Most of the existing literature utilizes the digital inclusive finance index data, compiled by the
Peking University Digital Finance Research Center, in collaboration with the Shanghai New Financial
Research Institute and Ant Financial Research Institute. This index well measures the development
of digital finance in China and has widely received great compliment, but one significant feature is its
inclination toward inclusion. In this paper, we focus on the digital finance of PRD urban agglomera-
tion, where we are more inclined to investigate digitization development. Accordingly, rather than the
digital inclusive finance index from Peking University, we adopt the urban digital finance index issued
by GIIF to evaluate the development of digital finance in the PRD urban agglomeration. The three
first-level indicators of the urban digital finance index are digital financial services, digital financial
technology and digital financial operating environment. Among them, digital financial service is the
fundamental of urban digital finance, and it mainly reflects the extent to which cities can provide dig-
ital financial services in a comprehensive manner. Digital financial technology is the driving force for
developing urban digital finance, and it mainly reflects the ability of the cities to continuously promote
the development of digital finance in a comprehensive manner. Digital financial environment is the
guarantee for the operation of urban digital finance, which mainly reflects the ability of the cities to ef-
fectively support the operation of digital finance. Liao et al. [45] used a combination of subjective and
objective methods, first using a dynamic assessment method based on gray objectives to evaluate the
level of each indicator, and then using hierarchical analysis, to measure the weight of each dimension
to generate the city digital finance index. An elaborate explanation for the urban digital finance index
can be referred to in [45].

The data for the permanent population (P) of each city in the gravity model and the year-end de-
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posits and loans balance (M) were sourced from the Guangdong Statistical Yearbook. Since the annual
data for the permanent population of each city have only been available since 2014, the data with time
span of 2014–2020 were selected for subsequent empirical research. Regarding the measurement of
distance in the model, we argue that directly using the spherical distance between cities is not appro-
priate because it cannot reflect the relevancy between two cities. Nowadays, communication between
two cities does not necessarily depend solely on the proximity of their geographical location but also
on their accessibility and convenience, so this study introduces the optimal highway distance and the
time cost of passage to represent accessibility. The optimal road distance between cities is measured
based on the shortest distance to each municipal government location in Baidu Maps. The data for
driving time and traveling time by taking high-speed rail or train were obtained manually from Baidu
Map and the Railway 12306 website, and the shortest travel time was taken as the data to measure time
cost by comparing the length of driving and taking high-speed rail or train.

Table 3. Urban digital finance indexes in the PRD urban agglomeration.

City | Year 2014 2015 2016 2017 2018 2019 2020

Guangzhou 117.93 119.62 120.42 124.75 131.49 136.35 142.42
Shenzhen 128.75 128.67 135.47 141.25 155.15 161.43 167.07
Foshan 109.51 108.62 108.99 109.32 110.09 110.72 111.66
Dongguan 109.58 111.01 111.02 112.77 113.89 114.24 119.03
Huizhou 104.88 105.23 105.20 106.16 106.17 106.12 106.55
Zhongshan 106.38 106.97 106.63 107.86 107.81 107.06 107.96
Zhuhai 105.67 106.14 106.38 107.09 108.15 108.14 109.04
Jiangmen 104.62 104.87 105.31 105.01 105.30 104.82 105.00
Zhaoqing 103.98 103.79 103.72 104.52 104.60 104.02 104.42
Shanwei 103.20 102.98 103.06 104.69 103.47 104.10 104.01
Yangjiang 103.29 103.12 103.17 103.25 103.37 103.48 103.56
Qingyuan 103.24 103.61 103.54 103.63 103.81 103.70 103.51
Yunfu 103.51 103.55 104.13 103.52 103.47 103.61 103.87
Heyuan 103.13 103.33 103.32 103.35 103.70 103.85 103.42
Average 107.69 107.96 108.60 109.80 111.46 112.26 113.68

Table 3 gives the urban digital finance index values of the 14 cities in PRD, while Figure 1 shows
their evolution tendencies. It can be seen that the development level of digital finance in cities such
as Guangzhou, Shenzhen, and Dongguan displayed a significant increase during the period of 2014–
2020. Although the digital finance indices of other cities in the PRD urban agglomeration did not show
noticeable growth, there was no significant decline observed overall, indicating that the development of
digital finance in the PRD urban agglomeration is both led by core cities with a competitive advantage
and also maintains stability as a whole.
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Figure 1. Tendencies of urban digital finance indexes in PRD urban agglomeration.

2.4. Structural characteristics of the digital finance spatial network

2.4.1. Overall characteristics of the digital finance spatial network

Using the modified gravity model equation (2.2) in Section 2.1.1, we calculated the relevancy in-
dexes of digital finance in the PRD urban agglomeration and constructed a directed relevancy matrix
R. Relevancy of some cities in the PRD urban agglomeration is shown in Table 4. It can be seen that
the relevancy between Guangzhou, Shenzhen, Foshan and Dongguan is strong, while it is relatively
weak between Jiangmen, Zhaoqing, Shanwei and other cities that do not belong to the core economy;
the relevancy of digital finance in the PRD urban agglomeration shows an overall weakness, imbalance
and significant differentiation between two levels.

