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City cluster, the most advanced spatial organization for urban development in

the mature stage, is an important carrier for regional economic development.

This paper researched into the correlation of economic development changes

among cities in the Guangdong-Hong Kong-Macao Greater Bay Area through a

new complex network approach. First, Principal Component Analysis was

adopted to downscale the economic indicators of each city in the Greater

Bay Area, and then we construct an economic development index on this basis;

Second, through a TVS-VAR-SV model, an complex network of economic

development changes within the city clusters in the Greater Bay Area was

built based on the economic development index of each city mentioned above.

It can be concluded from the study that Macao, firstly, is the biggest beneficiary

of the complex network. Secondly, the most important node in the network is

Guangzhou, whose development has a multiply effect on the development of

the whole system. Thirdly, Hong Kong and Shenzhen enjoy the highest level of

economic development, but their spillover effect on the city cluster system is

much lower than that of Guangzhou.
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Introduction

Guangdong-Hong Kong-Macao Greater Bay Area, located in South China, consists of

“9 + 2″ cities, namely Guangzhou, Shenzhen, Zhuhai, Foshan, Zhongshan, Dongguan,

Huizhou, Jiangmen and Zhaoqing, as well as Hong Kong Special Administrative Region

and Macao Special Administrative Region. Boasting a total area of 56,000 square

kilometers and a population of over 80 million, the Greater Bay Area has become one

of the places with the highest degree of openness and the best economic vigor in China for

its high population mobility, a close interaction of production factors and the resulting

high GDP. Under the framework of “one country, two systems”, each city in the Greater

Bay Area has its own social division of labor and central function. At present, a complete

and comprehensive industrial manufacturing chain and value allocation system has
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basically been formed, for example, Guangzhou’s trade network,

Shenzhen’s scientific and technological innovation, Hong Kong’s

financing and investment, Macao’s gambling and tourism, and

Dongguan and Huizhou’s high-end manufacturing. At the same

time, the central government and local governments actively

cooperate with the national development strategy, and according

to the resource endowment, cultural foundation and regional

advantages of each city, they have issued corresponding social

policies to support the construction of Guangdong-Hong Kong-

Macao Greater Bay Area.

Globalization and the development of modern

communication technology have helped the flow of inter-city

factors break through the boundaries of cities and tightened the

economic relationships increasingly. The city cluster is essentially

an urban functional area with a high concentration of population,

industry, resources and other factors. Based on the realistic

conditions and the social development law, the city cluster has

become an inevitable trend of China’s urban modernization.

Guangdong-Hong Kong-Macao Greater Bay Area is a megapolis

of 11 cities, where the population mobility, industrial chain

upgrading, and resource integration are trying to break

through the limit of one single city and turn to network

development, which in return is conducive to driving and

radiating a wider area. Though governments all over the

world have paid more and more attention to the development

of city cluster, the theory and method of the economic

association network in the Bay Area are obviously lagging

behind, and accordingly, fails to explain the current situation,

changes and trends of the rapid development of city clusters. In

view of this, based on Principal Component Analysis and TVP-

VAR-SV model, this paper tried to explore the economic

development index and the association network law of

Guangdong-Hong Kong-Macao Greater Bay Area in response

to the theoretical appeal and practical concern.

Literature review

As the level of urbanization is increasing around the world,

the study of urban complex networks has become a research hot

topic at home and abroad in recent years. As early as in the 1990s,

Castells [1] keenly captures the trend of the rise of the complex

network society and proposes that the world city refers to a

process of production and reproduction by the globalized

network, and the global urban system is created by the mobile

space. By replacing the analytical framework of “spatial place”

with “flowing space”, this point of view breaks through the

limitations of previous explanatory research featuring

“attribute hierarchy”, and turns a new page on urban

observation through “network dynamics”. For the theory

centered on the study of urban networks, Taylor [2] names it

as “central flow theory”. He argues that based on the central place

theory, traditional urban systems research is thus hierarchical.

“Central flow theory” views the relationship between cities as

networked, which means it is not contradictory to the central

place theory, as the former emphasizes more on global space

while the latter more on local space and both of them are

complementary to each other.

The rising globalization has seen science and technology

changing with each passing day, labor, land, resources, and

information flowing in the urban economic networks. The

development potential of one single city no longer depends

solely on its own population size and economic strength but

on its ability to associate with other cities, namely, the strength

and density of network links [3]. As an organic whole, cities are

originally interconnected and influenced by each other. When "

association networks” become the spatial component of modern

urban systems, the effective regional organization mechanisms

(or institutional integration) can improve the overall

organizational capacity of the region, so that the available

resources can be shared in a more effective way [4]. The

major progress in the study of urban association network

theory provides new ideas in solving the problems of

unbalanced regional development and exploring the path of

regional integration development for the whole world.

