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1. Introduction

Abstract. Considering the two-way spillovers of market information, this study estab-
lishes multivariate Generalized Auto-Regressive Conditional Heteroscedasticity (GARCH)
models to study the impact of Shenzhen-Hong Kong Stock Connect (SHSC) on the complex
co-movement relationship between the stock markets of Shenzhen and Hong Kong in
terms of dynamic correlation and volatility spillover. A t-copula Dynamic Conditional
Correlation-GARCH (DCC-GARCH) model that combines the copula function with the
DCC-GARCH model is established to model the return rate series of stock index at different
stages and the characteristic that the dynamic correlation coefficient changes with time is
analyzed emphatically. Moreover, a Baba, Engle, Kraft, Kroner-GARCH (BEKK-GARCH)
model is established to measure the changes in the volatility spillover effect between the
stock markets in Shenzhen and Hong Kong. The results show that the opening of SHSC has
gradually increased the dynamic correlation coefficient of the two stock markets, and the
openness degree of the two stock markets has increased. At the same time, the volatility
spillovers of stock markets in Shenzhen and Hong Kong have shifted from one-way spillover
to two-way spillovers, indicating that the SHSC mechanism has strengthened the correlation
degree and improved the ability of risk spillover in the two stock markets.

(© 2022 Sharif University of Technology. All rights reserved.

[1-3]. Although there were certain trading restrictions,

The reform and opening of China’s capital market can
not only meet the inflow of overseas capital, but also
promote the innovation of the financial instruments.
In 2014, the implementation of the Shanghai-Hong
Kong stock connect mechanism connected the main-
land market to the Hong Kong market for the first
time, which was an important breakthrough for China’s
mainland market to open to the international market
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the two markets had a certain trade basis. Shenzhen,
adjacent to Hong Kong, has a strong advantage over
Shanghai in terms of topography and cultural origin,
and the trade transactions of Shenzhen and Hong
Kong tend to be frequent. Therefore, it is necessary
to further promote economic and trade cooperation
between Shenzhen and Hong Kong. The opening of
the SHSC in 2016 is a real interconnection of the
three markets of Shanghai, Shenzhen, and Hong Kong
[1,4,5], which has not only improved the level of China’s
opening-up, but also promoted the internationalization
process of China’s economy.

The Shenzhen-Hong Kong Stock Connect (SHSC)
has been in operation for two years. It optimizes the
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allocation of resources in the mainland and strengthens
the two-way liquidity of funds in the Hong Kong and
mainland markets. Therefore, it is complementary to
some extent in terms of its target. There are many
A-shares in Shenzhen, and the most dynamic listed
companies in China are concentrated in Shenzhen.
The inflow of foreign capital will make Shenzhen more
active, and the differences between different sectors
will continue to develop under the multi-level system.
Moreover, the opening of the SHSC has brought some
incremental funds and many mainland investors to
Hong Kong stocks and made the Hong Kong stock
market more diversified.

With the acceleration of global internationaliza-
tion, the financial markets are more or less connected.
China has basically completed the layout of the new
two-way opening mode of capital markets, and the
interconnection between the mainland and Hong Kong
markets has opened a new era. Among them, the
implementation of the SHSC mechanism has produced
information impact on the two stock markets of Shen-
zhen and Hong Kong, which will cause local market
fluctuations. Much of the current study has focused on
the volatility of the stock market in a single market,
but there is information transmission between stock
markets. Therefore, in the stock markets of Shenzhen
and Hong Kong, we should not only study the influence
of this information transmission on the individual stock
market volatility of Shenzhen and Hong Kong, but also
analyze the influence degree of the SHSC mechanism on
the complex co-movements relation of stock markets in
these two cities by combining the effective information
of market correlation.

Co-movements refer to a number of related things,
one of which changes with respect to others. It is
originally used in the business cycle to explain the
tendency of many macroeconomic variables to change
together in the business or economic cycle. Later,
with the acceleration of the process of global economic
integration, the rise or fall of different countries or
stock market sectors occurred at the same time; thus,
scholars applied co-movements to the mutual influence
between stock markets, that is, the common change
trend between different financial markets or different
sectors [6-9]. The co-movements of stock markets are
the result of mutual influence between different stock
markets, different stocks, and individual stocks. Con-
sidering the role of information transmission between
markets, the financial markets of various countries are
sometimes more or less linked, and the fluctuations
in a single market will be affected and restricted by
the fluctuations of other markets or sectors to some
extent [10-12].

This paper establishes relevant econometric mod-
els to study the impact of the SHSC on the complex
co-movements relation between the stock markets in

Shenzhen and Hong Kong. The study of co-movements
will help investors to evaluate the stock market risks
more effectively and provide certain investment refer-
ences for investors in Shenzhen and Hong Kong. At the
same time, it will also provide a decision-making basis
for relevant departments to promote orderly opening
of capital market as well as formulate and improve the
policy of China’s financial system.

The rest of this paper is organized as follows.
Section 2 reviews the relevant literature. Section 3 es-
tablishes a ¢-copula Dynamic Conditional Correlation-
GARCH (DCC-GARCH) model that combines the cop-
ula function with the DCC-GARCH model to analyze
the correlation changes of the Shenzhen-Hong Kong
stock markets and then, establishes a Baba, Engle,
Kraft, Kroner-GARCH (BEKK-GARCH) model to
measure the changes in the volatility spillover effect
of the stock markets in Shenzhen and Hong Kong.
Section 4 provides the result analysis of SHSC on the
co-movements between the stock markets of Shenzhen
and Hong Kong. Section 5 concludes the paper.

