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Abstract: Submarine cable network is one of the most important connectivity infrastructures in
the digital era. In the past 20 years, the submarine cable network of Chinese mainland has
formed a complex connectivity structure. This paper focuses on exploring the structure and
evolution of the submarine cable network of Chinese mainland. The results show that the
evolution can be divided into four stages: an initial stage (1993-1998), a developmental stage
(1999-2002), a stagnation stage (2003—2015) and an accelerated stage (2016—2018). The
connectivity structure can be analyzed at micro, meso and macro scales. Statistically, the
connectivity increased significantly overall, but showed significant differences in space. For
the microscale, the landing cities were characterized by “extensive but low, exclusive and
high”; for the mesoscale, the connectivity of countries or regions was characterized by “dis-
tance attenuation” as a whole, but, in part, by a “regional identity”; for the macroscale, inter-
continental connectivity differences have been declining. The hierarchy has been upgraded
from a “3 system” to a “2 + 3 system”. Finally, this paper discusses the interaction between
submarine cable network construction and international relations, and puts forward policy
suggestions for China’s submarine cable construction.
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1 Introduction

The Internet is neither located in “clouds,” nor does it rely on the increasing number of sat-
ellites placed into orbit. On the contrary, the functioning of the Internet and all transoceanic
digital communications is based on fiber-optic cables lying at the bottom of the oceans and
seas. The global submarine cable network, consisting of approximately 450 submarine cable
systems, 1.2 million kilometers of submarine cable, and handling 99 percent of international
data traffic, is the backbone of the physical infrastructure of the global Internet, as well as
the most important information transmission medium in the world, currently and for the
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foreseeable future (Nakamoto et al., 2009). Therefore, an understanding of the connectivity
and spatial structure of the submarine cable network is conducive to analyzing the carrying,
pulling or restricting role of information resources flow among countries.

As for China, the construction of the submarine cable is driven by demand and policies'
(Ye et al., 2018). On the one hand, the construction of submarine cable is affected by gov-
ernment policies. Before 1875, China’s government strongly opposed the telecommunication
technology such as submarine cable because of the great fear of being affected by foreign
countries (Headrick, 1991). But now, a series of national strategies and policies have been
put forward, such as the Digital Silk Road Strategy and the Marine Potestatem Strategy, to
encourage and promote the construction and development of international submarine optical
cable network. On the other hand, the rapid development of ICTs industry puts forward
higher requirements for submarine cable network construction. In recent years, cloud com-
puting, Internet of things, big data, mobile Internet and other services show an explosive
growth trend, driving the explosive growth of data and broadband, which requires the sup-
port of submarine cable network with larger capacity and faster transmission (Saunavaara
and Salminen, 2020). The role played by submarine cable is becoming more and more im-
portant in China. It has become the cornerstone of national economic development and has
been attached great importance by the government and investors.

The first international submarine cable system, invested in by China, was completed and
came into use in December 1993. In the subsequent 25 years, the number of submarine cable
systems worldwide has been increasing, the capacity of submarine cable systems has been
improving, the number of connected countries and cities has been increasing, and undersea
communications capacity has reached a new height (Ye ef al., 2018). An international sub-
marine cable network has been established, which consists of multiple submarine cable sys-
tems, multiple landing stations and multiple operators.

Against a background of the submarine cable network of China becoming more and more
mature and complex, what kind of connectivity pattern, what kind of system structure, and
what kind of evolution characteristics does Chinese mainland present in the world? This as-
pect needs to be addressed scientifically from the perspective of academic transformation.
Although plenty of researches have paid attentions to the design of submarine cable system,
the researches on the structure of the submarine cable network, especially about China,
cannot be provided. To fill this gap, this paper constructs a submarine cable network of
Chinese mainland, and analyzes its structure and evolution characteristics.

The remainder of this paper is organized as follows. In Section 2, literature review is pre-
sented. Section 3 introduces the data and methodology. Section 4 presents the evolution
stages of the submarine cable network. Section 5 presents the spatial distribution of the
submarine cable network from two aspects: submarine cable lines and landing stations. Sec-
tion 6 presents the connectivity structure of the submarine cable network, which is carried
out from three scales: micro, meso and macro. Section 7 abstracts and refines the system
patterns of the submarine cable network. Section 8 concludes, and puts forward some sug-

' China’s Digital Silk Road Initiative, China’s Belt and Road Initiative (BRI), Marine Potestatem Strategy, and the
13th Five-Year Plan (FYP) on China's National Informatization (2016-2020) all put forward specific requirements for
planning and constructing intercontinental submarine optical cable project and improving the level of international
communication interconnection.
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gestions for the planning and construction of China’s submarine cable network.

2 Literature review

At present, research on the submarine cable network focuses mainly on the field of commu-
nication engineering, such as the design of submarine cable networks (Audo et al., 2011;
Garrett, 2018) and the transmission efficiency of submarine cable networks (Downie, 2018;
Tamura and Sakuma, 2018). Based on an understanding of the structure of the submarine
cable system and networks, a large number of researchers have begun to view the submarine
cable network as a topological network for research purposes, and have raised concerns
about its survivability (Cao et al., 2013), reliability (Fan et al., 2014) and vulnerability (Cao,
2012); also the optimization of submarine cable routes has been examined (Msongaleli ef al.,
2016). These studies usually take advantage of complex network theory and methods to
consider changes in the network topology in the event of disasters or deliberate attacks and
usually include verification of the changes through simulation.

However, the submarine cable network is not only a topological network given that, spa-
tiality is a key property (Malecki and Wei, 2009; Furlong, 2021). In terms of space, the
submarine cable network is an important carrier and channel for information transmission
between different regions. It is a large-scale connectivity infrastructure with clear geograph-
ic elements, characteristics and issues (Matthew, 2007; Saunavaara and Salminen, 2020). In
the mid-1990s, the submarine intercontinental cable network is rapidly taking root and ex-
panding, which is regarded as a new and invisible infrastructure (Blum, 2012). By the be-
ginning of the 2000s, the submarine optical cable is regarded as a kind of widely distributed
infrastructure, and it is paid attention to as much as railway and electricity (Edwards et al.,
2009). With the rapid growth of submarine cable in the past decades, the imbalance of its
spatial distribution has recently received attention (Furlong, 2021).

American geographer Rodrigue (2020) divides transportation modes into six categories:
road transportation, rail transportation and pipelines, maritime transportation, air transporta-
tion, intermodal transportation, and telecommunication. Among them, submarine cable is the
main carrier of communication transmission. Rodrigue (2020) regards the submarine cable
as a new type of transportation content produced in the post Fordism era. He also criticizes
the view that telecommunication transmission does not have physical characteristics. Mal-
ecki and Wei (2009) also believe that the submarine cable not only has the characteristics of
communication, but also has the characteristics of transportation. Therefore, the submarine
cable network fits well into the discipline of transport geography, and also represents a new
field for development of transport geography.

