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Inspired by the gravity model of spatial economics, this paper sets up an economic gravity
network for the cities in the same region, and optimizes the established network by the optimal
tree theory of operations research, rather than the traditional social network analysis. After
that, the research method was applied to build and optimize the economic gravity network of
the cities in the Yangtze River Delta, based on the key indices of these cities in 2018. On this
basis, policy recommendations were provided in terms of resource utilization, sustainable
design, and industrial distribution, shedding new lights on sound policy-making, rational

resource flow, and integral development of the region. The research findings lay a solid
theoretic basis for regional planning and national development.

1. INTRODUCTION

The integration of global economy has strengthened the
connections between cities, creating regional city networks.
Taking China for instance, three well-known regional city
networks have formed, namely, Beijing-Tianjin-Hebei (BTH)
region, Yangtze River Delta, and Peral River Delta. These
regional city networks become major growth poles of national
economy, and occupy important positions in the strategic
layout of the country.

Many Chinese scholars have explored deep into regional
city networks. For example, Peng [1] investigated the overall
features and spatial structure of the cities in and around the
Guangdong-Hong Kong-Macao Greater Bay Area. Lao et al.
[2] combined the gravity model and social network analysis to
measure the economic connections among cities in the city
clusters along the middle reaches of the Yangtze River. Zhao
[3] studied the spatial network and organizational features of
the cities in the Yangtze River Delta, based on innovation
gravity and the degree of connection to external innovators.
From the massive data on netizen behaviors, Wang and Zhao
[4] established a Baidu index-sharing platform to evaluate
network connections between cities in the era of mobile
Internet.

From the global perspective, Camagni [5] was the first to
extend city-level research to the level of regional city network.
Since then, many foreign scholars have explored regional city
networks from various angles. From the perspective of capital,
Garcia and Chavez [6] established a framework based on
knowledge interaction, and expounded on the innovation
system of the Monterrey regional city network in Mexico.
Abelem and Stanton [7] enumerated the network features of
major cities in the Amazon Basin of Brazil, and analyzed
different plans for building facility networks under a specific
model. In the context of the booming economy in China from
2010 to 2016, Derudder et al. calculated the connectivity of
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major Chinese cities in a global city network, evaluated the
state changes of these cities in the network, and found out the
internal and external causes of such changes [8, 9].

Regional city network has evolved into an important
frontier in the research on the relationship between cities. Most
of the existing studies on regional city networks are qualitative
or empirical analyses on the relationship between a central city
and other cities in a regional city network. The relevant
scholars either put forward suggestions through social network
analysis, or explored the spatiotemporal evolution of the
network structure induced by the changes in the function and
scale of cities.

This paper sets up a regional city economic gravity network
based on the gravity model of spatial economics, and optimize
the network by the optimal tree theory of operations research.
Following this theory, the maximum spanning tree was
converted into the classical minimum spanning tree (MST),
which is better aligned with the optimization task of the
regional city economic gravity network. Then, the research
method was tested based on the data on the cities in the
Yangtze River Delta. The research results provide a good
reference for policymakers to optimize regional city network
and make comprehensive regional plans.

2.  CONSTRUCTION OF REGIONAL
ECONOMIC GRAVITY NETWORK

CITY

2.1 Economic gravity model

The mass and distance factors in the basic gravity model
were modified to reflect the actual economic connections
among cities [10-14]. Let EM; and EM; be the economic
qualities of cities i and j, respectively, and ER be the economic
distance between the two cities. Then, the modified economic
gravity model between cities can be expressed as:


https://crossmark.crossref.org/dialog/?doi=10.18280/ijsdp.150619&domain=pdf
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where, k=1 is the gravitation constant; EM is a series of
economic data of the city. The above indices were organized
into a multidimensional evaluation system. In addition, the n
transportation modes between cities were considered, and
assigned different weights according to the actual situation.
Let aifj be the weight of the f-th transportation mode between
cities i and j, and Tlf and CL.’;. be the time cost and monetary
cost of the f~th transportation mode between cities i and j. Then,
the improved economic distance ER; between the two cities
can be expressed as:

n 2
frf~f
ER; = [}f T, C| J )

2.2 Network construction

Jefferson and Zipf were the first to apply the gravity model
to examine the interaction between cities in a regional city
network. Since then, many studies have shown that the
economic gravity model is suitable to reveal the spatial
relationship between two cities. Based on the economic
gravity model between cities, the graph theory in operations
research was adopted to construct a regional city network.