Guangdong-Hong Kong-Macao Greater Bay Area, one of

China’s major national development strategies, aims to build an

international top bay area and a world-class city cluster. Among

it, economic growth remains the priority in the construction of

the Greater Bay Area, while the city clusters are increasingly

becoming an important lever for economic development. Based

on the extension and application of the theory of city complex

networks, many scholars have analyzed the network

characteristics, factor associations, and operation mechanisms

of the economies in the Guangdong-Hong Kong-Macao Greater

Bay Area from different perspectives. The comprehensive

development level of Guangdong-Hong Kong-Macao Greater

Bay Area’s economy is fluctuating rapidly, and the economic

index of Hong Kong and Macao has always been the highest in

the Bay Area, with a fast growth rate in Guangzhou and

Shenzhen [5]. The spatial economic network of the Greater

Bay Area is featured with a reasonable and orderly “core-

semi-edge-outer edge” hierarchical spatial structure [17]. Four

kinds of factors, such as the distance between cities, the diffusion

and agglomeration of factors, industrial structure and economic

globalization, have significant influence on Guangdong-Hong

Kong-Macao Greater Bay Area’s economic network [6]. The

increase in network density and network hierarchy as well as the

decrease in network efficiency can effectively enhance the

economic relations within the Guangdong-Hong Kong-Macao

Greater Bay Area. While point centrality, intermediate centrality

and proximity centrality can all strengthen the economic bonds

in the Greater Bay Area [7]. Therefore, to promote regional

coordinated development, we should adhere to the concept of

“interconnection and intercommunication”, weaken the scope of

administrative boundaries [8], improve the radiation capacity of
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the core cities of city clusters in the Greater Bay Area, build a

hub-and-spoke network pattern, and innovate institutional

mechanisms [9].

To sum up, the current research on regional economic

complex networks features a combination of quantitative and

qualitative as well as a combination of theory and practice. These

thoughts offer important theoretical insights and a useful

analytical framework for this paper. How to measure the

economic development level of each city in the Greater Bay

Area? How do the economic factors between them interact and

influence each other? How to find out the key nodes of the

economic complex network of city clusters? However, these

questions have not been adequately explained in the related

studies, either theoretically or methodologically. Therefore,

what this paper discovers may deepen the study of complex

networks by providing enlightenment for the economic

development of the Greater Bay Area.

Model construction

The research goal of this paper is to build an economic

development complex network among cities in Guangdong-

Hong Kong-Macao Greater Bay Area and then adopt an

empirical analysis of this network. The establishment of the

model can be divided into two steps: first, this paper used the

Principal Component Analysis (PCA) to reduce the dimension of

classified data of economic development of cities in Guangdong-

Hong Kong-Macao Greater Bay Area and then built the

economic development index of each city through the

Principal Component Factor Analysis. Second, the changes of

economic development index of each city in the Greater Bay Area

mentioned above was used to build the complex network of

economic development among cities in Guangdong-Hong Kong-

Macao Greater Bay Area by the TVP-VAR-SV model.

Construction of economic
development index of cities in
Guangdong-Hong Kong-Macao
Greater Bay Area

This section will describe the methodology used to construct

the economic development index of cities in the Guangdong-

Hong Kong-Macao Greater Bay Area (the Greater Bay Area). In

this paper, the principal component analysis method will be used

to construct the comprehensive evaluation index of economic

development. Principal component analysis (PCA) is a statistical

procedure with the core idea of transforming multiple variables

into a few principal components through dimensionality

reduction techniques, and these principal components retain

most of the information of the original variables. To this end,

we can evaluate the economic development of the urban

agglomeration in the Greater Bay Area by leveraging the

principal component information.

The evaluation is mainly divided into three steps: In the first

step, standardized processing will be carried out on the data.

Before measuring the comprehensive level of economic

development, it is necessary to adjust the value of the

indicators to make it co-trended and dimensionless, so as to

eliminate the deviation caused by the different nature and

dimension of the index. Because we will use PCA to reduce

the dimension of the data later, we choose economic condition

variables which we can collect and add them into the model. In

the second step, principal component analysis and

dimensionality reduction are carried out for the standardized

indicators. The principal component analysis is carried out on

the treated indicators, and the number of principal components

is determined (generally) according to the principle that the

cumulative variance contribution rate is not less than 85%, and

the scores of each principal component are calculated. In the

third step, a comprehensive evaluation index is constructed, that

is, the economic development index of cities in the Greater Bay

Area. The principal component scores of each city are weighted

and summed to obtain a comprehensive evaluation of the

economic level of each city, which is the economic

development index we have constructed. The weight is the

proportion of the variance contribution rate of each principal

component in the cumulative variance contribution rate of the

extracted principal component.

The detailed process and steps are as follows

1) Data standardization.

Ten indicators related to economic development in 11 cities

in the Greater Bay Area are collected, and these original

indicators are standardized (in time series). The data obtained

after standardization is recorded as xij. The specific equation is:

xij � zij −meanj

sdj
(1)

Where, i = 1, 2, . . . , n; j = 1, 2, . . ., p. zij represents the original

data with dimensions, i represents the ith sample, with a total of n

samples, and j represents the jth indicator variable, with a total of

p indicator variables. xijrepresents the original data after

dimension elimination. meanj indicates the sample average

value of the jth indicator variable, sdj indicates the sample

standard deviation of the jth indicator variable.

2) Principal component analysis

(a) First, a covariance matrix is constructed using the

standardized dimensionless data.

The standardized data matrix is set to X, where each column

vector (standardized variable) has an expectation of 0 and a

variance of 1. A dimensionless covariance matrix Cov �
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1
n−1X

TX � (rij)p×p of the variables is built using the standardized
data xij, where,

rij � 1
n − 1

∑n

k�1(xki − �xi)(xkj − �xj) (2)

Where, xki indicates the data in the k row and i column of

dimensionless data, �xi indicates the average value in the i column

of dimensionless data.

b) Then, the eigenvalues and eigenvectors of the covariance

matrix are calculated by eigenvalue decomposition:

λ1 ≥ . . . ≥ λp > 0, w1,w2, . . . ,wp.