Therefore, we can also broaden the research perspective to the field of transportation. We
can find that in the field of transportation geography, the research on the spatial pattern of
large-scale connectivity infrastructure network has been relatively mature and formed a cer-
tain paradigm. The main research in this field involves highways (Weber, 2012; Weber,
2017), railways (Jiao et al., 2017; Xu et al., 2018; Hu et al., 2019) and distribution pipelines
(Chedida and Kobroslya, 2007; Tavana et al., 2012), which share similar characteristics with
submarine cable networks. Moreover, the national telecommunication backbone network has
gradually become valued by geographers (Grubesic et al., 2003; Murray et al., 2007; Kim,
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2012), but to date, few researchers have studied the submarine cable network from the ge-
ography perspective.

Given that the submarine cable network connects the world as a whole, the human social
system and economic structures have been reorganized as a result of the informatization
technology revolution (Graham and Marvin, 1996; Baris and Lu, 2000). Therefore, the vir-
tual network of information flow, rather than the physical network of facilities, has become a
priority issue for some geographers. From the perspective of information element flow,
Graham (1999) and Malecki (2002) have explored successively the relationships between
international information exchange and world urban system, and in so doing, have laid a
foundation for the development of information geography. Since then, with the advent of the
era of big data, the availability of data on information flow on the Internet has resulted in
unprecedentedly improvements. Geographical research on the network information space
has been highly productive, including the spatial form, the spatial effect and even tourism
information flow (Lin ef al., 2007; Zhen et al., 2009; Chen et al., 2012; Wang et al., 2016).
Castells (1996) proposed the concept of “space of flows” and believed that the infrastructure,
which can integrate the world’s electronic communications networks, is the primary re-
quirement for constituting the “space of flows”. Although recent studies have often empha-
sized the importance of connectivity infrastructure such as the Internet (Abramson, 2000;
Townsend, 2001; Wang and Ning, 2004), few studies have been based on such “connectivity
infrastructure” issues. Submarine cable network constitutes the most important information
flow carrier and infrastructure in the digital era, especially for intercontinental flows.
Therefore, it is necessary for research in information geography to address the physical na-
ture of the network and explore the pattern of the submarine cable network.

To sum up, scholars in the field of communication engineering prefer to explore the spe-
cific technology of submarine optical cable, and scholars in the field of geography prefer
information geography under the “digital turn”, few literatures regarding submarine cable
network as infrastructure and studying its spatial structure. However, as an interdisciplinary
field of communication and transportation, the spatial analysis of submarine optical cable
network can refer to some theories and methods of infrastructure network.

3 Data and methodology
3.1 Data

We set out to assemble a database of submarine cables. The data are mainly from the reports
and maps of TeleGeography. Our main purpose is to construct a submarine cable network
and measure its connectivity. Considering these requirements, we collect data mainly from
landing points, landing lines and system capacity (potential/total full capacity is considered).

It should be stated that the submarine cable network of Chinese mainland is not a com-
plete submarine cable network, but part of the global submarine cable network, consisting of
all the submarine cable systems arriving in Chinese mainland. Based on this situation, 13
international submarine cable systems were selected as the research object (Figure 1 and
Table 1), the landing stations being at Qingdao, Shantou, Chongming, Nanhui and Ngwe
Saung, respectively. Although the AAE-1 system landed first in Ngwe Saung, Myanmar, it
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Figure 1 Spatial distribution of submarine cable systems landing in Chinese mainland

directly connects with China through the China-Myanmar international fiber optic cable
system (CMI project), and the service object is still Chinese mainland. This system is also
the first overseas submarine cable system built by China Unicom and having its own landing
station, so the AAE-1 system belongs to the research consortium of the submarine cable
network of Chinese mainland. Accordingly, the research scope of this paper involves 39
landing countries or regions (including Hong Kong, China; Macao, China; and Taiwan,
China) and 78 landing cities. Besides, these are divided into 8 regions, namely, East Asia,
Southeast Asia, South Asia, West Asia, Africa, West Europe, North America and Oceania
(Table 2). When analyzing the evolution stages of the submarine cable network, to fully
demonstrate the development characteristics of the submarine cable in Chinese mainland, a
long-term time series from 1993-2018 was selected. Also by comparing the evolution char-
acteristics of the submarine cable network and from consideration of the scale and differ-
ences of the network, the cross-section analyses of the networks in 2008 and 2018 were se-
lected for comparative purposes.

3.2 Analytical framework

This study adopts a typical empirical methodology, focusing on induction, summary and
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Table 1 Major international submarine cable systems landing in Chinese mainland

No. System Code Bandw_ldth Length Corr_lp leted Remarks
capacity (km) time

j China-Japan Fiber-Optic Subma- ;54 g 1,252 Dec-1993  Abandoned in 2006
rine Cable System

p  China-Korea Fiber-Optic Subma- o 150 pppps 549 Feb-1996  Abandoned in 2005
rine Cable System