Let G =(V,E,F) be a weighted graph, where V =
{1,2,---,n} is the set of n vertices (the n cities in the region),
E ={ey, ey, en} is the set of edges (economic connections
between cities in the region), and F = (f;)nxy, is the weighted
matrix between vertexes ( fi; > 0,f; = +o,i,jEV ),
indicating the economic gravity fromed by logistics, human
flow, capital flow, and technology flow. If the vertices of edge
er are i and j, then e=(i,j), which indicates the economic
connection between cities i and j.

On the regional level, each resource element circulates
freely across between all cities in the region, creating a
regional city network.

3. NETWORK OPTIMIZATION BASED ON OPTIMAL
TREE THEORY

3.1 Network optimization model

Minimum spanning tree (MST) [15, 16] is a basic concept
of network optimization in operations research. It is designed
to find a spanning three with minimum total cost for a given
weighted graph. Hence, the MST has been frequently adopted
for network optimization to solve engineering problems [17-
20]. On the contrary, the maximum spanning tree aims to find
a spanning tree with maximum total cost, which enhances the
benefit and impact of the network [21, 22].

In the previous section, a regional city network was created
based on the economic gravity model, in which all resource
elements circulate freely across the region under economic
gravity Fj. From the perspective of circulation, the overall
effect of the network should be maximized through optimal
allocation of regional resources. Therefore, the economic
gravity network can be optimized by solving its maximum
spanning tree:
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where, x; is 1 if the edge (7)) falls in the optimized network;
x; is 0 if otherwise; Constraint (4) is the requirements of the
spanning tree; Constraint (5) prevents the generation of
subloops in the spanning tree by controlling the number of
vertices |S| of graph G in set S.

The objective function (3) ensures that the spanning tree
with the maximum economic gravity can be obtained to
maximize the overall effect of the network.

3.2 Optimal solution to the network

The MST problem can be solved effectively with many
mature and efficient algorithms within polynomial time, such
as the classic Prim algorithm and Kruskal algorithm [23, 24].
The maximum spanning tree of the network can be converted
into an MST problem by constructing the equivalent network
G = (V,E,F;) of the original network G = (V, E, F).

According to the Prim algorithm, the following steps were
designed to solve the maximum spanning tree of the regional
city economic gravity network, that is, to find the optimal path
that maximizes the long-term resource flow between cities in
the region:

Step 1. Import the regional city economic gravity network
graph G’ and the improved economic gravity matrix F [i, j].

Step 2. Initialize and output the total weight of the optimal
tree tweight < 0, the endpoint arrays of the corresponding
spanning tree tedgel,tedge2 =0, the number of edges
tcount « 0, the nearest neighbor array nearest « 0, and the
gravity array dist < 0.

Step 3. For i « 2 to n, nearest[i] « 1 and dist[i] <
F'Ti, j].

Step 4. The minimum value in min «dist, u « the
selected minimum gravitational point.

Step 5. For tcount « tcount + 1, tweight < tweight +
dist[u], update the endpoint arrays of the spanning tree as
tedgel[tcount] « nearest[u], tedge2[tcount] < u, and
then earest[u] « 0.

Step 6. For k « 2 to n, update the nearest neighbor array

nearest and the gravity array dist; If F [k, nearest[k]] >
F'Tk,u], then dist[k] « F [k, u] and nearest[k] < u.

Step 7. If tcount < n — 1, go back to Step 4; Otherwise,
skip to Step 8.

Step 8. Output the total weight of the optimal tree tweight
and the endpoint arrays of the corresponding edges fedgel,
tedge?.

It is easy to see that the computational complexity of this
algorithm is O(n?). Then, a program was compiled and ran
successfully on Windows 10, using the programming language
Embarcadero Delphi.