Subsequently, the relevancy matrix R undergoes binary processing. Firstly, the average of each row
in the relevancy matrix is taken as the threshold, and if the grid number is equal to or higher than the
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Table 4. Relevancy of some cities in the PRD urban agglomeration.

Guangzhou Shenzhen Foshan Dongguan Huizhou Zhongshan Zhuhai

Guangzhou 15,915.68 80,118.57 19,291.24 2031.023 6533.803 1641.544
Shenzhen 18,670.16 4019.423 36,121.53 9447.926 1424.392 620.2941
Foshan 66,509.28 2494.49 2339.839 252.8797 1165.427 356.485
Dongguan 16,123.12 24,221.64 2625.584 3056.138 771.7256 297.7844
Huizhou 1467.023 5523.156 272.4313 2984.246 128.8021 71.64999
Zhongshan 6603.963 1013.675 1126.833 679.6721 131.6305 3852.991
Zhuhai 1283.526 451.5524 352.4141 272.7857 69.73735 3891.408

threshold, it is recorded as 1, indicating that there is a digital finance relevancy between two cities; if
the grid number is lower than the threshold, it is recorded as 0, indicating that there is no digital finance
relevancy between two cities. That is,

I =


1,Ri j ≥ average(Ri j),

0,Ri j < average(Ri j).
(2.11)

According to Eq (2.11), the directed relevancy matrix R is transformed into a binary matrix I, for
instance.

Table 5. Binary matrix of some cities in the PRD urban agglomeration.

Guangzhou Shenzhen Foshan Dongguan Huizhou Zhongshan Zhuhai

Guangzhou 1 1 1 0 0 0
Shenzhen 1 1 1 1 0 0
Foshan 1 0 0 0 0 0
Dongguan 1 1 0 0 0 0
Huizhou 1 1 0 1 0 0
Zhongshan 1 0 0 0 0 1
Zhuhai 1 1 0 0 0 1

Subsequently, by utilizing the NetDraw function in UCINET 6.0 software, the binary 01 matrix of
the digital finance in the PRD urban agglomeration was transformed into a spatial network structure
graph as shown in Figure 2. It is found that during the development of digital finance, various cities
have directly or indirectly established relevancies, and no city is in isolation. Among them, Guangzhou
and Shenzhen serve as economic centers, while Dongguan, Foshan, Huizhou, and other cities act as
bridges, forming a “Center-Bridge” network structure that effectively promotes their common devel-
opment with surrounding cities, displaying distinct gradation characteristics. In general, the spatial
network of digital finance in this urban agglomeration has obvious directionality, with most of the
cities’ digital finance connections directed to the core city or neighboring cities around it.

Table 6 presents the overall network characteristics of digital finance in the PRD urban agglomera-
tion during the period of 2014–2020, calculated and compiled with the UCINET 6.0 software.

The maximum directed connections of the urban agglomeration is 182 (14 × 13). As shown in
Table 6, the network density from 2014 to 2020 is generally low and shows a slight fluctuation trend,
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Figure 2. The spacial relevancy of digital finance in the PRD urban agglomeration.

Table 6. Overall network characteristics of digital finance in the PRD urban agglomeration.

Year Density Efficiency Connectedness Hierarchy

2020 0.247 0.6795 1.000 0.8065
2019 0.253 0.6667 1.000 0.8065
2018 0.247 0.6795 1.000 0.8065
2017 0.247 0.6795 1.000 0.8065
2016 0.247 0.6795 1.000 0.8065
2015 0.247 0.6795 1.000 0.8065
2014 0.247 0.6795 1.000 0.8065

indicating a low spatial relevancy of digital finance in the PRD urban agglomeration, and there is
still a lot of efforts to promote the relevancy of digital finance in various cities. Indeed, cities are
in the initial stage of digital finance, resulting in their weak connections with each other and leading
to increasing differences in the development of digital finance among various cities. Although the
network efficiency slightly decreased in 2019, there was no significant fluctuation, indicating that the
connections in the network have decreased in 2019, but there was no significant change overall. The
network connectedness is 1, indicating that there are no isolated cities in the digital finance spatial
network, and the relevancy is strong. The network hierarchy remains at 0.8065, indicating that the
network structure of digital finance in the PRD urban agglomeration is relatively stable, but polarization
still exists, which needs to be improved gradually.

In conclusion, the overall spatial relevancy network of digital finance in the PRD urban agglomera-
tion presents the characteristics of low density, close connection and strong stability.
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2.4.2. Individual characteristics of the digital finance spatial network

In this sub-section, the individual characteristics of the spatial network in the PRD urban agglomer-
ation will be analyzed through degree centrality, closeness centrality, and betweenness centrality. This
exploration aims to identify the roles and functions of each city in the digital finance spatial relevancy
network. Due to the timeliness and availability of data, this sub-section only discusses the individual
network characteristics of the PRD urban digital finance in 2020. The calculation results are presented
in Table 7.

Table 7. Individual network characteristics of digital finance in the PRD urban agglomera-
tion.