3 FLAG Europe Asia FLAG 10 Gbps 27,000 Sep-1997 In service
South-East Asia-Middle .

4 East-West Europe 3 SMW3 960 Gbps 39,000 1999 In service

5 China-US Cable Network CUCN 80 Gbps 30,800 Jan-2000  Abandoned in 2016

6  Asia Pacific Cable Network 2 APCN2 2.56 Tbps 19,000 Dec-2000 In service

7  East Asia Crossing EAC 2.56 Tbps 19,850 Jan-2002 In service

8  City-to-City Cable System c2C 7.68 Tbps 17,000 Aug-2002 In service

9  Trans-Pacific Express TPE 5.12 Tbps 17,700 Sep-2008 In service

1o South-East Asia Japan Cable sIC 15 Tbps 10,700  Feb-2013 In service
System

11  Asia Pacific Gateway APG 54 Tbps 10,400 2016 In service

jp Asia-Affica-Europe-1 Cable AAE-1 40 Tbps 25,000 2017 In service
System

13 New Crossing-Pacific Cable NCP 60 Tbps 13,618 2018 Tn service

System

Table 2 Countries and cities in this research

Region Countries or regions Cities
Chung Hom Kok, Tseung Kwan O, Lantau,
Deep Water Bay, Taipa, Fangshan,
East Asia Hong Kong, Macao, Taiwan, Japan, Korea Toucheng, Danshui, Pali, Chikura, Shima,
Okinawa, Ajigaura, Kitaibaraki, Wada,
Ninomiya, Maruyama, Busan, Geoje, Tacan
Sihanoukville, Jakarta, Telisai, Tungku,
. Cambodia, Brunei, Indonesia, Myanmar, Malaysia, Kuantan., Medan, Pyapgn, Da Nang, Batan=
Southeast Asia Philiopines. Sineanore. Vietnam. Thailand gas, Parit Buntar, Mersing, Nasugbu,
PpInes, Singapore, > Capepisa, Changi, Tuas, Mumbai, Satun,
Songkhla, Katong, Penang, Ngwe Saung
South Asia Sri Lanka, Pakistan, India Mount Lavinia, Karachi, Cochin
West Asia Jordan, Cyprus, Qatar, Turkey, Yemen, Oman, The r?lg:iza’Fz?;?lil;p32&?31h?£?3:§tﬁl/lar_
United Arab Emirates, Saudi Arabia > ) > > F >
Mansura
Africa Djibouti, Egypt Djibouti, Alexandria, Suez
Chania, Bari, Estepona, Goonhilly, Mar-
Eurone Spain, Belgium, Germany, Morocco, Portugal, UK, seille, Penmarch, Mazara del Vallo, Paler-
P France, Greece, Italy mo, Norden, Oostende, Porthcurno,
Sesimbra, Tetuan
North America United States Bandon, Guam, Pacific City, St.Louis Oberts
Oceania Australia Perth

explanation. Therefore, we write on the basis of “process-structure-pattern-mechanism”, and
build the following analytical framework (Figure 2). Firstly, we set up the submarine cable
attribute database of Chinese mainland, and analyze the evolution process. Secondly, we
analyze the network structure characteristics of submarine cable network, in order of mi-
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croscale, mesoscale and macroscale. Thirdly, we summarize the organization pattern of
submarine cable network. Finally, we explore the correlation mechanism of the submarine
cable network, and put forward some concrete policy recommendations for the construction
of submarine cable network of Chinese mainland.

attribute database

[ |
: : b ,”_~\\ i+ B Function Q :
: CableDate ' b | i Man \& A '
: ! D 1osystem N4 :
! : 2N ’ Vg A S
! | S0 so- | ) 5
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! , : EH ' % | S
' Submarine cable i =N i e 11O i

Figure 2 Analytical framework

3.3 Methods

3.3.1 Construction of the submarine cable network

The construction of submarine cable network refers to the graph theory, and methods of oth-
er transportation network’s construction. We abstract the submarine cable network as a top-
ological network composed of nodes and edges. The node set (V= {v;: i =1, 2, ..., n}) is de-
fined as the landing stations (v;); the edge set (E= {e;: i =1, 2, ..., m}) is the node-pairs with
optical cable lines directly between nodes (e;); the weight of each edge (W= {w;: i =1, 2, ...,
n}) is determined by the capacity (potential capacity) of the submarine cable system. Given
that this paper is concerned with the submarine cable network of Chinese mainland, the
connections between overseas landing stations may be only part of their actual connection.
Therefore, only the network connections between the landing stations in Chinese mainland
and the overseas landing stations are explored. On this basis, an undirected direct adjacency
matrix 4 between cities was constructed, where i represents the number of landing cities in
Chinese mainland, with a maximum of 5 and j represents the number of landing cities over-
seas, with a maximum of 73. In particular, except for the two landing stations of Chongming
and Nanhui in Shanghai, more landing stations than one in one city are considered as one
node, and they are combined to provide one entry for each city. In other words, each node in
this study represents a city rather than a landing station.

a; ap a,;
Ay, Ay 0 Ay
21 Ay 2
A= T (1)
a; 4 a;

3.3.2 Network connectivity

Connectivity is an important index to evaluate the transportation network. Evaluation of the
connectivity of a submarine cable network can effectively reflect the accessibility of the in-
formation transmission networks between countries or regions. The connectivity of a sub-
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marine cable network is determined by the total full capacity of the submarine cable system.
The larger the capacity, the stronger is the connectivity between nodes. If there are n subma-
rine cable systems connecting city 7 and city j, then the connectivity between the landing city
i in Chinese mainland and the overseas landing city j («a; ) can be written as follows:

aij:Cl+C2+---+Cn (2)

where C is the capacity of submarine cable system.
Similarly, the connectivity of the submarine cable network between Chinese mainland and

overseas countries or regions (b; ) can be written as follows:
b,=C+Cy+--+C, 3)

If 4; is the connectivity index of city i, 4; is the connectivity index of city j, and B; is the
connectivity index of country or region j, then:

4 :Zaij,(izl,Z,---,n) 4
j=l

A4;=Y a;.(j=12,.n) )
i=1

B, =b, ()

4 Evolution stages of the submarine cable network

In 1993, Chinese mainland’s first submarine cable was officially opened. Since then, the
number of connected cities, countries or regions and the total capacity of the submarine ca-
ble system have shown increasing trends. However, the evolution of the different variables
presents different upward trajectories (Figure 3). Among them, the growth rate of the num-
bers of connected cities and countries or regions was at first fast and then slowed down. The
number of connected cities is about twice the number of connected countries or regions, and

== [ anding country
200000 [ —y Landing city

180000 | ~~~ Capacity
—— oLnCapacity

160000

140000

120000 +
100000
80000
60000
40000
20000

0
HD XA PN PO DONJDDL DO P>
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Totol capacity of submarine cable systems
Number of landing countries/cities aLnCapacity

Figure 3 Development of the submarine cable systems landing in Chinese mainland
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the number of connected cities is more volatile. The reason for this phenomenon was that
multiple cities within a single country or region may simultaneously have become landing
stations for a certain submarine cable system. Therefore, once a submarine cable system is
added or fails, the impact on the number of cities will be greater.

According to the growth trend of the total capacity of submarine cable system, an expo-
nential growth was shown. The growth rate of the total capacity of submarine cable system
is fast first and then slows down. However, it would be a mistake to conclude that the de-
velopment speed of capacity in the early stage lags behind that in the later stage. The reason
is that this kind of growth trend follows what is known as “Keck’s Law” (Hecht, 2016). Like
“Moore’s Law” for semiconductors, Keck’s Law predicts the capacity of optical fibers over
time and shows an exponential growth as the technologies used for transmission evolve.
Therefore, we show a log scale for capacity in Figure 3, where the base number of logarith-
mic function is set as e, the antilogarithm is set as the total capacity, and the coefficient is set
as 0=6.2. We find that the change of the aLnCapacity follows the logarithmic trend, which
proves Keck’s Law. It is indicated that we need to combine the development of optical fiber
technology to estimate the total landing capacity of Chinese mainland. On this basis, ac-
cording to the specific evolution process, the development of the submarine cable network
of Chinese mainland can be divided into four stages.