Since Cov � 1
n−1X

TX is a real symmetric matrix, we can

decompose the eigenvalue of the real symmetric matrix by using

a property of the real symmetric matrix. The eigenvalues of

Cov � 1
n−1X

TX are decomposed and sorted in descending order

to form a new covariance matrix Σ, and the corresponding

eigenvectors (unit orthogonal bases) form the transformation

matrix W. Therefore, Cov � WΣWT can be obtained by

eigenvalue decomposition, where W =

[w1, w2, . . . , wp];Σ � diag(λ1, λ2, . . . , λp). Generally, the

eigenvalues of Σ are arranged in descending order in the

eigenvalue decomposition.

c) The number of principal components is determined, and

the scores of each principal component are obtained.

To realize the final data dimensionality reduction, m

principal components are reasonably selected from all p

principal components. Generally, the variance contribution

rate G(m) =
∑m

i�1λi∑p

i�1λi
is used to explain the amount of

information reflected by principal component F. We need to

choose the value of m reasonably so that the cumulative

contribution rate G(m) =
∑m

i�1λi∑p

i�1λi
reaches a large enough

threshold (usually 85%).

The scores of each principal component can be obtained by

dimensionless data matrix and feature vector matrix:

F � [F1, F2, . . . , Fp] � XW

�
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

x11 x12

x21 x22

. . . x1p

. . . x2p

..

. ..
.

xn1 xn2

..

.

. . . xnp

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

w11 w12

w21 w22

. . . w1p

. . . w2p

..

. ..
.

wp1 wp2

..

.

. . . wpp

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ (3)

Where, xij represents the original data after dimension

elimination, and W corresponds to the feature vector.

According to the cumulative contribution rate G(m), the

scores of the first m principal components can be selected to

construct a comprehensive evaluation index.

d) Finally, a comprehensive evaluation index is constructed

according to the principal components.

Taking the proportion of variance contribution rate

corresponding to m principal components in the cumulative

variance contribution rate as the weight, the scores of principal

components are weighted and summed up, and the

comprehensive evaluation index of the economic level of cities

in the Greater Bay Area is obtained, which is the economic

development index we constructed.

Comprehensive evaluation index

� F1 · λ1∑m
i�1λi

+ F2 · λ2∑m
i�1λi

+ . . . + Fm · λm∑m
i�1λi

(4)

Construction of complex network of
economic development index of
cities in Guangdong-Hong Kong-
Macao Greater Bay Area

In the following content, this section will construct the

economic development complex network of the urban

agglomeration in the Greater Bay Area by using the variation

of the economic development index previously constructed.

1) TVP-VAR-SV model

Diebold and Yilmaz [10–12] put forward the method of the

Vector Autoregressive Model (VAR) to construct an information

spillover networks among financial institutions. Despite being

easy to use, this method still retains the shortcomings of the

fixed-parameter VARmodel. First, the model parameters of VAR

are fixed in the window period; Second, the time windowmust be

long enough, and a large number of samples need to be used for

estimation. As the data samples of the economic development

index of 11 cities in the Greater Bay Area were only established in

2010, such a short time span limits the application of the above

methods. To effectively address the above two deficiencies, this

paper assumes that the data is generated by the TVP-VAR-SV

process, and then performs parameter estimation by using the

Bayesian Analysis method and MCMC sampling.

Primiceri [13] proposed a time-varying parameter vector

autoregressive model (TVP-VAR-SV) in which all parameters

change with time. The model is evolved from the traditional VAR

model, and its parameters are given time-varying characteristics,

which overcomes many limitations of the traditional VAR model

in practical application.

The basic form of a traditional time-invariant VAR(p) model

with p-order lag is as follows:

Ayt � F1yt−1 + F2yt−2 + . . . + Fpyt−p + μt, t � p + 1, . . . , n

(5)
Where, yt is a k × 1 dimensional observation variable, A and Fi

are a k × k dimensional coefficient matrix, and the random

disturbance term μt is a k × 1 dimensional structural impact,

and it is set that μt ~ (0,Σ). Assume that A is a lower triangular

matrix with all main diagonal elements of 1, that is:
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A �
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

1 0 / 0

α21 1 1 ..
.

..

.
1 1 0

αk1 / αkk−1 1

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠,meanwhile,Σ �
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

σ1 0 / o

0 σ2 1 ..
.

..

.
1 1 0

0 / 0 σk

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
If the structural impact of the contemporaneous relationship

is identified by the recursive method, Equation 1 can be

rewritten as:

yt � B1yt−1 + B2yt−2 + . . . + Bpyt−p + A−1Σεt, εt ~ (0, Ik) (6)

If the parameters in Eq. 6 are given time-varying

characteristics, then the TVP-VAR-SV model can be

expressed as:

yt � B1, tyt−1 + B2,tyt−2 + . . . + Bp,tyt−p + A−1
t Σtεt, εt ~ (0, Ik)

(7)
Where, Bi,t � A−1

t Fi,t, i � 1, 2, . . . , p, the elements of the matrix

Bi,t are stacked according to the row vector to obtain the vector

βt(k2s × 1). Besides, if we define Xt � Ik ⊗(yt−1′, yt−2′, . . .yt−p),
where ⊗ represents the Kronecker product, then the TVP-

VAR-SV model can be further abbreviated as:

yt � Xtβt + A−1
t Σtεt, t � p + 1,/, n (8)

In this TVP-VAR-SVmodel, the parameters βt,At and Σt are

time-varying. Where, At and Σt are:

At �
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

1 0 / 0

α21,t 1 1 ..
.

..