City
Degree centrality Closeness centrality Betweenness centrality

Out degree In degree Centrality Ranking Centrality Ranking Centrality Ranking

Guangzhou 3 13 61.54 1 100 1 29.833 1

Shenzhen 3 11 53.85 2 86.7 2 17.083 2

Foshan 1 6 26.92 3 65 3 2.667 3

Dongguan 2 5 26.92 3 61.9 4 0.25 7

Huizhou 3 3 23.08 5 61.9 4 0.25 7

Zhongshan 2 3 19.23 6 59.1 8 0.667 6

Zhuhai 3 1 15.38 11 56.5 13 0.25 7

Jiangmen 4 1 19.23 6 61.9 4 0.75 4

Zhaoqing 4 1 19.23 6 59.1 8 0.167 10

Shanwei 4 0 15.38 11 59.1 8 0 13

Yangjiang 5 0 19.23 6 61.9 4 0.75 4

Qingyuan 3 0 11.54 14 56.5 13 0.167 10

Yunfu 4 1 19.23 6 59.1 8 0.167 10

Heyuan 4 0 15.38 11 59.1 8 0 13

Mean 3.21 3.21 24.73 64.84 3.786

With regard to the degree centrality, according to the results in Table 7, the maximum degree cen-
trality among the 14 cities in the PRD urban agglomeration is 61.54, where the minimum is 11.54, and
the average is 24.73. There are 4 cities that exceed the average degree centrality. From high to low, they
are Guangzhou, Shenzhen, Foshan, and Dongguan, indicating that these cities are more concentrated
and play the roles of leaders in the digital finance network.

In particular, Guangzhou and Shenzhen have degree centralities of 61.54 and 53.85, respectively,
indicating that the spatial relevancy network of digital finance in the PRD urban agglomeration is
highly dependent on these two central cities. Guangzhou is spatially connected with 13 out of 14 cities,
indicating its core role in the development of digital finance in the PRD urban agglomeration. Zhuhai,
on the other hand, should be among the cities with larger economic volume and better development
in the PRD urban agglomeration, but its ranking of degree centrality is low, indicating that Zhuhai is
not strongly connected to other cities in the spatial network and only strongly connected to individual
cities. The reason for this may be that although it is adjacent to Hong Kong and Macau, it does not take
full advantage of its location, and the transportation of Zhuhai is also lagging behind in development.
At the same time, the average out-degree is found to be 3.21, with 6 cities exceeding the average,
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indicating that nearly half of the cities are receivers of the spatial spillover in the overall network, and
they often spill over to neighboring cities or core cities with digital financial connections. The average
in-degree is 3.21. Guangzhou, Shenzhen, Foshan and Dongguan are higher than the average in-degree,
and the in-degrees of these cities are higher than their out-degrees. Since these cities are receivers
in the spacial network, the direction of the spacial relevancy is towards these cities, thus forming the
spillover effects. On the other hand, cities with lower in-degree generally have out-degree greater than
in-degree, and they are the spillover of digital finance in the PRD urban agglomeration.

With regard to the closeness centrality, the maximum of the 14 cities in the PRD urban agglom-
eration is 100, the minimum is 56.5, and the average is 64.84. Guangzhou has the highest closeness
centrality among the 14 cities, indicating that it is the most central city in the network of digital fi-
nance and enjoys a natural advantage in obtaining financial resources. The closeness centrality values
of Guangzhou, Shenzhen and Foshan are above the regional average, which suggests that these three
major cities can quickly establish connections with other cities in the network of digital finance. These
cities play a core role mainly due to their central location in the region and the quick flow of financial
resources. In contrast, cities such as Qingyuan and Zhuhai, which have lower closeness centrality, are
influenced by factors such as the economy, geography and regional cooperation. They are considered
as “Peripheral players” in the overall network.

With regard to the betweenness centrality, the maximum is 29.833, while the minimum is 0. The
average is 3.786. Guangzhou significantly exceeds the regional average, indicating that Guangzhou
plays a dominant role in the development of digital finance in the PRD urban agglomeration. It serves
as the “Bridge” and “Hub” in the spacial network of digital finance. Furthermore, Guangzhou, Shen-
zhen, Foshan all surpass the average, implying that they are capable of dominating other cities in the
development of digital finance. This control capability will further increase as these cities continue
to develop economically, in terms of transportation, technology, financial resources, and information
exchange. On the other hand, cities such as Shanwei and Heyuan have centrality of 0, indicating that
they will be more easily dominated by other cities in the spatial network of digital finance. Overall, the
betweenness centrality shows a severe polarization. Each city presents a clear manifestation in terms
of dominating and being dominated.

Through the above results, we find that cities in the spatial network of digital finance exhibit their
individual characteristics of unevenness and imbalance in development, where Guangzhou occupies
the top ranking in terms of all three centrality indicators, indicating that the city is not only the core
role in the overall network but also addresses a “Broker” function. While cities such as Zhuhai have
relatively large economic volume, they are less likely to integrate into the core range of the entire net-
work. At present, the spatial relevancy of digital finance is mainly realized through major economically
developed cities such as Guangzhou and Shenzhen. Therefore, through the above analysis, to continue
developing digital finance in the PRD urban agglomeration and even the Guangdong-Hong Kong-
Macao Greater Bay Area (the Greater Bay Area (GBA)), it should not only maintain the leadership
and radiation roles of cities like Guangzhou and Shenzhen, but also give full play to the geographical
advantages of cities like Zhuhai, developing their transportation, and enhancing their connections with
neighboring cities.
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2.4.3. Spatial clustering analysis of the digital finance spatial network

In this sub-section, we further take the clustering analysis for the 14 cities. The block model can
group together cities with similar functions, where the PRD urban agglomeration is divided into 4
blocks according to the principle of maximum cutoff 2 and concentration standard 0.2. The results
obtained through the CONCOR tool of UCINET 6.0 software are shown in Figure 3.