4. CASE ANALYSIS

4.1 Optimization of the regional city economic gravity
network of the Yangtze River Delta

The case analysis focuses on typical cities in the Yangtze
River Delta, including Shanghai, Nanjing, Zhenjiang, Nantong,
Suzhou, Wuxi, Yangzhou, Zhenjiang, Taizhou, Hangzhou,
Huzhou, and Jiaxing. The 2018 data on multiple indices were
obtained for each city, covering population, employment, and
economy.

Referring to the relevant literature, the economic quality of
each city was measured by a total of 16 indices, such as
employment, gross domestic product (GDP), fiscal revenue,
import, export, to name but a few. The relevant data were
extracted from statistical yearbooks released by these cities in
2019, following the principles of comparability,
representativeness, continuity, and availability.

Next, the Statistical Package for the Social Sciences (SPSS)
was adopted to extract the principal factors FAC1 and FAC2
whose eigenvalues are greater than 1. Taking variance
contribution rate as the weight, the economic quality of each
city in the Yangtze River Delta was evaluated. For
convenience, the economic qualities were adjusted to positive
values (Table 1) through translation and magnification.

Following a comprehensive evaluation of the various
transportation modes among cities in the Yangtze River Delta,
the time cost Tl’; and monetary cost Cig of travelling between

two cities were simulated by the intercity travel time using
various transport modes and the cost of various transport
modes, respectively, aiming to measure the economic distance
between every two cities realistically. The relevant data were
downloaded from the official website of the Chinese Ministry
of Transport to compute the time and monetary costs. The

weight aifj of each transport mode was set according to the

current transportation situation in the Yangtzer River Delta
and the ratio of highways to railways (6: 4). The economic
distance between every two cities in the Yangtze River Delta
was measured by formula (2) (Table 2).

After that, the economic gravity Fj between cities was
derived from the economic qualities and distances measured
above. The economic gravity matrix of cities in the Yangtze
River Delta was thereby constructed (Table 3).

Using the proposed optimization algorithm for regional city
economic gravity network, the maximum spanning tree Tpax,
which has the maximum total economic gravity of the regional
city network in the Yangtze River Delta, was obtained as
Figure 1. Ty is the optimization solution that maximizes the
total economic gravity of cities in the Yangtze River Delta. In
other words, T is the key gravitational path to maximize the
long-term circulation of resource elements, including human,
financial, material, and information resources, among cities in
the region.

Table 1. The economic qualities of the cities in the Yangtze

River Delta
Economic Adjusted
City FAC1 FAC2 quality, economic
EM quality, EM
Shanghai 1.860 1.903 1.759 23.594
Nanjing -1.147 1.894 0.054 6.540
Wuxi 0.241 -0.473 -0.039 5.608
Changzhou -0.274  -0.420 -0.311 2.892
Suzhou 2.219 -1.049 0.867 14.668
Nantong -0.124  -0.366 -0.206 3.941
Yangzhou  -0.451 -0.458 -0.425 1.745
Zhenjiang ~ -0.670  -0.360 -0.513 0.873
Taizhou -0.437  -0.506 -0.435 1.646
Hangzhou  -0.299 0.962 0.188 7.876
Jiaxing -0.191 -0.590 -0.327 2.726
Huzhou -0.667  -0.537 -0.577 0.232