.
1 1 0

αk1,t / αkk−1,t 1

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠,Σt �
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

σ1,t 0 / o

0 σ2,t 1 ..
.

..

.
1 1 0

0 / 0 σk,t

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
According to Primiceri [13], let αt be the row stacking of

the lower triangular off-diagonal elements of the matrix At,

that is:

αt � (α21,t, α31,t, α32,t, α41,t, . . . αkk−1,t)′ (9)

And let ht � (h1t, h2t, . . . , hkt), where hjt � log σ2jt,

j � 1, 2,/, k, and t � p + 1, ..., n.

Meanwhile, it is assumed that the parameters in the TVP-

VAR-SV model follow the random walk process:

βt+1 � βt + μβt , αt+1 � αt + μαt, ht+1 � ht + μht, (10)

Where:
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

εt
μβt
μαt
μht

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ ~ N
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝0,

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
Ik 0 0 0
0 Σβ 0 0
0 0 Σα 0
0 0 0 Σh

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
However, t � p + 1, ..., n, Σβ, Σα and Σh are all positive

definite diagonal matrices, and the initial values

βp+1 ~ N(μβ0,Σβ0), αp+1 ~ N(μα0,Σα0), hp+1 ~ N(μh0,Σh0).
Besides, εt, μβt, μαt and μht are all independent of each other.

In view of the low sample time span, in order to avoid “over-

parameterization” in the time-varying model, this paper directly

sets the lag order of the model to 1 with reference to the practice

of other scholars. The TVP-VAR-SV model described above can

be estimated by the Bayesian Analysis method and MCMC

sampling, as discussed in detail by Primiceri [13] and

Nakajima et al. [14]. For MCMC samples, the posterior mean

is used as the estimated value. Therefore, we can estimate the

time-varying parameter matrix B1, t, B2,t, . . ., Bp,t; At and Σt.

According to the estimated parameters of the TVP-VAR-SV

model, the Impulse Response Function (IRF) and Generalized

Forecast Error Variance Decomposition (GFEVD) which change

with time can be calculated. Finally, using the estimated

parameters, the complex network matrix based on the

variance decomposition of generalized prediction errors can

be constructed.

2) Complex network of economic development index variation

of urban agglomeration

Diebold and Yilmaz [10–12] defined the information

spillover effect as the variance contribution of prediction

error, that is, the proportion of yi’s H-step prediction error

variance that can be explained by yj’s shock after yj’s shock has

an impact on yi under the condition that i≠j. This proportion
reflects the degree to which the change of the variable yi is

affected by other variables in the system. Before calculating the

contribution of the H-step prediction error, it is necessary to

obtain the connectedness matrix of the impulse response

function. To calculate the time-varying impulse response

function, Eq. 5 is converted into the representation of its

Vector Moving Average (VMA):

Yp
t � ∑∞

i�0
Ψ i,tut−i (11)

Where, Y*
t � yt − �y, and ut � A−1

t Σtεt. And the k×k coefficient

matrix Ψ i,t can be obtained by recursive calculation.

Ψh,t � B1, tΨh−1,t + B2, tΨh−2,t + ... + Bp, tΨh−p,t (12)

For t = p+1, p+2,/, t, where Ψ0,t � Ik, if j < 0, then Ψj,t � 0.

Then, the time-varying impulse response function at time t is

IRFh � Ψh,tA−1
t Σt.

And let dgHij,t be the degree to which yj contributes to the

variance of the H-step generalized prediction error of yi at time t,

indicate the degree to which the change of variable yi is affected

by yj.

dg
ij,t(H) � σ−1jj,t ∑H−1

h�0 (e′iΨh,tΣutej)2∑H−1
h�0 (e′iΨh,tΣutΨ

′
h,tei) (13)

Where, ej is a selection vector with the jth element being one and

the other elements being 0; Ψh,t represents the coefficient matrix

in the impulse response function; Σut � A−1
t Σt(A−1

t )′ is the

variance matrix of ut; σjj,t represents the diagonal elements of
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the matrix Σut at time t. This generalized variance decomposition

method of prediction error makes the order of variables in the

VAR model no longer affect the results of variance

decomposition so that we no longer need to stick to the order

of variables in the model, and it is more convenient for us to

analyze related results [12,15,16].

But since ∑k
j�1d

gH
ij,t ≠ 1, in order to match the traditional

variance decomposition results, we can add each element in the

variance decomposition matrix of generalized prediction error by

row and standardize it.

~d
g

ij,t(H) � dg
ij,t(H)

ΣN
j�1d

g
ij,t(H) (14)

By constructing ΣN
j�1~d

g

ij,t(H) � 1 and ΣN
i,j�1~d

g

ij,t(H) � N, we can

calculate the connectedness matrix ~D
g
t (H) of the economic

development index for H-step at each time t.

~D
g

t (H) �
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

~d
gH

11,t
~d
gH

12,t / ~d
gH

1k,t

~d
gH

21,t
~d
gH

22,t 1 ~d
gH

2k,t

..

. ..
.

1 ..
.

~d
gH

k1,t
~d
gH

k2,t / ~d
gH

kk,t

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ (15)

Specifically, in the variance decomposition matrix ~D
g
t (H),

the off-diagonal elements reflect the connected degree of

economic development index between city i and city j. For

example, the i-row and the j-column in ~D
g
t (H) show the

spillover effect of the economic development of city j on city

i; The j-row and the i-column in ~D
g
t (H) show the spillover effect

of the economic development of city i on city j. It should also be

reminded that the TVP-VAR-SV model is used in this paper to

estimate the prediction error variance matrix, so there is a

prediction error variance matrix for each period t in this

paper. This is an important difference between this paper and

the traditional VAR method in constructing the prediction

variance matrix.