4.1 [Initial stage

The period from 1993 to 1998 is regarded as the initial stage in the evolution of the subma-
rine cable network of Chinese mainland. Generally speaking, the breadth and depth of the
connectivity have developed to a certain extent. The main reason behind this is the
cy’demand of China’s urgent participation in global communication network connection.

Specifically, during this period, the submarine cable network of Chinese mainland com-
menced and a total of three submarine cable systems were established. The connecting cities
and countries or regions have evolved from zero to many. By 1998, there were 20 overseas
cities and 12 countries or regions directly connected with the Chinese mainland, with growth
rates of 3.33 per year and 2 per year, respectively, and connecting 6 regions including East
Asia, South Asia, Southeast Asia, West Asia, Africa and Europe. From the overall evolution
of capacity development, the capacity growth in this stage is very insignificant, being only at
the Gbps level. Although the total capacity is poor from the current level, according to the
above mentioned Keck’s Law, the connectivity depth has been well developed under the
technology at that time. In fact, significant progress was made in optical fiber technology
during this period, including the application of synchronous digital transmission system
(SDH), erbium-doped fiber amplifier (EDFA), and G.653 dispersion shifted fiber (DSF),
which promoted the rapid development of submarine cable technology (Ye, 2006). Therefore,
the total capacity conforms the expected rise driven by technology.

4.2 Developmental stage

The period from 1999 to 2002 is regarded as the developmental stage in the evolution of the

% In 1988, Li Peng, then Premier of the State Council of China, put forward the policy of “vigorously promoting the
application of optical fiber communication in China”.
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submarine cable network of Chinese mainland. The breadth and depth of the connectivity
were still developing rapidly. The main reason behind this is the emergence of global de-
mand for data traffic, and the rapid improvement of optical fiber technology.

Specifically, during this period, five new submarine cable systems were landed in Chinese
mainland, and by the end of 2002, eight submarine cable systems were used simultaneously.
The number of connected cities and countries or regions increased rapidly. A total of 50 new
overseas cities and 22 new countries or regions were added, with growth rates of 12.5 per
year and 5.5 per year, respectively. Meanwhile, North America and Oceania were newly
connected, realizing the direct connection of 8 regions. In terms of connectivity capacity, the
total capacity at the end of this stage is close to 20,000 Gbps. Nevertheless, it is still negli-
gible in the overall trend of capacity evolution. From the logarithmic curve change of the
capacity, however, it presents a sharp rise. It is indicated that the submarine optical cable
transmission technology has made significant progress in this stage. Specifically, in this
stage, with the application of dense wavelength division multiplexing (DWDM), G.655
non-zero dispersion fiber, and forward error correction (FEC) (Ye, 2006), the capacity of the
submarine cable system in Chinese mainland developed rapidly to the TBPs level after a
short period at the 100 Gbps level.

4.3 Stagnation stage

The period from 2003 to 2015 is regarded as the stagnation stage in the evolution of the
submarine cable network of Chinese mainland. The expansion of the connectivity breadth
stalled, and the improvement of connectivity depth was slow. The main reason behind this is
the stagnation of the submarine cable construction and the stagnation of technological inno-
vation. Chinese mainland has basically integrated into the global submarine communication
network through the construction of the previous submarine cable, which has reduced the
urgency of the new system construction. Meanwhile, the excessive construction in the early
stage has produced lots of redundant broadband, which needs to be gradually digested at this
stage, resulting in the reduction of the demand for the growth of submarine cable capacity.

Specifically, during this period, only two new submarine cable systems were landed in
Chinese mainland. Meanwhile, the two earliest submarine cable systems were abandoned.
The number of connected countries or regions did not change, and the number of connected
overseas cities remained stable after a small fluctuation; overall, the spatial expansion of the
connectivity breadth was at a stagnation stage. In terms of connectivity capacity, the capaci-
ty of the abandoned submarine cable systems was only at the Mbps level, while the capacity
of the new submarine cable systems was not extensively developed, being still at the Tbps
level, so the total capacity increased but not significantly. From the logarithmic curve
change of capacity, we can also find that the growth trend in this period has slowed down
significantly.

4.4 Accelerated stage

The period from 2016 to 2018 is regarded as the accelerated stage in the evolution of the
submarine cable network of Chinese mainland. Generally speaking, renewal and accelera-
tion were the themes. On the one hand, some old submarine cable systems are out of service,
and some new systems are involved in the network, which leads to a small fluctuation in the
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connectivity breadth. The reason for this phenomenon is the service life of submarine optical
cables: given a typical lifespan for a submarine cable system of 17-20 years, the submarine
cable systems constructed before 2000 were gradually approaching the end of service life,
therefore, replacement of the old systems with new ones was necessary. On the other hand,
the connectivity depth experienced a rapid increase. This is because the rapid development
of ICTs industry in recent years put forward a higher demand for large-broadband and
large-capacity of the Internet, promoting the submarine cable capacity to upgrade again.

Specifically, during this period, three new submarine cable systems were landed in Chi-
nese mainland, and one old submarine cable system was abandoned. By the end of 2018, ten
submarine cable systems were used simultaneously. The connectivity breadth expanded
slightly, six new overseas cities and four new countries or regions added to the network; the
growth rates were 2 per year and 1.33 per year, respectively. In terms of connectivity capac-
ity, the capacity of new submarine cable system was upgraded to dozens of Tbps. By the end
of 2018, the total capacity has exceeded 180,000 Gbps. The logarithm of capacity also
showed a significant upward trend, indicating that the technology has risen to a new level at
this stage.

5 Connectivity structure of the submarine cable network

Connectivity is an important index for evaluation of a transportation network. The evalua-
tion of a submarine cable network can effectively reflect the capacity of information trans-
mission between regions. Research on the connectivity structure of the submarine cable
network of Chinese mainland needs to be carried out on three different scales of connectivity,
namely, connectivity between landing cities at the microscale, connectivity between landing
countries or regions at the mesoscale and connectivity between regions at the macroscale.

5.1 Microscale: cities

The 78 landing cities mentioned above are the research samples. In accord with equations (2)
and (4), the connectivity between overseas landing cities and the landing cities in Chinese
mainland in 2008 and 2018, as well as the connectivity index of each landing city, have been
calculated respectively. From the results obtained, on the whole, the connectivity had in-
creased exponentially, whereas the internal differences were more significant. Specifically,
in 2008, the maximum connectivity value was 7,680, the minimum value was 10, and the
average value was 1799, of which 42 pairs of connections were higher than the average val-
ue, accounting for 31.82% of the total (132). Moreover, the coefficient of variation was 1.12.
By 2018, the maximum connectivity value was 121,690, more than 15 times that of 2008,
the minimum value was still 10, and the average value was 15,730, more than 8 times that of
2008, of which 47 pairs of connections were higher than the average value, accounting for
29.75% of the total (158). Moreover, the coefficient of variation increased to 1.62.