Table 2. The economic distance matrix of cities in the Yangtze River Delta

City Shanghai Nanjing Wuxi  Changzhou Suzhou Nantong
Shanghai 0 29.214 13.947 17.598 10.95 15.849
Nanjing 29.214 0 18.848 12.759 21.058 25.323
Wuxi 13.947 18.848 0 6.594 4.253 15.089
Changzhou 17.598 12.759 6.594 0 9.312 18.547
Suzhou 10.95 21.058 4.253 9.312 0 13.122
Nantong 15.849 25.323 15.089 18.547 13.122 0
Yangzhou 34.062 10.279 20.317 14.074 23.321 16.165
Zhenjiang 242 7.521 32.301 7.352 15.179 19.478
Taizhou 27.812 15.442 17.527 11.011 18.983 11.702
Hangzhou 16.966 27.71 20.371 22.092 16.904 28.237
Jiaxing 10.667 29.775 13.753 17.802 10.041 20.471
Huzhou 17.015 20.499 17.019 16.24 10.557 22.336
City Yangzhou Zhenjiang Taizhou Hangzhou Jiaxing Huzhou
Shanghai 34.062 242 27.812 16.966 10.667 17.015
Nanjing 10.279 7.521 15.442 27.71 29.775 20.499
Wuxi 20.317 32.301 17.527 20.371 13.753 17.019
Changzhou 14.074 7.352 11.011 22.092 17.802 16.24
Suzhou 23.321 15.179 18.983 16.904 10.041 10.557
Nantong 16.165 19.478 11.702 28.237 20.471 22.336
Yangzhou 0 6.358 6.967 35.798 32.806 273
Zhenjiang 6.358 0 9.096 27.839 23.538 22.65
Taizhou 6.967 9.096 0 35.6 27.62 26.879
Hangzhou 35.798 27.839 35.6 0 8.762 8.523
Jiaxing 32.806 23.538 27.62 8.762 0 10.076
Huzhou 273 22.65 26.879 8.523 10.076 0
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4.2 Results analysis

Based on the economic gravities among the cities in the
Yangtze River Delta, the following results can be obtained
from the optimization solution to the regional city economic
gravity network:

(1) Shanghai boasted the best economic strength in the
Yangtze River Delta. This dominant advantage is confirmed
by the optimization solution to the network. In the obtained
maximum spanning tree Tqx, Shanghai directly radiated eight
(67%) cities in the region.

Table 3. The economic gravity matrix of cities in the Yangtze River Delta

City Shanghai Nanjing Wuxi  Changzhou Suzhou Nantong
Shanghai 0 5.282 9.486 3.878 31.605 5.866
Nanjing 5.282 0 1.946 1.483 4.556 1.018

Wuxi 9.486 1.946 0 2.460 19.337 1.464

Changzhou 3.878 1.483 2.460 0 4.556 0.615
Suzhou 31.605 4.556 19.337 4.556 0 4.405
Nantong 5.866 1.018 1.464 0.615 4.405 0

Yangzhou 1.209 1.110 0.482 0.359 1.098 0.425

Zhenjiang 0.851 0.759 0.152 0.344 0.844 0.177
Taizhou 1.396 0.697 0.527 0.432 1.272 0.554

Hangzhou 10.953 1.859 2.168 1.031 6.834 1.099
Jiaxing 6.029 0.599 1.111 0.443 3.982 0.525
Huzhou 0.321 0.074 0.076 0.041 0.322 0.041

City Yangzhou Zhenjiang Taizhou Hangzhou Jiaxing Huzhou
Shanghai 1.209 0.851 1.396 10.953 6.029 0.321
Nanjing 1.110 0.759 0.697 1.859 0.599 0.074

Wuxi 0.482 0.152 0.527 2.168 1.111 0.076

Changzhou 0.359 0.344 0.432 1.031 0.443 0.041
Suzhou 1.098 0.844 1.272 6.834 3.982 0.322
Nantong 0.425 0.177 0.554 1.099 0.525 0.041

Yangzhou 0 0.240 0.412 0.384 0.145 0.015

Zhenjiang 0.240 0 0.158 0.247 0.101 0.009
Taizhou 0.412 0.158 0 0.364 0.162 0.014

Hangzhou 0.384 0.247 0.364 0 2.450 0.214
Jiaxing 0.145 0.101 0.162 2.450 0 0.063
Huzhou 0.015 0.009 0.014 0.214 0.063 0

Figure 1. The optimal tree of the economic gravity network
in the Yangtze River Delta

(2) Suzhou ranked second only to Shanghai in terms of
economic quality, even outdoing provincial capitals like
Nanjing and Hangzhou. In obtained maximum spanning tree
Tmax, Suzhou existed as an economic subcenter with a small
radiation range. The city directly radiated Wuxi, Changzhou,
and Huzhou.