Figure 3. Clustering result of digital finance in the PRD urban agglomeration.

In the following we analyze the status and functions of the four blocks in the network. As revealed
by the previous analysis, there are a total of 45 connections in the spatial relevancy network of digital
finance in the PRD urban agglomeration. The calculation results reflecting the block characteristics are
presented in Table 8, where the internal connections of blocks are 13, while the external connections
between blocks are 32. Indeed, there are strong connections and spillover effects between blocks. The
external connections between blocks are closer than the internal ones of each block. Subsequently,
some parameters are calculated with Table 8, and then we identify the roles of each block in accordance
with the classification criteria specified in Table 2. The results are presented in Table 9.

In Table 9, the expected internal connection ratio of Block 1 is 23%, while the actual situation is
91%, and the actual reception connection ratio is 74% (greater than 0), indicating that Block 1 is a
Net Beneficiary Block. The block has connections not only with cities within its own block but also
receives connections from cities in external blocks. Although Block 1 receives more connections than it
spills over, its external spillover effect cannot be ignored. Indeed, it is not an extreme Net Beneficiary
Block. The expected ratio of the internal connections in Block 2 is 8%, while the actual ratio is 0,
with an actual reception connection ratio of 75% (greater than 0), indicating that the block not only
receives connections from other blocks, but also spills over through digital financial activities. As it
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Table 8. Block characteristics of digital finance spatial network in PRD urban agglomeration.

Spillover Relationship Receiving relationship Total spillover Number of internal Number of external
Board board connections connections connections

1 2 3 4 Received Sent

1 10 1 0 0 11 10 22 1

2 2 0 1 0 3 0 9 3

3 12 8 3 0 23 3 1 20

4 8 0 0 0 8 0 0 8

Total reception 32 9 4 0

Table 9. Roles of blocks in the digital finance spatial network.

Block
Reception connection ratio Internal connection ratio

Block role
Actual Actual VS 0 Actual Expected Actual VS Expected

1 0.74 > 0.91 0.23 > Net Beneficiary Block

2 0.75 > 0 0.08 < Broker Block

3 0.15 > 0.13 0.38 < Broker Block

4 0 = 0 0.08 < Net Outflow Block

Note: The reception connection ratio=Total reception connections/(Total spillover connections+Total reception connections); Ex-
pected internal connection ratio=(Cities within the block−1)/(Cities in the network−1); Actual internal connection ratio=Internal
connections within the block/Spillover connections of the block.

receives more connections than spilling over, it is indeed a Broker Block that benefits more. Similarly,
the expected ratio of internal connections in Block 3 is 38%, while the actual ratio is 13%, and the
actual reception connections ratio is 15% (greater than 0), also belonging to the Broker Block. Block
3 has more outgoing connections than reception connections, and its outflow effects are stronger than
its inflow effects, making it a broker block with more outflow effects. The expected ratio of internal
connections within Block 4 is 8%, while the actual ratio is 0, resulting in an actual inflow ratio of 0
(equal to 0). Thus, Block 4 belongs to the category of Net Outflow Block. The internal connections in
Block 4 are less than its external connections with other blocks. In addition, it receives no connections
from other blocks.

Accordingly, it can be inferred that the spatial network of digital finance in the PRD urban agglom-
eration does not have a bidirectional spillover block. The reason for this is that the distribution of
financial resources in the region varies greatly, with some cities benefiting from their geographical and
political advantages, but rarely spilling over digital finance to the outside. Most of the other cities have
a preference for spillover digital finance to cities in the external block but rarely have digital finance
connections within their own blocks. Thus, there is a lack of a bidirectional spillover block that both
connects with internal cities and spills over to external blocks.

Finally, to explore the spillover effect between the blocks in digital finance, we calculate the density
matrices of four blocks, with large density having spillover effects on other blocks. As shown in
Table 6, the overall density of the digital finance spatial network is 0.247. Among these four blocks,
if the density of a block is greater than 0.247, it is recorded as 1, indicating a correlation between
the two blocks; otherwise, it is recorded as 0, meaning that there is no correlation between the two
blocks. Thus, the density matrix is transformed into an image matrix, showing more clearly significant
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spillover effects, either between blocks or within blocks. The results are shown in Table 10.

Table 10. Block density matrix and the image matrix.