In terms of space, the connectivity preferences of landing cities in Chinese mainland were
different, revealing the characteristics of “extensive but low, exclusive and high” (Figure 4).
Specifically, in 2008, Chongming and Shantou had the largest number of connected cities,
with 49 and 47 cities, respectively, covering all 8 regions; Nanhui connected 25 cities, cov-
ering 6 regions; Qingdao connected 11 cities, only involving 3 regions. However, in terms of
the average connectivity with overseas landing cities, Qingdao was the highest, reaching



XIE Yongshun et al.: Structure and evolution of the submarine cable network of Chinese mainland 943

Connectivity
— 2560

d’b' — 5120

= By R - S
VEA‘ b : h 0

RIS N C m\
: o 55 A .‘ : yr onmectivity "\
e -

Connectivity
— 2560
\% }

— 5120

— 10-3520
. — 35217680 -
L= 7681-17640

" == 17641-40000

" Connectivity

— 10
— 6081-7680 = 40001-67680
- @ 67681-121690 N
(f) Chongming (2018)
_ == =
e
58 2
Co’ﬂnectivi:g\ Connectivity G ~%
80 960-3520
81-1040 - 3521-7680 -
1041-1920 : . 7681-17640
1921-3520 ; 17641-40000
3521-6080 56 g } 40001-67680
6081-7680 © 67681-121690 .

Connectivity
— 960-3520

Connectivity — 3521-7680

. — 80 SN = 7681-17640
— 81-1040 < T 17641-40000 ~
— 1041-1920

} == 40001-67680

f == 1921-3520 @ 67681-121690

1. Ajigaura 2. Al Mansura 3. Alexandria 4. Aqaba 5. Bandon 6. Bari 7. Batangas
8. Busan 9. Capepisa 10. Changi 11. Chania 12. Chikura 13. Chongming
14. Chung Hom Kok 15. Cochin 16. Da Nang 17. Danshui 18. Deep Water Bay
19. Djibouti 20. Doha 21. Estepona 22. Fangshan 23. Fujaurah 24. Geoje
25. Goonhilly 26. Guam 27. Jakarta 28. Jeddah 29. Karachi 30. Katong
31. Kitaibaraki 32. Kuantan 33. Lantau 34. Marmaris 35. Marseille
36. Maruyama 37. Mazara del Vallo 38. Medan 39. Mersing 40. Mount Lavinia
41. Mumbai 42. Muscat 43. Nanhui 44. Nasugbu 45. Ngwe Saung 46. Ninomiya
47. Norden 48. Okinawa 49. Oostende 50. Pacific City 51. Palermo 52. Pali
53. Parit Buntar 54. Penang 55. Penmarch 56. Perth 57. Porthcurno 58. Pyapon
59. Qingdao 60. Satun 61. Sesimbra 62. Shantou 63. Shima 64. Sihanoukville
65. Songkhla 66. St. Louis Oberts 67. Suez 68. Taean 69. Taipa 70. Telisai
71. Tetuan 72. Toucheng 73. Tseung Kwan O 74. Tuas 75. Wada 76. Yeroskipou

(j) Connectivity index (2008)
i T

Figure 4 Connectivity structure of landing cities
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3491; Nanhui was second with 2464; Chongming and Shantou were the lowest with only
1611 and 1244, both lower than the overall average. These findings indicated the connectiv-
ity features of “extensive but low, exclusive and high” for the period 2008: Chongming and
Shantou had the most extensive connections with overseas landing cities and areas, whereas
the connectivity was the lowest; Nanhui was the main landing city connecting South Asia,
West Asia, Africa and Europe with high connectivity; Qingdao’s main function was to con-
nect just one region, namely, North America, but its connectivity was the highest. By 2018,
Chongming and Shantou still had the largest number of connected cities, with 49 and 48
cities, respectively; Nanhui connected 30 cities, increasing the connection with North
American cities; Ngwe Saung, the new landing city, connected 20 cities, mainly in South
Asia, West Asia, Africa and Europe; and the connectivity for Qingdao did not change.
However, in terms of the average connectivity with overseas landing cities, the connectivity
structure did change significantly. Qingdao and Shantou were the lowest, representing only
22.19% and 21.59% of the overall average, respectively; Chongming was 15,314, but still
lower than the overall average; Nanhui was higher at 24,454, nearly 10 times that of 2008,
but still in the second place; Ngwe Saung was the highest, with an average of 40,000. This
indicated that the relative characteristics of “extensive but low, exclusive and high” still ex-
isted in this period, but due to the differences of development, this feature was manifested in
two different hierarchies: the first hierarchy consisted of Ngwe Saung, Nanhui and Chong-
ming. Although Nanhui and Chongming had the most extensive connections with overseas
landing cities and areas, the connectivity was not particularly high. On the contrary, as the
main landing cities in South Asia, West Asia, Africa and Europe in the new era, Ngwe Saung
had the highest connectivity. The second hierarchy consisted of Qingdao and Shantou. Alt-
hough Shantou was still one of the most connected landing cities, its average connectivity
had also increased, but was still lower than Qingdao. In addition, it is worth mentioning that
although the main function of Qingdao was still to connect North American cities, in the
overall network, the key city in Chinese mainland for connection to North American cities
became Shanghai Nanhui.

As for the connectivity index, the connectivity index increased significantly overall, while
the internal differences decreased. Specifically, in 2008, the maximum value of the connec-
tivity index was 64,330, the minimum value was 10 and the average was 4931. Only 11 cit-
ies had values higher than the average value, accounting for 16.92% of the total (65).
Moreover, the coefficient of variation was 2.70, showing that the internal differences in
connectivity were significant. By 2018, the maximum connectivity index was 139,240,
about twice that of 2008, while the average increased to 25,689, more than 5 times that of
2008, of which 29 cities were higher than the average value, accounting for 41.43 % of the
total (70). Moreover, the coefficient of variation decreased to 1.23, indicating that the dif-
ferences in the connectivity indexed among landing cities decreased, and the degree of dis-
persion was reduced relative to 2008.

From the perspective of space, in 2008, the cities with a high connectivity index were
concentrated mainly in East Asia, with 8 of the top 10 cities being in East Asia, among
which Busan in South Korea, Chikura and Shima in Japan were the most prominent. The
connectivity indexed of landing cities in South Asia, West Asia, Africa, Europe and Oceania
were very low, while the connectivity indexed of landing cities in Southeast Asia and North
America were slightly higher. By 2018, most of the landing cities in East Asia, Southeast



XIE Yongshun et al.: Structure and evolution of the submarine cable network of Chinese mainland 945

Asia and North America had a high connectivity index, and the polarization phenomenon of
some cities had disappeared. At the same time, the connectivity indexes of some cities in
West Asia, Africa and Europe had increased significantly, narrowing the gap with East Asia.
However, the connectivity indexes of many landing cities remained almost unchanged, es-
pecially in Europe and Oceania.