For the off-diagonal sum of elements in the i-row in ~D
g
t (H):

CH
i ←•,t � Σk

j�1~d
gH

ij,t , j ≠ i (16)

Then, CH
i ←•,t represents the degree to which city i is affected by

the economic development indexes of other k-1 cities. So we can

call CH
i ←•,t the receiving effect of city i.

Similarly, for the off-diagonal sum of elements in the

i-column in ~D
g
t (H):

CH
•← i,t � Σk

i�1~d
gH

ij,t , i ≠ j (17)

Then, the sum CH
•← i,t in the i-column represents the spillover

effect of city i’s economic development index on other k-1 cities’

economic development indexes. So we call CH
•← i,t diffusion effect

of city i. See Table 1 for details.

On this basis, we can define the net spillover effect and total

connectedness effect of city i’s economic development index. The

net spillover effect can be expressed as:

CNet
i,t � CH

•← i,t − CH
i ←•,t (18)

The net spillover effect is obtained by subtracting the

receiving effect from the diffusion effect of the city, so it

reflects the net radiation ability of the economic development

index of the city to the economic development indexes of other

cities in the urban agglomeration. If the net spillover effect of city

i is greater than 0, then the influence of city i on other cities is

greater than that of other cities, which indicates that city i

occupies a central position in the urban agglomeration, and

its influence and radiation capacity are greater; On the

contrary, if the net spillover effect of city i is less than 0, it

means that city i is in a marginal position in the urban

agglomeration, with weak influence and radiation power.

The total spillover effect can be expressed as:

CTotal
i,t � CH

•← i,t + CH
i ←•,t (19)

The total correlation effect is obtained by adding the

diffusion effect and receiving effect of the city, so it can reflect

the importance of the city in the process of communication and

integration within the urban agglomeration in the Greater Bay

Area. The larger the value, the more important the city i is in the

Bay Area urban agglomeration. The closer the communication

TABLE 1 The connectedness effect of economic development index.

y1 y2 / yk Receiving effect

y1 ~d
gH

11,t
~d
gH

12,t
/ ~d

gH

1k,t Σk
j�1 ~d

gH

1j,t , j ≠ 1

y2 ~d
gH

21,t
~d
gH

22,t
/ ~d

gH

2k,t Σk
j�1 ~d

gH

2j,t , j ≠ 2

..

. ..
. ..

. 1 ..
. ..

.

yk ~d
gH

k1,t
~d
gH

k2,t
/ ~d

gH

kk,t Σk
j�1 ~d

gH

kj,t , j ≠ k

Diffusion Effect Σk
i�1 ~d

gH

i1,t , i ≠ 1 Σk
i�1 ~d

gH

i2,t , i ≠ 2 / Σk
i�1 ~d

gH

ik,t , i ≠ k
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relationship in the urban agglomeration, the deeper the degree of

mutual learning, competition and reference.

Empirical results

Construction results of economic
development index

Because we will use PCA to reduce the dimension of the data

later, we choose economic condition variables which we can collect

and add them into the model. Table 2 details the meanings of the

related variables we used to construct the economic development

index. By using Stata software, the 10 original index variables are

standardized by Z-score to get the standardized variables, and then

the subsequent principal component analysis is carried out on

these standardized variables.

We found that the first three eigenvalues were greater than or

close to 1, and the cumulative variance contribution rate reached

95.51%, so we chose m = 3, that is, dimension reduction of the

first three principal components. The variance contribution rate

reaches 95.51%, indicating that these three factors can explain

variables. The contribution rate of specific principal components

is shown in Table 3.

TABLE 2 Variable definition.

Variable name Meaning

Export Total exports/USD 100 million

Import Total imports/USD 100 million

Excargo Proportion of goods exports in the total exports of the Greater Bay Area/%

Imcargo Proportion of goods imports in the total imports of the Greater Bay Area/%

FDI Amount of foreign direct investment (FDI)/10,000 yuan

Finance Loan-to-deposit ratio in local and foreign currencies of financial institutions/%

PortsVolume Port cargo throughput/10,000 tons

Tourists Total number of tourists/10,000 tourists

InboundTourist Proportion of inbound tourists to the total number of tourists/%

TourismRevenue Total tourism revenue/100 million yuan

TABLE 3 Explanation of total variance.

Component part Eigenvalue Difference of eigenvalues Contribution rate Cumulative contribution rate

Comp1 7.08464 5.44082 0.7085 0.7085

Comp2 1.64381 0.821186 0.1644 0.8728

Comp3 0.822629 0.624486 0.0823 0.9551

Comp4 0.198143 0.032351 0.0198 0.9749

Comp5 0.165792 0.116066 0.0166 0.9915

Comp6 0.049726 0.025656 0.005 0.9965

Comp7 0.02407 0.015734 0.0024 0.9989

Comp8 0.008335 0.005876 0.0008 0.9997

Comp9 0.002459 0.002065 0.0002 1

Comp10 0.000394 0 1

TABLE 4 Eigenvectors of the first three principal components.