Block
Density matrix Image matrix

1 2 3 4 1 2 3 4

1 0.833 0.125 0 0 1 0 0 0
2 0.25 0 0.083 0 1 0 0 0
3 0.5 0.667 0.1 0 1 1 0 0
4 1 0 0 0 1 0 0 0

It can be observed that Block 1 benefits from spillover effects within the block, without showing
significant spillover effects towards other blocks. Both Block 2 and Block 4 spill over towards Block 1,
while Block 3 spills over towards both Block 2 and Block 4. Overall, there are few connections between
blocks. Thus, it should strengthen the cooperation between segments of the PRD urban agglomeration.
Cities such as Guangzhou and Shenzhen need to receive more digital financial spillover linkages from
others while spilling out more digital financial linkages. The segment cities with few linkages need
to take advantage of geographical, economic and policy advantages to develop digital finance, thus
promoting the coordinated development of digital finance in the PRD region.

3. Empirical test for influencing factors of digital finance in the PRD

According to the spatial relevancy of digital finance in the PRD urban agglomeration analyzed
in Section 2, there are differences in the development of digital finance among cities. To explore the
causes of these differences, it is necessary to further analyze the influencing factors. Influencing factors
of digital financial inclusion can be referred to in Allen et al. [46], Appleyard [47], Chakravarty and
Pal [48], Kabakova and Plaksenkov [49].

3.1. Indicators of influencing factors

According to the theories of financial development and urban economics, the level of regional fi-
nancial development is closely associated with factors such as economic development, openness to the
outside world, industrial structure, and geographical location.

Digital finance and its spatial relevancy are an important aspect of regional financial development,
which has significant implications for modern strategy of the financial industry. Therefore, in this
study, we selected seven factors, including economic level, investment behavior, degree of opening-up,
urbanization level, industrial structure, Internet level, and geographical location, to conduct an in-depth
examination of the impact on the spatial relevancy of digital finance in the PRD urban agglomeration.
The explanations, calculation methods, and data sources of indicators are shown in Table 11.

First, it is from a direct theoretical inference that there is co-development between the economy
and the digital finance. Hence, this paper includes the economic level as a variable and measures it by
GDP.

Second, digital finance can effectively alleviate the crowding-out effect of financial investment be-
haviors on corporate innovations. For small and medium-sized enterprises, non-state-owned enter-
prises and enterprises with high dependence on financing, the moderating mechanism of digital finance
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Table 11. Variables and indicators.

Variable Indicator Variable description

Dependent Network Spatial relevancy network of digital Spatial relevancy matrix of digital
variable relations financial development (R) financial development

Economic level Difference in GDP (GDP) GDP difference matrix
Investment Difference in the proportion of Investment in fixed assets to GDP
behavior investment in fixed assets to GDP (IA) ratio difference matrix
Degree of Difference in the proportion of Import-export volume to GDP
opening-up imports and exports to GDP (IE) ratio difference matrix

Independent Urbanization Difference in the urban Urban population to total population
variable level population ratio (UR) ratio difference matrix

Industrial Difference in the tertiary industry Output value of tertiary industry to
structure output value per to GDP (TI) GDP ratio difference matrix
Network Difference in the number of Number of Internet users
level Internet users (NIU) difference matrix
Geographical

Spatial adjacency relation (BOR) Spatial adjacency matrix
location

remains significant. The inclusive effects of digital finance allow weak groups to benefit more. Hence,
the investment behavior on digital finance should be considered, which is measured by “Proportion of
investment in fixed assets (IA)” as an indicator.

Third, the differences in opening-up degree between cities cause direct impacts on their digital
finance. In this paper, we use the “The ratio of exports and imports to GDP” to measure the opening-
up degree of a city.

Fourth, [39] argued that there is a positive relationship between the development of digital finance
and urbanization level. The economic level and urbanization process can simultaneously promote the
development of digital finance in the cities. Hence, in this paper, we incorporate this indicator and
measure it by “Urban population ratio.”

Fifth, a well-structured industry is one of the important factors driving the healthy development
of an economy. Indeed, it also affects the distribution and allocation of resources in digital finance.
The tertiary industry is mainly service-oriented, including industries such as finance and informa-
tion transmission. Regions with similar industrial structures may have easier communications due to
technological spillovers. Hence, we consider industrial structure as an influencing factor, taking the
proportion of tertiary industry value added to GDP as the measurement.

Sixth, the Internet plays a crucial role in the development of digital finance. Digital financial inclu-
sion is a new financial model that uses digital technology to provide low-cost and sustainable financial
services to economically backward cities. Cities with high Internet levels are conducive to the devel-
opment of digital information technology, thereby creating favorable conditions for digital finance. In
this paper, we use the number of Internet users in each city to characterize their Internet levels.

Seventh, influencing factors may show heterogeneous effects on different cities, which may also
radiate to their surrounding regions. Thus, we set a dummy variable, which equals to 1 imply the
adjacency between two cities and otherwise, equals to 0. That is, we establish an adjacency matrix to
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illustrate the geographical characteristics of each city.