2. Literature review

Most scholars have studied the complex co-movement
relation of stock markets in terms of volatility spillover
and dynamic correlation.

Crisis shocks often lead to changes in the inter-
dependence of the stock markets. When a market
suffers from information shock, the market will infect
each other and the market co-movements will be sig-
nificantly enhanced. Based on this background, Forbes
and Rigobon [13] proposed a contagion test based on
the correlation coefficient deviation under the condition
of market volatility. The results demonstrated that
the incidence of contagion decreased sharply compared
with the results corresponding to the unadjusted cor-
relation coefficient, and it was demonstrated that the
high-level co-movements of many stock markets re-
flected the continuation of strong cross-market linkages.
Different from the above results, Li and Majerowska et
al. [14] investigated the relationship between emerging
markets and mature markets by using the four-variable
asymmetric BEKK model (named by Baba, Engle,
Kraft, and Kroner), and the results showed that
the interaction between markets was limited and the
relationship between them was weak. Combined with
previous studies, Rua and Nunes [15] employed a novel
wavelet analysis method to evaluate the interaction
between international markets, which could analyze
the correlation between stock returns in time domain
and frequency domain. Gjika and Horvath [16] studied
the common role of western European stock mar-
kets according to the multivariate Generalized Auto-
Regressive Conditional Heteroscedasticity (GARCH)
model with Asymmetric Dynamic Conditional Corre-
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lation (ADCC). The results indicate that the stock
market shows asymmetry and conditional correlation
in the conditional difference, and the Chinese stock
market is closely correlated with western European
stock markets, while the financial crisis has increased
the correlation of stock markets.

Same with the above research results, Mensi et
al. [17] established a DCC-FIAPARCH model com-
bined with the revised incorrect-site algorithm and
Value At Risk (VAR) to study the volatility spillover
effect for the US and other five emerging stock markets.
The empirical results show that the conditional volatil-
ity and dynamic correlation between stock markets
in different countries have the features of asymmetric
and long-term memory, and the occurrence of financial
crisis solidifies the relationship between markets. Baris
et al. [18] used ADCC and EGARCH models to deduce
time-varying relationships among oil, gold, and inter-
national stock markets in terms of correlation. The
results demonstrated that these relationships changed
with the degree of correlation between these markets
and affected diversification opportunities of global in-
vestment portfolios. Based on the above literature,
Hassan et al. [19] explored the dynamic conditional cor-
relation and volatility linkage between Islamic indexes
and oil for BRIC countries. Akkoca and Civcir [20]
proposed a SVAR-DCC-GARCH model to discuss the
dynamic linkages between strategic commodities and
stock market in Turkey.

In China, some scholars have gradually studied
different aspects of the co-movements for different
stock markets. For example, Song [21] established
multiple GARCH models to study the volatility and
intra-group dynamic relations of Asian stock markets.
The results showed that there was significant volatility
spillover and correlation infection among Asian stock
markets, and DCC model was found to be better than
other multivariate GARCH models. Different from
the former research, Xiong and Han [22] used the
Granger Causality-Multivariate Stochastic Volatility
(GC-MSV) model to conduct the empirical analysis
for the volatility spillover of the currency market and
the stock market at different stages, and the result
shows that with the change in RMB exchange rate,
the spillover effect between them exhibits different
characteristics. Subsequently, Li [23] employed differ-
ent co-integration tests and BEKK-GARCH models to
analyze the co-movement changes in the Asia-pacific
stock markets before and after the crisis, and the results
demonstrated that the stock market was affected by the
crisis, and the co-movements of stock markets increased
significantly regardless of one-way spillovers or two-
way spillovers. At the same time, Gao and Guo [24]
studied the co-movements of domestic and foreign stock
markets using the same model as above. From the
results, it can be found that China’s stock market has

left the relatively closed state and the market has an
obvious trend of opening up.

Later, Yang et al. [25] analyzed the correlation of
Chinese regional stock markets using the diagonal Vec-
tor Error Correction Heteroscedasticity (VECH) model
and then, used DCC-GARCH model to study their co-
movements. According to the results of data analysis,
following the completion of the reform, the stock mar-
ket fluctuations in Greater China converged and the
stock market correlation significantly increased. Based
on previous studies, Zhao and Yan [26] established a
TVP-VAR model to explore the dynamic relationship
between A, B shares and Hong Kong shares, and
they found that the implementation of the Shanghai-
Hong Kong stock connect mechanism improved the
integration level of the stock market and accelerated
the market reform. Yao and Liu [27] used the Dynamic
Conditional Correlation-Mixed Data Sampling (DCC-
MIDAS) model to study the co-movements of stock
market in Shanghai and Hong Kong according to
the mixed frequency data. The results demonstrated
that the volatility of the two cities was more affected
by the financial crisis than by the opening of the
Shanghai-Hong Kong stock connect. Different from
the above models, Xian and Pan [28] employed the
regression equation to study the impact of Shanghai-
Hong Kong stock connect on the co-movements of the
stock markets in Shanghai and Hong Kong and con-
cluded that the co-movements between these two cities
were significantly enhanced in a short term through the
regression fitting graph. Huo [29] took the global stock
markets as the object and used the VAR model, the
GARCH model, and the Vector Error Correction Model
(VECM) and DCC models to study the dynamic fi-
nancial connection and volatility transmission between
different financial markets. Through the integration of
the Variational Mode Decomposition (VMD) method
with various static and time-varying copulas, Li and
Wei [30] studied the dependence and risk spillover
between crude oil market and China stock market
over different investment horizons, before and after the
recent financial crisis. Lin and Chen [31] presented
a VAR(1)-DCC-GARCH(1,1) model and a VAR(1)-
BEKK-AGARCH(1,1) model to study the problem of
dynamic linkages and spillover effects among the CET
market, the coal market, and the stock market of NEC.
Xu et al. [32] investigated the presence of asymmetric
response to volatility shocks using the Asymmetric
Generalized Dynamic Conditional Correlation (AG-
DCC) model. Chang et al. [33] investigated the
volatility spillover effects and dynamic correlations
between China’s emissions allowances and fossil energy
markets by using the DCC-GARCH model.