Variable Comp1 Comp2 Comp3

Export 0.3615 -0.1275 0.1018

Import 0.3639 -0.1826 0.0438

Excargo 0.3593 -0.1396 0.103

Imcargo 0.3627 -0.1909 0.0396

FDI 0.3358 -0.27 -0.0342

Finance 0.1608 0.294 0.8966

PortsVolume 0.2329 0.5698 -0.1599

Tourists 0.3038 0.3474 -0.2358

InboundTourist 0.3346 -0.2772 -0.1852

TourismRevenue 0.2813 0.4614 -0.2346
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Finally, using the eigenvectors in Table 4, we can calculate the

scores of the first three most important principal components.

Then, the economic development index is obtained by the

following formula:

Economic development index � F1 · λ1∑m
i�1λi

+ F2 · λ2∑m
i�1λi

+ . . .

+ Fm · λm∑m
i�1λi

� (0.7085*Comp1 + 0.1644*Comp2 + 0.0823*Comp3)/0.9551
Table 5 shows the economic development level of cities in the

Greater Bay Area.

Analysis of complex network parameter
estimation results

In this paper, the Bayesian estimation framework and

MCMC sampling method are used to estimate the parameters

of the TVP-VAR-SV model. Among them, the total number of

MCMC samples is 11,000, the first 1,000 samples are used for the

burning period, and the last 10,000 samples for parameter

estimation. Table 6 shows the parameter estimation results of

the TVP-VAR-SV model. Among them, CD convergence value

(Geweke) and inefficiency factors are the indicators to measure

the effect of MCMC. Geweke index is used to measure the

convergence of the Markov Chain, while inefficiency factors

are used to measure the number of irrelevant samples

generated by model simulation.

As can be seen from Table 3, the average values of relevant

parameters are all in the 95% confidence interval. However, the

CD convergence values (Geweke) are all less than 1.96 (the

critical value of 5%), which indicates that we can accept the

original assumption of convergence to the posterior distribution,

that is, 10,000 MCMC samples are enough to make effective

parameter estimation. In addition, the invalid influence factors in

Table 6 are all small values, which indicates that the samples

produced in the MCMC sampling process are valid.

Figure 1 shows the autocorrelation coefficient, sample value

path and posterior density of MCMC samples. It can be seen

from Figure 1 that the autocorrelation coefficient of the sample
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TABLE 6 Estimation results of TVP-VAR-SV model parameters.

Parameter Mean Stdev 95%L 95%U Geweke Inef

sb1 0.0225 0.0018 0.0193 0.0263 0.664 1.12

sb2 0.0226 0.0018 0.0194 0.0265 0.328 1.75

sa1 0.0777 0.0224 0.0477 0.1325 0.118 5.35

sh1 0.0565 0.0115 0.0391 0.0838 0.806 1.06

sh2 0.0566 0.0117 0.039 0.0848 0.006 1
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changes around the value of 0, and the sampling path also

changes smoothly around its mean value. The results in

Table 6 and Figure 1 show that the model has achieved good

estimation results.

The characteristics of the economic
development network of cities in
Guangdong-Hong Kong-Macao Greater
Bay Area

Table 7 illustrates the average complex network of economic

development variation among cities in Guangdong-Hong Kong-

Macao Greater Bay Area in sample period. We estimated the

connectedness of economic development among cities whose

predicted step number H = 10 and lag order p = 1. The ij element

in the table indicates the impact of the economic development

variation in the city j on the economic development variation in

the city i. Column sum without diagonal lines (“Diffusion Effect

”) indicates the total impact on other cities from city j; Row sum

without diagonal lines (“Receiving Effect ”) shows the total

impact from other cities to city i.

As far as “ Receiving Effect ” is concerned, according to

Table 7, Macao accounts for 99.63% - the biggest recipient

(beneficiary) in Guangdong-Hong Kong-Macao Greater Bay

Area’s economic development association network, followed

by Shenzhen and Foshan, with 98.30 and 97.22% respectively,

which means that compared with other cities in the Greater Bay

Area, these three benefit most from the economic development of

other cities and gain more from the overall development of the

system.

As far as “ Diffusion Effect ” is concerned, Guangzhou is the

largest transmitter (radiator) among 11 cities in the Greater Bay

Area, hitting 401.64%, far more than Jiangmen (187.24%) and

Dongguan (117.10%), the second and third. It demonstrates that

in the overall development of Guangdong-Hong Kong-Macao

Greater Bay Area, Guangzhou, a promoter for other cities, is

playing a vital role in the development of the whole bay area system.

As far as “Net Spillover” is concerned, Table 7 indicates that

among the 11 cities in the Greater Bay Area, Guangzhou is the

most powerful economic engine in the development of the whole

system, followed by Jiangmen and Dongguan. These three cities’

economic strengths can help gain huge economic momentum for

the development of the whole system. If the economy of these

FIGURE 1
Estimation results of parameters of TVP-VAR-SV model.
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TABLE 7 Complex network for economic development of Guangdong-Hong Kong-Macao greater bay area.