5.2 Mesoscale: countries or regions

The ultimate purpose of connectivity between sites is to realize the connectivity between
countries. Through integration of multiple landing cities in the same country or region, the
connectivity and connectivity index between each landing country or region and Chinese
mainland have been calculated.

In Figure 5, it can be seen that the level of connectivity varies greatly in space. Only a
few countries or regions in East Asia and Southeast Asia have a high level of connectivity,
and the growth rate of each country or region is significantly different between 2008 and
2018, reflecting a clear “Matthew effect”. To further explore the internal laws governing
connectivity, the connectivity between each landing country or region and Chinese mainland
has been ranked, and the rank-size distribution diagram is presented in Figure 6. From ob-
servation of the fitting effect, due to the existence of clear bifurcations and turning points, it
is difficult to fit the connectivity rank-size scatter diagram to a straight line or curve; how-
ever, each line segment divided by the turning points shows a high degree of fitting (R* >
0.95). This indicates that there are multiple non-scale areas with the rank-size distribution
between the landing countries or regions and Chinese mainland, which show multi-fractal
structure and hierarchical phenomena. Specifically, for 2008, there was a two-fractal struc-
ture with 2 non-scale areas. The first non-scale area was composed of 6 countries or regions,
including Taiwan (China), Japan, South Korea, Hong Kong (China) and Singapore, ac-
counting for 80% of the total, with a fitting coefficient of 13.48. This indicates that the con-
nectivity capacity of the submarine cable network of Chinese mainland was highly concen-
trated in these countries or regions. The second non-scale area consisted of 28 countries or
regions, however, its only accounted for 20% of the total, mainly consisting of countries in

>

Capacity

dl 74000
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B Chinese Mainland

[ Offshore country or region
Other countries

Figure 5 Connectivity structure of landing countries or regions
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The fitting coefficient of the third
non-scale area was only 0.05, and this area consisted of 13 countries or regions, most of
which were connected before 2008, and the connectivity did not improve in more recent
times.

The connectivity of landing countries or regions is related to the distance factor. Accord-
ing to the route and the length of the submarine cable, the connecting distance of the subma-
rine cable from overseas landing countries or regions to Chinese mainland has been calcu-
lated. Next, the average connectivity within successive distance intervals of 1,000 km was
calculated to allow a plot of connectivity versus connectivity distance as shown in Figure 7.
It can be seen that the connectivity decreases with the increase of the connection distance,
and remains unchanged for a certain distance. According to the above-mentioned connectiv-
ity structure diagram and the multi-fractal structure of rank-size, it can be concluded that the
connectivity of countries or regions can be described, on the whole, by the feature of “dis-
tance attenuation”, and in part by “regional identity”. Specifically, in 2008, the average
connectivity of each country or region gradually decreased for the range 0—6000 km, and
this corresponded to the first non-scale area of the rank-size distribution. For example, East
Asia and Southeast Asia in Figure 5 showed the feature of “distance attenuation”; the aver-
age connectivity for the range 6000—7000 km was reduced to the lowest level, and there has
been little change since then, this corresponded to the second non-scale area, and with West
Asia, Europe and other regions in the Figure 5 showed the feature of “regional identity”. In
2018, the average connectivity in the range 0—6000 km was similar to that in 2008, but the

Figure 7 The relationship between connectivity level and dis-
tance of each country or region
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reduction is larger, indicating that the “distance attenuation” feature was more significant;
for the range 6000-15,000 km, the average connectivity was maintained at about 40,000,
which corresponded to the second non-scale area of the rank-size distribution. It can be
found from Figure 5 that this is manifested by the feature of “regional identity” in South
Asia, West Asia, Africa and European landing countries; the average connectivity for
15,000-16,000 km has been reduced to the lowest level, and there has been little change
since then; this range corresponded to the third non-scale area.

5.3 Macroscale: regions

From the mesoscale analysis, it was found that the connectivity between neighboring coun-
tries or regions displayed the characteristics of “regional identity”. Therefore, it was neces-
sary to further explore the network connectivity structure among regions. Table 3 shows that
the overall connectivity structure of 8 regions has not changed significantly from 2008 to
2018. East Asia has the highest connectivity, followed by Southeast Asia; North America
ranks third and Oceania has the lowest connectivity. The connectivity of South Asia, West
Asia, Africa and Europe has remained relatively constant, which further supports the con-
clusion of “regional identity” mentioned above. In terms of the increased range, the average
connectivity increased from 5348 in 2008 to 67,578 in 2018, with an increase of 1164%.
Among the regions, South Asia, West Asia, Africa and Europe saw the largest increase, with
a growth rate of 4124%. North America was second, with an increase of 1152%. The growth
rates for East Asia and Southeast Asia were relatively low, being 890% and 792%, respec-
tively. This shows that the regions with lower connectivity were more significant with re-
spect to the extent of improvement, and the results may lead to a reduction of internal dif-
ferences between these regions. Therefore, we further analyzed the coefficient of variation,
and found that the value decreased from 1.24 in 2008 to 0.82 in 2018, indicating that the
connectivity difference of the submarine cable network on the macroscale had decreased. In
addition, it is worth noting that the connectivity in Oceania has not improved, the region
having a growth rate of zero. South America is still not connected at the global level, and
this may be a consideration for improving and complementing the submarine cable network
of Chinese mainland in the future.