To sum up, the existing literature generally inves-
tigates co-movements unilaterally from the correlation
or volatility spillover effect of single or multiple capital
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markets. Furthermore, this study explores the impact
of the SHSC on the co-movements of the Shenzhen-
Hong Kong stock markets in terms of dynamic cor-
relation and volatility spillover effect. This paper
considers the nonlinear relationship which has heen
easy to ignore in the previous financial market research
and establishes a new t-copula DCC-GARCH model
to study the dynamic correlation between the stock
markets of Shenzhen and Hong Kong by combining the
copula function with DCC-GARCH model.

3. Impact analysis of SHSC on the
co-movements

Co-movements mainly describe the tendency of one
variable changing with the other, and it is described
through the relationship of correlation, causality,
volatility spillover, and so on. Because of the opening
of SHSC, there is a certain complex co-movements
relation between the stock markets of Shenzhen and
Hong Kong. In this section, the copula DCC-GARCH
model was established to judge the change of the
dynamic correlation between these two stock markets
and then, the BEKK-GARCH model was employed
to analyze the volatility spillover effect of the stock
markets in Shenzhen and Hong Kong at different
stages.

In particular, before establishing the multivariate
GARCH model, it is necessary to uniformly define the
return rate variables of stock markets in Shenzhen and
Hong Kong. Let the return rate double variants be r; ;
and 72 ¢, and they constitute the 2-dimensional column
vector R, = [rl,t,ru]l which can be decomposed
into Ry = ¢ + a¢ that is, at time ¢; the return can
be decomposed into p, and oy, pu, = E(R:|Fi—1)
and a; = Hi/z - €¢. The first term is the expected
return at time ¢ given the available information in the
previous period, and the information set is expressed as
F;_1. The unknown conditional covariance is defined
as follows:

Cov (at |Ft—1) =H, = |:le¢ Zl27t:| ’ (1)
21,6 oo

where e; is an independent identically distributed

random vector with a mean of zero. From Eq. (1),

since H;=H, is a symmetric matrix of the order 2 x 2,
H; must be positive definite for all ¢.

3.1. Data source and stage division

In order to analyze the impact of SHSC on the co-
movements between the stock markets of Shenzhen and
Hong Kong, the closing prices of Shenzhen Component
Index (399001) and Hang Seng Index (HSI) of Hong
Kong from December 4, 2014 to December 5, 2018 are
selected as data samples in empirical analysis. The
daily closing data of Shenzhen Component Index and

HSI of Hong Kong is selected from the website Invest-
ing.com. Because of the differences in the holidays’
regulations of Hong Kong and Chinese Mainland, the
trading dates of stock markets in Hong Kong and
Shenzhen have a slight discrepancy. Based on this
background, we delete the data in inconsistent trading
days of stock markets in Shenzhen and Hong Kong.
After data processing, we get a total of 950 trading
data sets.

3.2. Impact analysis of SHSC on the dynamic
correlation

In order to quantify the correlation degree between
the stock markets of Shenzhen and Hong Kong, the
dynamic correlation between financial markets is used
to measure the correlation degree. The data corre-
sponding to financial assets do not all follow normal
distribution, most of which have the property of thick
tail and the nonlinear relationship between them may
not be described using the general linear correlation
coefficient. As a connection function, the copula
function can describe the correlation structure between
different distributed assets. Therefore, in order to
avoid the limitations of the general model, this paper
combines the copula function with the binary DCC-
GARCH model to analyze the dynamic correlation
degree of the stock markets in Shenzhen and Hong
Kong.

3.2.1. Applicability test of copula function estimation
Figure 1 shows the steps of parameter estimation for

Residual sequences of marginal
distribution

The feasibility
judgment of parameter estimation
methods

Probability integral transformation of
residual sequences

e

Y

Establish different Copula functions,
and determine the optimal function

Figure 1. Flow chart for parameter estimation of copula
function.
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Table 1. Parameter estimation and test results of
marginal distribution model.
Stage RZ1 RK1 RZ2 RK2
K-S statistics 0.0347 0.0321 0.0337 0.0281
K-S Probability value 0.6071 0.7045 0.6378 0.8357

copula function. In this paper, the residual sequence
of GARCH (1,1)-skewt model is used as the edge
distribution, and the parameter estimation method is
used to construct the optimal copula function.

In this section, MATLAB R2016a software is used
to estimate the relevant parameters of the marginal
distribution model of return rate sequence in different
regions, and the probability integral transformation
is employed to convert the sample from partial ¢
distribution into a sequence subject to (0,1) uniform
distribution, which is tested by the non-parametric test
method (Kolmogorov-Smirnov, K-S). Table 1 shows the
test results of the time series marginal model of the
selected stock index return rates.

From Table 1, the following conclusions can be
obtained.