3.2. Empirical results based on the QAP analysis

3.2.1. Model construction

In social network analysis, the QAP method (quadratic assignment procedure) is used to study the
correlation and regression of two square matrices. It compares the similarity of each entry of the
two square matrixes and gives the correlation coefficients between the two matrices, while performing
nonparametric tests on the coefficients. Its calculation is based on random replacement of the matrix
data. In our paper, the objective is constructing a digital financial spatial network of urban agglomer-
ation, which is a multidimensional matrix. Accordingly, it is appropriate to adopt the QAP analysis.
The difference between QAP and other standard statistical procedures is that the individual values of
the matrix are not independent of each other. Hence, many standard statistical procedures cannot be
used for parameter estimation and statistical tests; otherwise, incorrect standard deviations will be cal-
culated. In addition, as QAP analysis is a nonparametric estimation method, it allows independent
variables correlated with each other. In other words, the results of regression analysis through QAP are
not affected despite the correlation between different independent variables, and thus the problem of
multicollinearity can be effectively avoided. Firstly, we obtain a correlation coefficient by comparing
the size and similarity of each entry in the two matrices. Then, the matrices are randomly replaced sev-
eral times. After each replacement, the correlation coefficients between the matrices are re-calculated
and compared. The QAP analysis first requires estimating the multivariate regression coefficients and
determination coefficients between the dependent variable and independent variable. Then, before re-
gression, randomly replace the rows and columns of the dependent variable matrix multiple times.
This process is repeated to obtain standardized regression coefficients to evaluate significance. The
standardized regression coefficient represents the impact intensities of different matrices on the depen-
dent variable matrix, while their signs represent the impact directions.

In this paper, given that the dependent variable is the spatial relevancy matrix of digital finance, the
independent variables should be transformed into a relation matrix. The geographical matrix is already
a relation matrix, and no further transformation is necessary. The remaining variables are transformed
into absolute difference matrices. Finally, to eliminate the impact of different scales across matrices,
all variable matrices are standardized and then used to explore the impact of these factors on the spatial
network of digital finance. The model is as follows:

R = F(GDP, IA, IE,UR, ,T I,NIU, BOR). (3.1)

Table 12 presents the correlation analysis of the seven factors that influence the special relevancy of
digital finance in the PRD urban agglomeration. It can be seen that a significant correlation exists be-
tween most of the factors, with some of them having a correlation coefficient of 0.637, indicating a high
likelihood of multi-collinearity among the variables. In this case, using traditional regression analysis
methods may result in a discrepancy between the theoretical meaning of the parameters and the actual
situations, leading to biased results. However, as the QAP analysis method is a non-parametric estima-
tion approach, it allows for the interdependence of variables without the requirement for independence.
This means that, although there is a correlation between the variables, the regression analysis results
with QAP are impervious, effectively avoiding the issue of multi-collinearity.
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Table 12. Correlations between influencing factors.

Variable GDP IA IE UR T I NIU BOR

GDP
1.000***
(0.000)

IA
0.179* 1.000***
(0.068) (0.000)

IE
0.463*** 0.375*** 1.000***
(0.003) (0.006) (0.000)

UR
0.485*** 0.351** 0.637*** 1.000***
(0.000) (0.010) (0.000) (0.000)

T I
0.290** -0.004 0.080 0.087 1.000***
(0.027) (0.536) (0.218) (0.171) (0.000)

NIU
0.448*** 0.393*** 0.457*** 0.522*** 0.391** 1.000***
(0.003) (0.005) (0.008) (0.001) (0.024) (0.000)

BOR
−0.152** −0.177* −0.292*** −0.101 0.057 −0.132* 1.000***
(0.048) (0.060) (0.007) (0.173) (0.284) (0.089) (0.000)

Note: *, ** and *** represent significance at 10%, 5% and 1% levels respectively.

3.2.2. Correlation analysis with QAP

Using the QAP method, with 5000 times of random permutations, the correlation analysis between
the influencing factors and the spatial network of digital finance in the PRD urban agglomeration is
presented in Table 13.

Table 13. Correlation analysis between digital finance network and influencing factors.

Variable
Correlation

P-value
Mean correlation

Std. Dev. Min Max Prop ≥ 0 Prob ≤ 0
coefficient coefficient

GDP 0.173*** 0.005 0.0002 0.0676 −0.2512 0.2614 0.0050 0.9952
IA 0.037 0.323 −0.0004 0.0766 −0.3560 0.2667 0.3233 0.6769
IE −0.115* 0.066 −0.0001 0.0738 −0.3070 0.2163 0.9338 0.0664
UR 0.073 0.180 −0.0001 0.0793 −0.3535 0.2141 0.1796 0.8206
T I 0.060 0.194 0.0006 0.0693 −0.2939 0.2549 0.1936 0.8066
NIU 0.132** 0.015 −0.0002 0.0667 −0.2691 0.2223 0.0154 0.9848
BOR 0.381*** 0.000 −0.0010 0.0851 −0.2328 0.3430 0.0002 1.0000

Note: *, ** and *** represent significance at 10%, 5% and 1% levels respectively.

Table 13 illustrates the driving effect of different influencing factors on the spatial relevancy of digi-
tal finance in the PRD urban agglomeration with the QAP correlation analysis. Through the correlation
coefficients generated in the permutation process, it is found that investment behavior, urbanization
level and industrial structure do not pass the significance test, while the other four factors all pass,
indicating that the factors of urban investment behavior, urbanization level, and industrial structure
do not significantly drive the spatial relevancy of digital finance in the PRD region. The economic
level, degree of opening-up, Internet level, and geographical location show significant impacts on the
formation for the spatial network of digital finance. The correlation coefficient between the difference
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matrix of the opening-up degree and the spatial network of digital finance is −0.115, indicating that
the smaller the difference in opening-up degree between two cities, the more easily digital finance can
be exchanged and form the relevancy.