Table 3 Regional connectivity of the submarine cable network of Chinese mainland

2008 2018 Growth rate/*100%

East Asia 18,970 187,890 8.90
Southeast Asia 13,770 122,770 7.92
South Asia 970 40,970 41.24
West Asia 970 40,970 41.24
Africa 970 40,970 41.24
Europe 970 40,970 41.24
North America 5200 65,120 11.52

Oceania 960 960 0
AVG 5348 67,578 11.64

SD 6637 55,674

CVvV 1.24 0.82
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6 System patterns of the submarine cable network

The spatial distribution of the network reflects the layout of the submarine cable lines and
stations, while the network connectivity structure reflects the connectivity level at the dif-
ferent scales. To better understand the organizational model of the network, it is necessary to
further condense the system pattern of the submarine cable network of Chinese mainland. A
conceptual description of the submarine cable network of Chinese mainland is illustrated in
Figure 8. It can be seen that the pattern of the submarine cable network system changed sig-
nificantly between 2008 and 2018.
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Figure 8 The system pattern of the submarine cable network of Chinese mainland

In 2008, the submarine cable network may be regarded as having a “3 system” pattern
consisting of the “Chongming-Shantou subsystem”, the “Nanhui subsystem” and the
“Qingdao subsystem”. Among these, the “Chongming-Shantou subsystem” was the main
system connecting Europe, Africa, West Asia, South Asia and North America. Chongming
and Shantou serve as the dual-core of the system. The connectivity objects and the connec-
tivity level of the dual-core are very similar, and together drive the network connection of 44
overseas landing cities, presenting a “binary star” structure in the subsystem. The “Nanhui
subsystem” is the main system connecting Southeast Asia, and the Nanhui landing station is
the core, driving the network connection of 25 overseas landing cities. The “Qingdao sub-
system” is the main system connecting North America, and the Qingdao landing station is
the core, driving the network connection of 11 overseas landing cities. The three subsystems
are not separated from each other but intersect each other and are closely related. The over-
lapping parts of the three subsystems consist mainly of landing sites in East Asia. The
Danshui landing station in Taiwan is the most typical one, having a strong connection with
the three subsystems.

By 2018, the submarine cable network system pattern underwent generation, differentia-
tion, integration and decline, revealing a “2+3 system” pattern consisting of the “Chong-
ming-Nanhui primary subsystem”, the “Ngwe Saung primary subsystem”, the “Chong-
ming-Shantou secondary subsystem”, the “Nanhui secondary subsystem” and the “Qingdao
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secondary subsystem”. Among them, the “Chongming-Nanhui primary subsystem” was fur-
ther integrated and developed based on the intersection of the former “Chongming-Shantou
subsystem” and the “Nanhui subsystem”. The “Chongming-Nanhui primary subsystem” has
become the most important system connecting East Asia, Southeast Asia and North America.
Chongming and Nanhui remain the dual-core of the system. The connectivity objects and
connectivity level of the dual-core are very similar, the two centers jointly driving the net-
work connection of 19 overseas landing cities, presenting a “symmetrical” structure in the
subsystem. The “Ngwe Saung primary subsystem” is the main system connecting Europe,
Africa, West Asia and South Asia in the new era. Ngwe Saung in Myanmar is the core of the
“Ngwe Saung primary subsystem”. Most of the 20 overseas landing cities driven by this
subsystem are mostly differentiated from the former “Chongming-Shantou subsystem”. The
“Chongming-Shantou secondary subsystem” is the part left over from the decline of the
former “Chongming-Shantou subsystem” and drives the network connection of 24 overseas
landing cities. It is a supplementary system connecting Europe, Africa, West Asia and South
Asia in the whole submarine cable network. The “Nanhui secondary subsystem” is the part
left by the integration of the former “Nanhui subsystem”, driving the network connection of
8 overseas landing cities. It is a supplementary system connecting Europe and West Asia to
the whole submarine cable network. The “Qingdao secondary subsystem” is the part left
over from the decline of the former “Qingdao subsystem” and drives the network connection
of 6 overseas landing cities. It is a supplementary system connecting North America and
East Asia to the whole submarine cable network.

7 Correlation mechanism of the submarine cable network

The growth and structural evolution of the submarine cable network of Chinese mainland
has complicated relationships with international relations, including socio-economic and
geopolitical relations. In order to reveal the complex international relations behind these
changes, the correlation mechanism of submarine optical cable network is further discussed
in this part.

As shown in Figure 9, on the one hand, the essence of submarine cable network is a large
connectivity infrastructure, the spatial layout and connectivity structure are deeply affected
by geographical location. On the other hand, the submarine cable network promotes the ex-
change of information, which further forms close relationships with the flow of various
production factors. The chain composed by space-network-flow is reflected on three scales:

Geopolitics

by Submarine . || Production
p— Infrastructure cable network Informatlon_ factors
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Figure 9 The correlation mechanism model of submarine cable network
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cities, countries or regions, regions, interacting with international geopolitical and socio-
economic ties. These two aspects are discussed as follows.

7.1 International communication and the flow of production factors

The process of globalization has shown signs of slowing down in recent years, but the trend
of globalization will not change. China is actively promoting a new round of globalization
and accelerating exchanges and integration with countries around the world.

In terms of personnel mobility: the number of Chinese mainland entry and exit was 22.3
million in 2008, and the top 10 were Hong Kong (China), Macao (China), Japan, Vietnam,
South Korea, Russia, the United States, Singapore, Thailand and Malaysia. By 2018, the
number of Chinese mainland entry and exit reached 340 million, 15 times that of 2008, and
the top 10 were Hong Kong (China), Macao (China), Thailand, Japan, Vietnam, South Korea,
the United States, Taiwan (China), Malaysia and Singapore’, with little change except Tai-
wan (China).

In terms of foreign investment: the stock of foreign direct investment in Chinese mainland
was 184 billion USD at the end of 2008, and the top 10 were Hong Kong (China), South
Africa, British Virgin Islands, Australia, Singapore, Cayman Islands, Macao (China), Ka-
zakhstan, the United States and Russia, Chinese mainland. By 2018, the stock of foreign
direct investment in Chinese mainland had reached 1.98 trillion USD, more than 10 times
that at the end of 2008. China’s influence in global FDI has been expanding. By the end of
2018, 4,400 Chinese domestic investors had established 37,200 foreign direct investment
enterprises abroad, distributed in 190 countries or regions around the world. The concentra-
tion of China’s foreign direct investment in countries or regions is still high, mainly flowing
to Hong Kong (China), the United States, the Cayman Islands, the British Virgin Islands,
Australia, Singapore, Canada, Germany and other countries or regions”.

In terms of international trade: the total value of imports and exports of Chinese mainland
was 2.56 trillion yuan in 2008, and the top 10 countries and regions in the total bilateral
trade volume were the European Union, the United States, Japan, ASEAN, Hong Kong
(China), South Korea, Taiwan (China), Australia, Russia and India. By 2018, the total value
of imports and exports of Chinese mainland was 30 trillion and 510 billion yuan, and it has
been ranked first in the world for many years. The European Union, the United States, Japan,
South Korea, Taiwan (China), Germany, Australia, Vietnam, Brazil and Malaysia all occu-
pied the seats in the top 10 with a scale of 100 billion dollars”.