1. The return rate sequences transformed by probabil-
ity integral are all subject to an independent and
uniform distribution (0,1). At a confidence level of
5%, the probability values of K-S are all greater
than 0.05, so there is no reason to reject the null
hypothesis;

2. The marginal distribution based on the
GARCH(1,1)-skewt model is reasonable.  The
conditional marginal distribution is obtained by
GARCH(1,1)-skewt model estimation for the time
series of stock index returns of Shenzhen and
Hong Kong in stages, and the new sequences
transformed by probability integral are subject
to uniform distribution; thus, the fitting effect of
GARCH(1,1)-skewt model on the estimation of
various return sequences of Shenzhen and Hong
Kong is seen to be relatively ideal.

After determining the marginal distribution, the pa-
rameters of the copula function should be estimated.
There are usually two kinds of parameter estimation
methods [34-35], i.e., parametric method and non-
parametric method, where the parametric method
includes Maximum Likelihood Estimation (MLE) and
Inference Function for Margins (MLE), and the non-
parametric method mainly refers to the kernel density
estimation.

In the application of copula function to describe
the related structure of financial asset, the first step is
to estimate the parameter values of copula function,
and the most commonly used parameter estimation
methods are MLE and IFM. In some applications, MLE
estimation is difficult to implement due to the large

number of unknown parameters or the complexity of
models. Therefore, the IFM estimation method is used
in this paper to estimate the parameters in copula
function.

3.2.2. Determination and evaluation of the optimal
copula function

The setting of the initial value of copula function
depends on 5 kinds of common static copula models,
namely normal copula, t-copula, Clayton copula, Frank
copula, and Gumbel copula. The specific definition of
each copula function is detailed in the literature [36—
37].

In the financial field, suppose that there are m
raw data sequences of n assets (1,2, " ,Tin), I =
1,2,--- ,m; then, the empirical distribution function of
the corresponding asset can be obtained as Ij(x;),j =
1,2, ,n and substituted into the expression of copula
empirical function; therefore, we have:

C(u17u27 e 7un) =

m

ZI(D7 (F1($i1),F2(:pi2)7 e

=1

1
— Fo(zin))). (2
- Falein): (2)
Now, the method of IFM is used to estimate the
parameters in the copula function, which is generally
divided into two steps as follows.

Step 1: Estimate the marginal distribution parame-
ters orderly. This step involves maximum likelihood
estimation of the univariate margin and the following
results can be obtained:

T

0, = argmalen fi(z1s;61), (3)
t=1

A T

fy = arg maxz In fo(way; 02). (4)
t=1

Step 2: Solve and estimate the parameters related
to copula function. This step involves the maximum
likelihood of dependent parameters, where the single
variable parameter remains fixed as follows:

T
é:argmalenc

t=1

(Fl(fplﬁél)an(«T2t;é2);ec> . (5)

Here, the software of MATLAB R2016a is employed
to estimate the corresponding parameters of copula
function. The parameter results of stock markets in
Shenzhen and Hong Kong in the first stage are shown
in Table 2. The relevant structure characterization
of different copula functions is different. On the
selection of optimal copula function, there are several



C. Rao et al./Scientia Iranica, Transactions E: Industrial Engineering 29 (2022) 17161728 1721

Table 2. The parameter estimation results of different
copula functions in the first stage.

Copula p k 0 Euclidean
distance
Normal copula 0.4740 - - 0.0457
t-copula 0.4572 14.6065 - 0.0348
Clayton copula - - 0.6413 0.0592
Frank copula - - 2.8670 0.0648
Gumbel copula - - 1.3712 0.0538

methods as follows:

1. According to the actual data statistical charac-
teristics of stock markets in Shenzhen and Hong
Kong, analyze the characteristics of copula func-
tions and then, select the optimal copula function;

2. Select the optimal copula function from a given
set according to the criteria of AIC, BIC, HQIC,
distance minimum criterion, and so on;

3. Select the optimal copula function based on the
likelihood function criterion.

On this basis, this paper uses the distance minimum
criteria, that is, the square Euclidean distance of the
empirical copula function and the theoretical copula
function, to choose the best copula function. When the
distance is smaller, the selected copula function has a
stronger ability to describe the correlation structure
between the stock markets of Shenzhen and Hong
Kong, and the results reflected are closer to reality.

The expression of the square Euclidean distance
is shown as follows:

2

(6)

Table 2 shows the FEuclidean distance results cor-
responding to different copula functions in the first
stage. It can be found that the Euclidean distance
corresponding to the t-copula function is 0.0348, which
is the smallest. Therefore, the t-copula function with
a parameter of 0.4572 and a freedom degree of 15 is
the optimal copula function to describe the relative
structure of the return rates in the first stage.

Kendall rank correlation coefficient and Spearman
rank correlation coefficient are commonly used to
measure the correlation of copula functions. They
can measure the correlation structure between the
stock markets of Shenzhen and Hong Kong from the
perspective of linear and nonlinear relationships.

The related expression of Kendall rank correlation
coefficient and the copula function is:

m
2= Z ‘O(uihuig’ i) — Clit iz - Win)
=1

T= 4fj C(u,v)dudv — 1, (7)

and the Spearman rank correlation coefficient is:

Table 3. The Kendall and Spearman rank correlation
coefficient in the first stage.

Rank correlation

coefficient g
Normal copula 0.3144  0.4570
t-copula 0.3023 0.4377
Clayton copula 0.2428 0.3555
Frank copula 0.2835 0.7760
Gumbel copula 0.2707 0.5723
Direct estimation 0.2904 0.4195

Table 4. The Kendall and Spearman rank correlation
coefficient in the second stage.