3.2.3. Regression analysis with QAP

Through the correlation analysis with QAP, it is found that the absolute difference matrices of
investment behavior, urbanization level, and industrial structure are not significantly correlated with
the correlation matrix of digital finance. These three variables were excluded when taking regression.
The remaining four significantly correlative variables were regressed with the spatial correlation matrix
R. After 5000 random permutations, the regression results are shown in Table 14. If the correlation
coefficient is positive, it indicates that the larger the difference in the influencing factors, the greater
the promotion to the relevancy of urban digital finance. If the correlation coefficient is negative, it
indicates that the smaller the difference in the influencing factors, the stronger the spatial relevancy of
digital finance.

Table 14. Regression results with QAP.

Variable
Regression results

Un-Stdized Stdized Coef P-value As Large As Small Std. Err.

GDP 0.10210*** 0.24789 0.00500 0.00500 0.99520 0.03829
IE −0.07491*** −0.18958 0.00800 0.99220 0.00800 0.03559
NIU 0.07563** 0.15804 0.01380 0.01380 0.98640 0.03460
BOR 0.34851*** 0.38455 0.00020 0.00020 1.00000 0.07657

R2 0.232

Note: *, ** and *** represent significance at 10%, 5% and 1% levels respectively.

The results show that the economic level, degree of opening-up, Internet level, and geographical lo-
cation are all significant at the 5% level, with standardized coefficients of 0.24789, −0.18958, 0.15804,
0.38455, respectively, indicating that the four factors have significant impacts on the spatial network
of digital finance in the PRD urban agglomeration. The regression coefficients of the GDP difference
matrix, the Internet level difference matrix, and the geographical location difference matrix are all pos-
itive. First, the financial resources are more likely to be transferred from cities with higher GDP and
higher Internet level to cities with relatively lower economic level, thereby driving the development
and relevancy of digital finance. Second, the higher the Internet level is, the more effective the tech-
nology exchange and the more convenient the financial services. Third, the closer the two cities are
geographically, the more likely they are to have relevancy in digital finance. Thus, the three factors
show positive impacts on the formation of spatial network of the digital finance. On the other hand,
the regression coefficient between the difference matrix of opening-up degree and the spatial relevancy
matrix of urban digital finance is negative, indicating that the more similar the opening-up degree be-
tween two cities is, the stronger their relevancy in digital finance. This is because the more similar
the opening-up degree between two cities is, the more information they can share, and the smaller
difference in their financial development.

Electronic Research Archive Volume 31, Issue 8, 4378–4405.



4399

3.2.4. Robustness test

To further take the robustness test for the empirical results, we continue with the QAP regression
by adding variables to see if there is any significant difference between the two estimation results.

According to the definition of digital finance in the World Bank’s Digital Financial Services Report
released in April 2020, digital finance is a financial model in which traditional financial sectors and
fintech companies use digital technology to deliver financial services. Therefore, the nature of digital
finance cannot be separated from financial attributes, and it still follows the laws of the financial market
and is regulated by market policies. Haddad and Hornuf [50] and Schindler [51] analyzed the effects
of demand factors, such as market size, demographics, and cell phone penetration, and supply factors,
such as technological advances, traditional financial markets and regulatory policies, on the global
impact of digital finance development. Among these factors, the influence from traditional finance
cannot be ignored. Digital finance is an emerging form of financial supply outside the traditional
credit and capital markets, and its development is inextricably linked to traditional financial supply.
Accordingly, in this paper, we include the influence of the traditional finance on the spatial relevancy
of digital finance to test whether it will have an impact on the results in Section 3.2.3.

In this paper, we use the ratio of loan balance of financial institutions to GDP as a measure of
traditional finance level (FIN) and first use the QAP method to correlate the influencing factors and
spatial network of digital finance in the PRD urban agglomeration after 5000 random permutations, as
shown in Table 15.

Table 15. Correlation analysis between digital finance network and influencing factors.

Variable Correlation coefficient p-value Mean correlation coefficient Std. Dev. Min Max Prop ≥0 Prob ≤0

GDP 0.173*** 0.004 0.001 0.069 -0.279 0.230 0.004 0.996
IA 0.037 0.324 0.001 0.074 -0.316 0.259 0.324 0.676
IE -0.115* 0.069 0.001 0.074 -0.336 0.202 0.932 0.068
UR 0.073 0.174 0.000 0.079 -0.34 0.304 0.174 0.826
T I 0.060 0.181 -0.001 0.069 -0.299 0.273 0.181 0.819
NIU 0.132** 0.021 0.000 0.068 -0.249 0.261 0.021 0.979
BOR 0.381*** 0.000 -0.001 0.083 -0.271 0.343 0.000 1.000
FIN 0.132*** 0.008 0.001 0.057 -0.170 0.175 0.008 0.992

Note: *, ** and *** represent significance at 10%, 5% and 1% levels respectively.