DongGuan FoShan GuangZhou HongKong HuiZhou JiangMen Macao ShenZhen ZhongShan ZhaoQing ZhuHai Receiving
effect

DongGuan 0.00 2.78 40.64 2.57 5.19 18.64 0.39 1.17 3.02 9.95 3.76 88.11

FoShan 11.79 0.00 40.41 2.67 5.19 18.87 0.37 1.21 3.06 9.90 3.76 97.22

GuangZhou 11.93 2.73 0.00 2.60 5.24 18.71 0.35 1.15 2.99 9.77 3.59 59.06

HongKong 11.50 2.63 39.26 0.00 5.25 19.29 0.41 1.38 3.15 10.16 3.96 97.01

HuiZhou 11.79 2.71 40.39 2.66 0.00 18.83 0.36 1.23 3.04 9.99 3.74 94.73

JiangMen 11.89 2.78 40.84 2.64 5.12 0.00 0.36 1.13 3.03 9.72 3.67 81.17

Macao 11.95 2.79 41.05 2.57 5.13 18.75 0.00 1.12 3.02 9.60 3.65 99.63

ShenZhen 10.92 2.67 37.53 3.33 5.81 18.41 0.89 0.00 3.03 11.34 4.38 98.30

ZhongShan 11.83 2.73 40.53 2.75 5.06 19.15 0.32 1.18 0.00 9.55 3.73 96.84

ZhaoQing 11.66 2.60 40.02 3.06 5.74 17.88 0.85 1.61 2.92 0.00 3.67 90.00

ZhuHai 11.84 2.98 40.97 2.80 4.92 18.72 0.51 1.02 3.00 9.41 0.00 96.16

Diffusion
Effect

117.10 27.41 401.64 27.64 52.65 187.24 4.80 12.20 30.28 99.37 37.90 Total: 998.23

Net Spillover 28.99 -69.82 342.58 -69.37 -42.08 106.07 -94.83 -86.1 -66.56 9.37 -58.27
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three cities can be further improved, then other cities can get

more net benefits from their economic and social development.

Figure 2 obviously shows the key nodes in the economic

development network of 11 cities in Guangdong-Hong Kong-

Macao Greater Bay Area. The size of nodes in Figure 2 refers to the

Net Spillover’s influence of economic development. The larger the

node is, the stronger the Net Spillover effect is. The direction of the

edge is the same as the net spillover direction of the node, and the

color of the edge is the same as that of its starting node. The size of

the edge indicates the scale of Net Spillover. In this light, the

thicker the edge is, the stronger the Net Spillover effect is.

The results of this complex network figure are in line with

that of Table 7. From the figure, it is obvious that Guangzhou is

the most influential city in the economic network, and it is also

the key node of Guangdong-Hong Kong-Macao Greater Bay

Area’s economic development. In other words, as the leader of

Guangdong-Hong Kong-Macao Greater Bay Area’s

development, Guangzhou’s economic and social development

will have the greatest additional boost to the other 10 cities and

accordingly promote the whole Greater Bay Area in an

effective way.

Further discussion

The above results indicate the following problems:

FIGURE 2
Complex network for economic development of Guangdong-Hong Kong-Macao greater bay area.
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Why is Shenzhen’s economic role less
important than expected?

According to “ Diffusion Effect ”, Shenzhen hits 12.20%,

indicating the driving effect of economic development of

Shenzhen on other cities - it is much lower than expected -

it is over 30 times lower than Guangzhou, the top one. This

shows that Shenzhen has been in the expressway of economic

growth during the past 10 years (its total GDP replaced

Guangzhou in 2017 as the third largest city in China),

however, these economic achievements have just kept in

Shenzhen without significant radiation or spillover to other

cities in Greater Bay Area. The reason is that Shenzhen is not

only a prefecture-level city in Guangdong Province, but also a

city under separate state planning. As a special economic zone

in China, it implements special economic policies, flexible

economic measures and a special economic management

system with the aim of developing an export-oriented

economy. In terms of fiscal revenue, for example, as a city

under separate planning, Shenzhen only pays taxes to the

central government rather than to Guangdong. Its retained

taxes and financial returns are more than those of other cities in

the Greater Bay Area. Thanks to the independence of policy

status and the extroversion of the industrial chain, Shenzhen is

actually “de-embedded” in the Pearl River Delta economic

framework and thus has a greater impact on the overall state

economy than that of the local. In other words, the economic

spillover effect of Shenzhen on Guangdong-Hong Kong-Macao

Greater Bay Area cities might be diluted or diverted by the

national economic system.

Why is it difficult for Hong Kong to
integrate deeply into the Greater Bay Area
economies?

Hong Kong scores 27.64% according to “Diffusion Effect ”

- it is the fourth lowest, though higher than Shenzhen,

indicating that Hong Kong has not contributed much to

the overall economic development of the Greater Bay Area

in the past 10 years, and has not played a leading role in

promoting the mainland cities in the Greater Bay Area, and

the degree of integration is not high. The problems lie in that

since the implementation of the Development Plan Outline of

the Greater Bay Area, the administrative and policy thinking

between Guangdong, Hong Kong and Macao remains the

same as in the past. Central Government supports the

integration of Hong Kong and Macao into the overall

development of China and has introduced a number of

measures to facilitate the development of Hong Kong and

Macao residents on the mainland by taking advantage of the

opportunities in the Greater Bay Area development. However,

the deep-rooted “binary distinction and different treatment”

in the governance of Hong Kong and Macao has not been

eliminated entirely. Concepts, norms and laws that highlight

the differences between the “two systems” can still be seen in

the practice of construction of Guangdong-Hong Kong-

Macao Greater Bay Area, such as Hong Kong and Macao

have always been regarded as overseas, Hong Kong and Macao

residents as foreign citizens, Hong Kong capital as foreign

capital in the “one country” system. The result is that there is a

lack of awareness of deep mutual trust in the community of

the Greater Bay Area. If the dilemma of “the gate is open while

the door is closed” persists in urban mobility, all efforts to

promote the integration of Hong Kong and Macao may

become passive role planning and obedience, in return,

Hong Kong and Macao’s role in Greater Bay Area tend to

be more blurred. As a result, there is still a gap in the policy

status given to Hong Kong and Macao by the central

government.