Rank correlation

coefficient g
Normal copula 0.3635  0.5226
t-copula 0.3599  0.5084
Clayton copula 0.2658 0.3873
Frank copula 0.3573  0.8263
Gumbel copula 0.3246  0.5952
Direct estimation 0.3612 0.5145

1ol
ps = 12/ / C (u,v) dudv — 3, (8)
0o Jo

where the parameters v and v in Egs. (7) and (8)
represent the sequences after probability integral con-
version. The software of MATLAB R2016a is used to
calculate the corresponding 7 and p; of different copula
functions and measure the Kendall rank correlation
coefficient and spearman rank correlation coefficient in
the first stage; the results are shown in Table 3. With
the application of the same calculation method as in
the first stage, the Kendall rank correlation coefficient
and spearman rank correlation coefficient in the second
stage can be calculated; the results are listed in Table 4.

Through a comprehensive comparison of the cal-
culation results in Tables 3 and 4, we can conclude that
the t-copula function is the best fitting function for the
return rates of stock markets in Shenzhen and Hong
Kong. In fact, the ¢-copula function is the optimal
copula function to describe the relative structure of
the return rates in the first stage and the second stage.
Therefore, in the two-stage selection of copula function,
the t-copula function is used as the basic function
to analyze the dynamic correlation between the stock
markets of Shenzhen and Hong Kong.

3.2.83. The t-copula DCC-GARCH model

Dynamic correlation can clearly show the daily corre-
lation changes during the sample data and exhibit the
impact on the stock markets of Shenzhen and Hong
Kong more intuitively.
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According to the optimal ¢-copula function se-
lected in Section 3.2.2, the joint distribution function
of residual vector after the standardization of marginal
distribution is:

Fley,eae) = Chp(ur,e,usy) 9)

where R is the correlation coefficient matrix corre-
sponding to the t-copula function, and v is the freedom
degree of the t-copula function. In this paper, the
copula model and DCC-GARCH are fused to establish
a t-copula DCC-GARCH model. Thus, the copula
model and the DCC-GARCH model are combined to
establish a ¢-copula DCC-GARCH model. Then, Eq.
(9) becomes:

Fleis,e24) = Cf;g,,v(m,t,uu) (10)

In Eq. (10), R; is the dynamic conditional correlation
matrix of the sequence established by DCC-GARCH
model [38-39].

Thus, the logarithmic likelihood function of the
t-copula DCC-GARCH model is:

v+k k
LLtfcopula(e) = —TlOg F( 2 )/F(Z) — kt

T

g (50 [T(3) - 55 Y

@R i,
log(1 + T) - Zlog | Ry
t=1

T k

4—z:z:log(1+%)7 (11)

t=1 =1

where @; ;= F;l(uivt) and 6 = (v, a, 3) are the param-
eters in the ¢-copula DCC-GARCH model.

3.2.4. Dynamic correlation analysis based on t-copula
DCC-GARCH model

For the ¢-copula DCC-GARCH model established in

Section 3.2.3, we substitute relevant data and use the

software of MATLAB R2016a to solve it and then,

analyze the dynamic correlation between the stock

markets of Shenzhen and Hong Kong in different stages.

Before the opening of SHSC

The parameter estimation results of the first stage are
shown in Table 5. Table 5 shows that the parameters
of the t-copula DCC-GARCH model are significant at
a significance level of 1%. The correlation coefficient
« is 0.0106, which indicates that the impact of the
previous return rate shock is small. The correlation
coefficient 3 is 0.7679, which indicates that the co-
movements of Shenzhen-Hong Kong stock markets in
the first stage are relatively strong. Figure 2 shows the
graph of corresponding dynamic correlation coefficient.

Table 5. The parameter estimation results of t-copula

DCC-GARCH in the first stage.
Stock markets of

Parameters
Shenzhen and Hong Kong
v 17.2383*
«@ 0.0106™
B 0.7679"
Note: * indicates that it is significant at the levels of
10%.

Table 6. The parameter estimation results of ¢-copula

DCC-GARCH in the second stage.

Stock markets of Shenzhen

Parameters
and Hong Kong
v 19.6269*
e 0.0151
154 0.9826™"

Note: * and ** indicate that it is significant at levels

of 10% and 5%, respectively.

ST BT’

0.40 | 4

0 50 100 150 200 250 300 350 400 450 500

Figure 2. The graph of corresponding dynamic
correlation coefficient in the first stage.

In the first stage, the average value of dynamic
correlation coefficient is 0.4819. Together with Fig-
ure 2, we can conclude that when the SHSC is not
opened, the correlation degree of the Shenzhen-Hong
Kong stock market is in a stable state, which is related
to the opening of the Shanghai-Hong Kong stock
connect mechanism. After that, the correlation degree
exhibits a downward trend. This is possibly affected by
the stock market crash in 2015; thus, the stock market
was depressed and the correlation degree between the
two stock markets declined. The subsequent upswing
may have been influenced by the news of the imminent
implementation of SHSC.

After the opening of SHSC

The parameter estimation results of the second stage
are shown in Table 6. As can be seen from Table
6, the parameters in the second stage are significant
at a significance level of 1%, while the correlation
coefficients a and [ are significant at a significance
level of 5%. The value of 0.9826 is obviously close
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Figure 3. The graph of corresponding dynamic
correlation coefficient in the second stage.

to 1, which indicates that the co-movements between
the stock markets of Shenzhen and Hong Kong in the
second stage have stronger sustainability than that in
the first stage. In the second stage, the mean value
of the dynamic correlation coefficient is 0.5143 and the
maximum value is 0.7263. The graph of corresponding
dynamic correlation coefficient is shown in Figure 3.