From Table 15, it can be found that the influence of traditional finance level is significant; also, it
does not change the influence of other factors on the spatial relevancy of digital finance. The correlation
coefficients of other factors did not change significantly, not only in value but also in sign.

Next, we performed the QAP regressions of the significantly correlated variables with the spatial
relevancy matrix R with 5000 random permutations, and the correlation regression results are shown
in Table 16.

From Table 16, we can see that coefficients of other influencing factors changed slightly, after
adding the indicator of traditional financial level for QAP regression. In particular, both the significance
and the directions of their influence on the spatial relevancy of digital finance did not change. Thus,
the results are robust for the influencing factors of the spatial relevancy of digital finance in the PRD
urban agglomeration.
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Table 16. Regression results with QAP.

Variable
Regression results

Un-Stdized Stdized Coef. P-value As Large As Small Std. Err.

GDP 0.10526*** 0.25557 0.00460 0.00460 0.99560 0.04196
IE -0.07795*** -0.19727 0.00780 0.99240 0.00780 0.03756
NIU 0.10363** 0.21655 0.05019 0.05019 0.95001 0.06485
BOR 0.34911*** 0.38521 0.00020 0.00020 1.00000 0.07871
FIN -0.03652 -0.06806 0.27455 0.72565 0.27455 0.06610

R2 0.233

Note: *, ** and *** represent significance at 10%, 5% and 1% levels respectively.

4. Conclusions and policy recommendations

4.1. Conclusions

In this study, using the urban digital finance index developed by the Guangzhou Institute of Inter-
national Finance and data in the statistical yearbooks of Guangdong Province and various cities, we
measured the spatial relevancy of digital finance in the PRD urban agglomeration through the modified
gravity model. A spatial relevancy network was built, with the overall characteristics, individual char-
acteristics and spatial clustering characteristics analyzed in detail. Finally, the QAP method was used
to study the correlation between the spatial relevancy network of digital finance in the PRD urban ag-
glomeration and its influencing factors, as well as their regression relationship. The main conclusions
are summarized as follows.

First, the spatial network of digital finance in the PRD urban agglomeration is highly connected
but with a low network density, and the overall structure is relatively robust. Although all cities play
roles in the overall network, there is a polarization phenomenon. Second, top cities like Guangdong,
Shenzhen, Foshan are leading the development of digital finance in the PRD region, playing the roles
of “Broker” in the network and serving as the “Hub” and “Bridge” for other cities. Cities on the edges
of the PRD urban agglomeration, such as Shanwei, Qingyuan and Heyuan, are less involved in the
development of digital finance. Third, by taking block analysis, Block 1 with top cities in economic
development receives more spillover of digital finance from other blocks and is referred to as the Net
Beneficiary Block. Blocks 2 and 3 with obvious regional advantages play the roles of “Broker” in the
network, driving the factor mobility of digital finance in the PRD urban agglomeration. Block 4 with
cities in the edges of PRD spills more effects of digital finance and is referred to as the Net Overflow
Block. Finally, the QAP analysis reveals that economy, Internet levels and geographical location show
significantly positive effects driving the formation of the spatial network of digital finance in the PRD
urban agglomeration, while the degree of opening-up shows a negative effect.

4.2. Policy recommendations

The PRD urban agglomeration is an important part of the Greater Bay Area (GBA). However, the
overall digital finance of the PRD urban agglomeration fails to develop in a synergistic manner. Based
on the above findings, we propose the following recommendations.

First, the strategic position of digital finance should be raised. The plenary session of the Pearl Bay
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Finance Summit (2023), jointly organized by the China Finance Forty Forum and the China Finance
Forty Research Institute, released the “Opportunities, Challenges and Prospects for the Development
of Digital Finance in the Guangdong-Hong Kong-Macao Greater Bay Area,” which pointed out that
digital finance has a good prospect for development. On the one hand, digital finance can serve the
high-quality development of the real economy by the way of inclusive services. On the other hand, it
can promote the integration of data elements. Therefore, the PRD urban agglomeration and even the
Greater Bay Area (GBA) should raise the importance of digital finance to a higher level and strengthen
special policies. Second, the overall pattern of optimizing the development of digital finance in the PRD
urban agglomeration should be promoted from a holistic perspective to jointly promote the prosperity
of the GBA. The government should focus on the spatial relevancy mechanism of digital finance by
enhancing the relationship and spillover channels among cities in the entire GBA. For cities with a low
level of digital finance, it should lower the threshold of various financial services. The effects of digital
finance of Guangzhou should be extended in all directions, forming a radial pattern with it as the core
and Foshan, Huizhou, etc., as important nodes. Shenzhen should also strengthen its own capability of
digital finance and promote the mutual integration and interoperability between the Guangzhou radial
area and the Shenzhen network area. Finally, we should improve the development system of digital
finance. On the one hand, it should focus on the roles of openness to the outside, Internet level and
geographic location in the development of digital finance. On the other hand, it should accelerate the
construction of transportation and communication infrastructure in the GBA. The time cost of inter-city
communication can be reduced by building high-speed railways, major highways, maritime shipping
centers, etc.
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