Why is Macao the biggest beneficiary of
the economic development network of
Guangdong-Hong Kong-Macao Greater
Bay Area?

According to “Receiving Effect”, the value of Macao is

99.63%, which indicates that Macao has benefited most from

the economic development of other cities. The reason can be

found in Macao’s population size, industrial structure and

functional orientation. By the end of 2020, Macao had a total

population of 683,200, with a per capita GDP of more than

80,000 USD, making it the city with the highest per capita

GDP in China. Macao’s industrial structure is dominated by

the service industry, accounting for more than 90% of the

regional GDP, which is characterized by service intensive.

Compared with other cities in the Greater Bay Area, Macau’s

economy is small but extroverted, and it is closely connected

with the international market. Thanks to its urban orientation

as a free international trade port and its economic policy of

low tax rate, capital, logistics and personnel flow freely in

Macau. At the same time, Macao’s unique historical culture,

cultural landscape and ecological foundation have laid its

unique advantages in tourism resources and provided an

important bridge for trade and cultural exchanges between

China and Portuguese-speaking countries. Driven by

Guangdong-Hong Kong-Macao Greater Bay Area’s strategy,

with the implementation of major policies such as Hong

Kong-Zhuhai-Macao Bridge and Hengqin Free Trade Zone,

Macao has entered the fast lane of development in recent

years. Under the principle of “one country, two systems”,

Macao’s small but sophisticated economic route and social

strategy of actively integrating into the country enable it to

gain more benefits from the overall development of the

system.
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Why is Guangzhou the most important
node in the economic development
connectedness network of Guangdong-
Hong Kong-Macao Greater Bay Area?

Guangzhou is the largest in both “ Diffusion Effect ” and “Net

Spillover”, indicating that Guangzhou’s economic development has

placed a huge radiation spillover effect on other cities inGuangdong-

Hong Kong-Macao Greater Bay Area - it is several times or even

dozens of times the economic impact of other cities in this area. It is

because Guangzhou is the capital of Guangdong Province and an

important central city, international business center and

comprehensive transportation hub in China. Boasting an

advanced trade logistics network, Guangdong is able to allocate

labor, land, resources, information, technology and other production

factors in a reasonable association both in both spatial and timely

manner. At the same time, Guangdong provincial government tries

to open the channels of logistics, population mobility, capital flow

and information flow in Guangdong-Hong Kong-Macao Greater

Bay Area through institutional innovation, so that the circulation

efficiency is up, circulation cost is down, the social resources put into

production transform into productivity in a higher speed.Moreover,

As a national historic and cultural city, this powerhouse of South

China enjoys a second to none level of education, medical care, old-

age care and entrepreneurship. In sum, Guangzhou gathers not only

“things” but also “people”, it attracts the social resources of the

surrounding cities, and radiates and feeds back the generated

economic fruits to the surroundings even the whole country.

From the above, it can be concluded that in order to achieve a

systematic development of Guangdong-Hong Kong-Macao Greater

Bay Area in a way of twice the results for half the effort, we should

give full play toGuangzhou’s role as a key node during the process of

developing the related policies. In light of the uneven economic

development and marketization among cities in the Guangdong-

Hong Kong-Macao Greater Bay Area and the limited bargaining

chips and ability for macroeconomic regulation and control of local

governments, huge and continuous public financial expenditure is

needed to achieve mutual integration and system optimization

among the cities. Therefore, the central government should pay

attention to the structural contradiction of the “fiscal division”

between Guangzhou and Shenzhen in the policy arrangement. In

addition, policy adjustment should focus on raising Guangzhou’s

general budget revenue to enhance Guangzhou’s internal and

external driving force of investment in the economy and people’s

well-being projects of the Greater Bay Area, so that Guangzhou is

able to play a leading role in the development of the Guangdong-

Hong Kong-Macao Greater Bay Area.

Conclusion

As the attention paid by governments over the globe to the role

of city clusters in regional development increased, an in-depth

study of the complex network of economic growth within city

clusters can further enhance the city clusters’ development. This

paper took the Guangdong-Hong Kong-Macao Greater Bay Area

city cluster as the research object and studied the connectedness

network of economic development among 11 cities from the

perspective of complex networks. Firstly, 10 indicators about

cities’ economic development were chosen in the beginning and

were decomposed by Principal Component Analysis into three

main components, which were further built into a comprehensive

evaluation index of the economic development of the cities.

Secondly, a new method—the TVP-VAR-SV model and

MCMC method - were adopted to build a complex network of

these economic development variation. This MCMC-based

complex network can effectively solve the problem of failing to

build a complex network due to the lack of sample data. This paper

found that Macao, on one hand, is the largest beneficiary of the

complex network of economic development in the Greater Bay

Area. Guangzhou, on the other hand, performs as the largest

radiator in this complex network of economic development. That

is to say, when making the development policies of the

Guangdong-Hong Kong-Macao Greater Bay Area, we must

make full use of Guangzhou’s role as a key node to achieve an

effective systematic development.Meanwhile, Shenzhen andHong

Kong enjoy more advanced economic development compared

with other cities in the city cluster, the spillover effects of these two

most developed cities, however, are much lower than that of

Guangzhou, which is not in line with their economic status. To

pursue high-quality development of the whole Bay Area city

cluster, Shenzhen and Hong Kong should perform their leading

roles in the economy by improving their integration with other

cities, and further promoting the integration of economic

development in the Greater Bay Area.
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