From Figure 3, after the opening of the SHSC, the
correlation degree of the Shenzhen-Hong Kong stock
markets has a significant change and an overall upward
trend. In case of a high correlation between the two
markets, the information will be transmitted between
different markets, that is, there is a volatility spillover
effect between the stock markets of Shenzhen and Hong
Kong.

3.3. Impact analysis of SHSC on the
volatility spillover effect

3.3.1. The BEKK-GARCH model for volatility
spillover effect analysis

When studying the volatility spillover effect between

the stock markets of Shenzhen and Hong Kong, based

on Eq. (1), a BEKK-GARCH(1,1) model is given as

follows:

The mean equation [40]:
R; =Xt +¢y, (12)

where v is a 2 X (p + 1)-order estimation coefficient
. ro., . .
matrix and e; = [e14, €2, 18 a residual term matrix.

The variance equation [40]:

Ht: A&‘t_lslt_lA'—f—BHt_lB'+CC'. (13)

where A = [“1 2| ig an ARCH term coefficient
@21 A22

bll b12

matrix, B = |:b21 -

] is a GARCH term coefficient

matrix, and C = is a lower triangular
C21  C22

constant matrix.

In addition, considering Eq. (13) with Eq. (1), we
have:

hll,t = Val"(ﬁ,t), h22,t = V&r(Tz,t),

hlz,t = h21,t = COV(Tl,t7T2,t)~
Then, Eq. (13) can be expanded as:
_ 2 2 2
hi1e =iy +ai1€7 41 + 201101281 t-1€2,1—1
2,63 b2 h 2011612k
+ajyes 1 011111 + 201101201211
2
+ b12h22,t—17
h — 2
12,6 =C11C21 + A11Q12€7 41 + (a21012 + a11a22)
2
€1,t—1€2,¢—1 T A21022€5 ;¢ T bi1biahi1,i—1
+ (ba1bia + b11b22) 12 4—1 + b21baohos 41,
_.2 2 2 2
haot =c51 + 5 + a3187 41 + 201202281 1-182,¢—1
2263 b2 h 2b21bash
+ages, 1 + 031111 + 2b21b22h12,11

+ bohas -1

In these expansion formulas, six factors, including the
own volatility hq1,1 of the last period, the previous
volatility hgz 1 of the opposing market, the covariance
hi2,t—1, ho1,4—1 of the two different markets, the square
of own former residual error 5@_1, the square of the
former residual error egi_l of the opposing market, and
the interaction term of the two markets €1, 1224 1

cause the volatility of r; ; or 754.

3.8.2. Volatility spillover effect analysis of stock
markets in Shenzhen and Hong Kong
Based on the BEKK-GARCH(1,1) models established
in Section 3.3.1, the software of Winrats Pro 8.0 and the
optimization algorithm of BGFS are used to estimate
the parameters in the BEKK-GARCH(1,1) models
before and after the opening of SHSC. The estimation
results are listed in Tables 7 and 8, where Market 1 rep-
resents Shenzhen stock market and Market 2 represents
Hong Kong stock market. Based on these results, we
can further analyze the changes of volatility spillover
effect before and after the opening of SHSC [41].
From Tables 7 and 8, we can get the following
estimation result of the matrix parameters.

A —|703313 —01584] o [0.7978 —0.1573
1= | 0.064 0.133 |’ 717104222  1.0597 |

A [01024 00343 ] o [-0.1024  0.0343
27 120.2003  —0.1502|° 727 |—0.2003 —0.1502|"

where A; and B; are the coeflicient matrixes before



1724 C. Rao et al./Scientia Iranica, Transactions E: Industrial Engineering 29 (2022) 17161728

Table 7. Calculation results of BEKK-GARCH(1,1)
model before the opening of SHSC.

Estimated Standard

Matrix p value
coefficient deviation
C(1,1) —-0.2086™ 0.1170 0.0746
C(2,1) 0.1754™" 0.0727 0.0158
C(2,2) 0.0003 0.1891 0.9997
A(1,1) -0.3313"" 0.0450 0.0000
A(1,2) -0.1584™" 0.0263 0.0000
A(2,1) 0.0640 0.0680 0.3467
A(2,2) 0.1330™" 0.0533 0.0125
B(1,1) 0.7978"* 0.0199 0.0000
B(1,2) -0.1573"" 0.0123 0.0000
B(2,1) 0.4222™* 0.0281 0.0000
B(2,2) 0.9319"* 0.0194 0.0000

Note: * and ** indicate that it is significant at levels

of 10% and 5%, respectively.

Table 8. Calculation results of BEKK-GARCH(1,1)
model after the opening of SHSC.