(3) As indicated by the optimization solution 7y, Nanjing
and Hangzhou, which are widely recognized by traditional
research as the two wings of economic growth in the region,
did not have apparent advantages over other cities. Their
dominant positions were challenged by a rising star: Suzhou.
Suzhou had overtaken Nanjing and Hangzhou in total
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economic output, and successfully developed a high-tech park
economy, by virtue of its short economic distance from
Shanghai. Therefore, many industrial and manufacturing
enterprises had been relocated to Suzhou. Moreover, county-
level cities of Suzhou, namely, Kunshan, Changshu,
Zhangjiagang, and Taicang, ranked high in the top 100
counties of China, injecting greaT vitality into Suzhou’s
economic development.

5. CONCLUSIONS

Regional city network has become an important tool to
analyze the interaction and resource flow between cities. Many
relevant studies have relied on social network analysis to
identify features like node centrality, divide regional cities into
different levels, or explore the relationship between a core city
and the peripherical cities.

This paper constructs a regional city economic gravity
network based on the gravity model of spatial economics.
Then, the optimal tree theory of operations research was
introduced to optimize the proposed network. Based on the
2018 indices (population, employment, and economy) of each
city in the Yangtze River Delta, a regional city economic
gravity network was established for the region, and optimized
with the optimal tree approach. The optimal solution ensures
the rational flow of resources at the regional level, and creates
a mechanism for long-term circulation of resources.

The research findings challenge a widely accepted
conclusion of the traditional research: the economic
development of the Yangtze River Delta follows the pattern of



one leader (Shanghai) and two wings (Nanjing and Hangzhou).

The traditional conclusion overestimates the influence of
administrative divisions, as Nanjing and Hangzhou are
provincial capitals with greater political influence and
population over prefecture-level cities in the region. Based on
economic gravity connections, this paper identifies Suzhou as
an economic subcenter that directly radiates nearby cities like
Changzhou, Wuxi, and Huzhou. This finding reveals the
current pattern of regional economic growth in the Yangtze
River Delta. Apart from Shanghai, the role and potential of
Suzhou in regional economic connectivity and regional
integration cannot be underestimated.

Based on the evidence of this research, the location value of
Suzhou in the economic pattern of the Yangtze River Delta
will be presented in the future. Moreover, the future research
will try to construct a mechanism to maximize long-term
circulation of resources between cities in resource-deficient
regions.

Drawing on the above conclusions,
suggestions were put forward:

(1) From the perspective of resource utilization, priority
should be given to the key gravitational path on the optimal
tree of the network. To formulate the overall circulation plan
of a specific region, the efficient circulation path of limited
resources must be addressed, in view of the scarcity of human,
capital, and material resources. As in the case analysis, a
circulation plan was formulated as per the optimal solution
Tnax of economic gravity network, which maximizes the total
economic gravity of regional connectivity and the
gravitational effect between cities. In this way, the resources
in the region can flow rationally and be allocated efficiently,
optimizing the resource utilization pattern.

(2) From the perspective of sustainable design, the
collection and distribution effect of the optimal tree should be
given full play. Low-carbon development and environmental
protection have become the defining trends of our era. It is
unwise for any regional city to pursue rapid growth at the cost
of environment. Hence, eco-environmental sustainability must
be considered in the circulation planning and utilization of
regional resources. From the existing data on the cities in the
Yangtze River Delta, the authors noted a largely positive

several policy

correlation between economic scale and resource consumption.

For instance, Shanghai, the central city with the best economic
quality, faces huge pressures on public resources, including
land scarcity, surging housing prices, and the lack of education
and medical resources. When it comes to regional planning,
the factors of resource consumption should be dispersed along
the key gravitational path making them more
environmental friendly.

(3) From the perspective of industrial layout, the regional
industrial structure on the optimal tree of the network should
be optimized and upgraded. Owing to difference in location
and history, the cities in the same region often vary in nature,
type, grade, scale, and industrial structure. It is important to
plan the industrial layout through overall consideration of the
functions, division of labor, and positioning of each city in the
network. For instance, cities at the core the Yangtze River
Delta can extend their industrial chains along the key
gravitational path 7. and make a long-term development
plan for industrial optimization and transfer; the cities on the
key gravitational path can attract industries transferred from
the connected areas, according to the preferential policies and
financial subsidies provided by the government. Such a plan
will further rationalize the industrial layout of the cities in the

Tmax 1)
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region and enhance their industrial competitiveness, thereby
improving the economic development of the entire region.
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