Estimated Standard

Matrix p value
coefficient deviation
C(1,1) 0.2156 0.1659 0.1937
C(2,1) -0.1960" 0.0827 0.0178
C(2,2) —0.0002 0.1907 0.9989
A(1,1) -0.1024"" 0.0511 0.0450
A(1,2) 0.0343* 0.0175 0.0502
A(2,1) -0.2003"" 0.0726 0.0058
A(2,2) -0.1502™" 0.0530 0.0046
B(1,1) 0.9395%* 0.0836 0.0000
B(1,2) -0.1239"" 0.0076 0.0000
B(2,1) 0.1775"* 0.0091 0.0000
B(2,2) 0.8572"* 0.0435 0.0000

Note: * and ** indicate that it is significant at levels

of 10% and 5%, respectively.

the opening of the SHSC, A, and Bs are the coefficient
matrixes after the opening of the SHSC. To determine
whether the model estimation is covariance stationary,
the conditions given in the theoretical description of
the BEKK model are used. The Kronecker product
(K) of A and B is:

K=A,®A; +B,@B; i=12

We substitute the estimated coefficients of the BEKK
model before and after the opening of the SHSC into
the Kronecker product and set det (K — AI) = 0; then,
we get the absolute eigenvalues corresponding to the
two stages as follows:

A; = [0.9126,0.9126,0.9727,0.8779],

Ao = [0.9277,0.9113,0.9113,0.9198]".

According to the above eigenvalues, the estimated
absolute eigenvalues are all less than 1. Thus, the
estimated model satisfies the condition of variance
stability and it is reasonable to model the volatility
spillover effect for the stock markets of Shenzhen and
Hong Kong. Therefore, we can further analyze the
meaning of volatility spillover expressed by model
parameters.

As can be seen from Table 7, before the opening
of the SHSC, there was a one-way volatility spillover
between the stock markets of Shenzhen and Hong
Kong. The values of off-diagonal elements a12 and b1y
in parameter matrix are significant at a significance
level of 5%, which shows that both ARCH effect and
GARCH effect exist in Shenzhen stock market and
Hong Kong stock market. There are the agglomeration
effect and the lasting effect of volatility. In addition,
there is also small volatility spillover between them.
The reason may be due to the opening of the Shanghai-
Hong Kong stock connect. However, the coefficient
a1 is not significant at a significance level of 5%,
which shows that there is no volatility agglomeration
effect between the stock markets of Hong Kong and
Shenzhen. Moreover, it is also indicated that there
is no obvious volatility spillover between Hong Kong
stock market and Shenzhen stock market.

According to Table 8, after the opening of the
SHSC, there is a two-way volatility spillover between
the stock markets of Hong Kong and Shenzhen. The
values of off-diagonal elements aj2, b1a, as1, and be; in
the parameter matrix are quite high at a significance
level of 10% and are not zero at all, showing that there
are both ARCH volatility effect and persistence effect
of GARCH volatility in these two stock markets.

In this section, Wald statistics are constructed to
test the volatility effect of BEKK-GARCH(1,1) model
in the stock markets of Shenzhen and Hong Kong
at different stages. The assumptions are presented
below.

Assumption 1:
Hy :a12 = b1 = ag; = by =0.

That is, there is no two-way volatility spillover effect
between the stock markets of Shenzhen and Hong
Kong.

Assumption 2:

H()Zaij:bijzo (i7j:172).

That is, there is no one-way volatility spillover effect
from the Shenzhen or Hong Kong stock market to the
other stock market.

The results obtained by Wald test are shown in
Tables 9 and 10.
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Table 9. The volatility spillover effect before the opening of SHSC.

Original hypothesis Hy Wald value p value Conclusion
(Chi-square value)
There is no volatility spillover effect between RZ1 and RK1 77 6106 0.0000 Reject
(a12 = b12 = a21 = ba1 = 0)
There is no volatility spillover effect from RZ1 to RK1 90.6293 0.0000 Reject
(a12 = b12 = 0)
There is no volatility spillover effect from RK1 to RZ1 101.1402 0.3241 Accept
(a21 = b21 =0)
Table 10. The volatility spillover effect after the opening of SHSC.
. . . Wald val .
Original hypothesis Hy . ald vatue p value Conclusion
(Chi-square value)
There is no volatility spillover effect between RZ2 and RK2 9799813 0.0454 Reject
(@12 = b12 = a21 = ba1 = 0)
T'here is no volatility spillover effect from RZ2 to RK2 9 528438 0.0295 Reject
(a12 = b12 = 0)
There is no volatility spillover effect from RK2 to RZ2 8054070 0.0178 Reject

(az1 = by =0)

We use the Wald test to verify the estimated
results of BEKK-GARCH(1,1) model, and find that
after the opening of the SHSC, the volatility spillover
relationship between the Hong Kong stock market and
the mainland stock market changes, which indicates
that the implementation of the SHSC mechanism has
an impact on the volatility spillover between these two
stock markets.

4. Result analysis of SHSC on the
co-movements

Sections 3.2 and 3.3 analyze the co-movement changes
of the stock markets in Shenzhen and Hong Kong
before and after the opening of the SHSC from
the perspectives of dynamic correlation and volatility
spillover, respectively. Thus, some conclusions can be
drawn on the impact of the opening of the SHSC on the
co-movements between the stock markets of Shenzhen
and Hong Kong as follows:

1. The dynamic influence of stock markets in Shen-
zhen and Hong Kong has been continuously en-
hanced. The parameters in Table 11 reflect the

Table 11. Parameter estimation results of dynamic
correlation.

Parameter The first stage The second stage
164 0.7679* 0.9826""

Note: * and ** indicate that it is significant at levels of

10% and 5%, respectively.

persistence of the volatility between stock markets
in Shenzhen and Hong Kong. The value of 3 in the
second stage is approximately 1, which indicates
that these two stock markets have strengthened
their market influence in the second stage and have
a long term.

2. The correlation between the stock markets of Shen-
zhen and Hong Kong is changing dynamically, and
the opening of SHSC strengthens the correlation
degree between these two stock markets.

Before the implementation of the SHSC mechanism,
the dynamic correlation coefficient between these two
stock markets fluctuates around 0.5. Part of the reason
is that the economic and trade cooperation between
the mainland and Hong Kong is deepening and the
mainland stock market is continuously reformed. In
addition, opening to the outside world, especially the
implementation of Shanghai-Hong Kong stock connect
mechanism, makes the correlation coeflicient of stock
markets in Shenzhen and Hong Kong show moderate
correlation. In 2015, China’s stock market experienced
a serious stock market crash, which lasted from June
2015 to February 2016. During this period, a large
number of listed companies suspended their trading,
the value of the A stock market plunged by 15 trillion
yuan, the Shanghai securities composite index fell by
30%), and the stock market even fell by the daily limit of
1,000 shares. As a result, the stock market liquidity was
extremely poor, the information transmission between
the mainland and Hong Kong was not timely, and the
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correlation coefficient between the two stock markets
finally exhibited a downward trend.

With the rational return of the markets, the value
concept of cross-strait investors changes gradually, and
the correlation degree between the stock markets of
Shenzhen and Hong Kong has been rapidly strength-
ened. Observed from Figure 3, the dynamic corre-
lation coefficient of the two stock markets exhibited
a W shaped trend. After the opening of SHSC, the
differences between the two stock markets need to be
adjusted step by step. In addition, due to the ferment
of Letv enterprise events, there was a short-term credit
crisis in the market, and the correlation coefficient of
the stock markets gradually increased and reached a
record high after a period of adjustment.

From the estimated parameter a5 in Tables 7 and
8, we can see that the volatility effect becomes larger
after the opening of the SHSC (0.0343 > —0.1584),
which indicates that the intensity of volatility overflow
increases with the implementation of the SHSC. The
Wald test shows that the volatility spillover effect
changed from one-way to two-way after the open-
ing of the SHSC. This conclusion indicates that the
transmission of risk information has changed from
single transmission to mutual transmission. As a
bridge and link between the two stock markets in
Shenzhen and Hong Kong, the SHSC improves the risk
transmission capacity of the two stock markets and
the correlation degree between the two stock markets
is further strengthened, which is also related to the
information transmission rate of the two stock markets
strengthened by the SHSC.

5. Conclusion

In this paper, the binary Generalized Auto-Regressive
Conditional Heteroscedasticity (GARCH) models were
established to comprehensively analyze the complex
co-movement effect of the SHSC on the Shenzhen-
Hong Kong stock markets mainly in terms of dynamic
correlation and volatility spillover. Specifically, con-
sidering the complex nomnlinear relationship between
financial markets, the t-copula Dynamic Conditional
Correlation-GARCH (DCC-GARCH) model integrat-
ing copula function with DCC-GARCH was established
to analyze the dynamic correlation between the stock
markets of Shenzhen and Hong Kong before and after
the opening of the SHSC. Based on the parameter
estimation of different stages, we conclude that the
volatility of the two stock markets in the second stage
is persistent and has long-term influence. According to
the analysis of dynamic correlation coefficient diagram,
(a) the dynamic correlation coefficient between the
stock markets gradually increased; (b) the correlation
degree between the two stock markets increased after
the opening of the SHSC; and (c) the openness of Shen-

zhen market increased. Moreover, the Baba, Engle,
Kraft, Kroner-GARCH (BEKK-GARCH) model was
established to study the volatility spillover effect of
the stock markets of Shenzhen and Hong Kong before
and after the opening of the SHSC. From the analysis
result of the volatility spillover, the SHSC mechanism
facilitated the capital flow between the stock markets of
Shenzhen and Hong Kong and then, made the volatility
spillover of stock markets change from one-way to two-
way. In addition, due to the opening of the SHSC, the
co-movements of the two stock markets were enhanced
and the openness of these two stock markets was
strengthened, which played a positive role in promoting
the internationalization of China’s securities market.

Compared with existing literature, the contribu-
tion of this paper is as follows. On the one side,
the existing literature mainly analyzes the complex co-
movements relation of stock markets in Shenzhen and
Hong Kong only from the perspective of correlation
under the background of the SHSC, but there are some
limitations. This paper analyzed the co-movements
of the stock markets in Shenzhen and Hong Kong in
terms of dynamic correlation and volatility spillover.
On the other side, much of the existing literature is
mainly based on DCC-GARCH model when studying
the dynamic correlation of stock markets. However,
there are many limitations in parameter estimation,
information distribution hypothesis, and other issues.
Accordingly, considering the nonlinear relationship
that has been ignored in the previous financial market
research, this paper integrated the copula function
with DCC-GARCH model and then, established a new
t-copula DCC-GARCH model to study the dynamic
correlation between the stock markets of Shenzhen and
Hong Kong.

On the basis of this paper, our further research
can be conducted from the following angles in the
future:

(i) This paper only concluded that the co-movements
between the stock markets of Shenzhen and Hong
Kong increased after the opening of the SHSC,
without analyzing the specific influencing factors
that lead to this phenomenon. This issue can be
considered in the future and the importance of
the influencing factors be ranked;

(ii) This paper found that the SHSC mechanism
improved the openness of mainland capital mar-
ket. In the future, the co-movements and risk
spillover effect between mainland market and
global stock market can be discussed based on
the copula function in the context of connectivity
mechanism;

(iii) There is a need to further study the VAR value of
multi-asset portfolio or different optimized portfo-
lio models for the stock markets of Shenzhen and
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Hong Kong, which can provide decision-making
references for rational investment of investors.
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