From three aspects, personnel, capital and goods, we can see that China’s international
exchanges are increasing frequently, and it is closely related to Hong Kong (China), Macao
(China), Taiwan (China), the United States, Europe, Japan, South Korea, Southeast Asia and
other countries and regions. This is consistent with the changes and development of the
Chinese mainland’s submarine cable network’s interconnection level and structure. It can
reflect that international exchanges and the flow of production factors affect the develop-
ment of submarine cable network, and the development of submarine cable network can also

3 Annual Report on China’s Inbound and Outbound Tourism Development, 2009, 2019
4 Statistical Bulletin of China’s Foreign Direct Investment, 2009, 2019
5 General Administration of Customs of the PRC, 2009, 2019
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promote international exchanges and the flow of production factors. In the coming period,
China’s participation in globalization will not change. The flow of production factors will
continue to drive the growth of transnational information flow and promote interconnection
and the construction of international submarine cable.

7.2 China’s geopolitical advantages and changes in the world geopolitical situation

Submarine cable is an important infrastructure to ensure national information security, which
is of great strategic significance. The construction and development of submarine cable
network in Chinese mainland is closely related to its own geographical advantages and the
geopolitical situation of the world. Chinese mainland has unique geographical advantages in
the layout of the world’s submarine cable. This geographical advantage is conducive to
China’s participation in the construction of the global submarine cable network. In turn, the
deepening and development of the connectivity structure of the submarine cable network in
Chinese mainland has also profoundly affected Chinese mainland’s geopolitical structure in
the world. Theoretically, this interaction can be explained by Mahan’s thought of sea power.
Specifically, China is located at the eastern end of the Eurasian continent, bordering the hin-
terland of the Eurasian continent in the West and the Pacific Ocean in the East. It has a total
of 23 sea and land neighbors, the largest number of neighbors in the world, and has estab-
lished cross-border land cables (As a way of international communication between land
neighbors or landlocked countries, land optical cable is a supplement to submarine optical
cable) with 12 land bordering countries in the South, West and North. Meanwhile, a number
of large capacity submarine cables connecting Asia Pacific, North America and Europe and
Africa have landed on 4 landing stations in Chinese mainland. With the built and future ma-
rine and land resources, Chinese mainland can make full use of geographical advantages and
create a Eurasian information hub linking the East and West Eurasia. It is estimated that
Middle East countries reach the Asia Pacific region through China, which reduces the transit
delay by more than 10 times compared with through the United States (CAICT, 2018). All
these fully reflect the two-way feedback of the Chinese mainland’s submarine network and
the geopolitical structure. The instability of world geopolitical situation and the penetration
of national interest game will restrict the construction of submarine cable network of Chi-
nese mainland. In recent years, the United States has deliberately provoked competition top-
ics in many fields such as economy, trade, diplomacy, science and technology. At present,
the struggle has been extended to the field of submarine optical cables. For example, the
Pacific Light Cable Network (PLCN) originally planned to directly connect Hong Kong
(China) and the United States, but the United States repeatedly blocked the connection and
operation application of submarine cable under the pretext of national security. Finally,
PLCN, which should have landed in Hong Kong (China), became a victim of the geopoliti-
cal game. This phenomenon shows that the construction of submarine cable network largely
reflects the geographical relations between countries, tense and unstable international geo-
graphical relations will restrict the connectivity of submarine cable network. It enlightens us
that the future development of submarine cable network in Chinese mainland should empha-
size improving China’s geopolitical strategic position.



952 Journal of Geographical Sciences

8 Conclusions and discussions

In the context of globalization, the submarine cable network is an extremely important con-
nectivity infrastructure element, being seen as the “central nerve” of the ocean. It plays an
important role in the fields of national defense, telecommunications, the social economy and
even energy. There is much literature on the analysis of the spatial structure of similar
large-scale connectivity infrastructure networks (Tavana et al., 2012; Hu et al., 2019), yet
the literature on the submarine cable network, concerning the connectivity and structure, is
limited. Against the backdrop of the “the Belt and Road Initiatives” and the construction of
the “Digital Silk Road” (Huang, 2019; Lou, 2019), China is striving to become one of the
most important international submarine cable communication centers in the world (Ye et al.,
2018). Based on this, our study explored the evolution stages, the connectivity structure, the
system pattern and the correlation mechanism of the submarine cable network of Chinese
mainland.

There are four main conclusions from this study. Firstly, the submarine cable network has
evolved from two dimensions of connectivity breadth and connectivity depth. Priority has
been given to expanding the connectivity breadth, enabling Chinese mainland to establish
ties with more regions. Also the connectivity depth of the submarine cable has continued to
expand, with connections on existing system constantly being improved. According to spe-
cific evolution processes, the evolution of the submarine cable network of Chinese mainland
can be divided into four stages: an initial stage (1993-1998), a developmental stage
(1999-2002), a stagnation stage (2003—2015) and an accelerated stage (2016-2018). Sec-
ondly, the connectivity structure can be analyzed at three scales: the micro, the meso and the
macro scales. Statistically, the connectivity increased significantly overall, but showed sig-
nificant differences in space. For the microscale, the landing cities showed different connec-
tivity preferences and were characterized as being “extensive but low, exclusive and high”;
for the mesoscale, the connectivity of countries or regions was characterized by “distance
attenuation” as a whole, but, in part, by a “regional identity”; for the macroscale, interconti-
nental connectivity differences have been declining. Thirdly, the hierarchy of the submarine
cable network of Chinese mainland has been enhanced, from a “3 system” to a “2 + 3 sys-
tem”. In the new era, the “Chongming-Nanhui primary subsystem” dominates the connec-
tions to East Asia, South Asia and North America, and the “Ngwe Saung primary subsys-
tem” dominates the connections to Europe, Africa, West Asia and South Asia. Lastly, the
submarine cable network of Chinese mainland has complicated relationships with so-
cio-economy and geopolitics. The evolution of submarine cable network structure interacts
with the development of international socio-economic structure. The superior geographical
advantage is conducive to China’s dominant position in the submarine cable network, but we
should also be vigilant against the negative impact of international geopolitical fluctuations
on the submarine cable construction.

The results have important implications for understanding the connectivity of the subma-
rine cable network of Chinese mainland. Our study suggests that the submarine cable net-
work of Chinese mainland has evolved to a considerable extent, forming a specific organiza-
tional pattern, after years of construction and consolidation. However, there are still many
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blind areas and deficiencies all over the world, such as the lack of connection with South
America, and the connectivity of Oceania has not been improved for a long term. Statisti-
cally, only 44 of the nearly 200 countries in the world are not able to rely directly on the
international submarine cable for communications because they have no coastline. Further,
our study shows that, except from Hong Kong, Macao and Taiwan, China connects with on-
ly 35 countries, if we do not consider the submarine optical cable system which does not
land in Chinese mainland. By the beginning of 2019, there were about 378 submarine cable
systems in operation in the world, among which, the number owned by the United States,
Japan, the United Kingdom and Singapore was 8, 2, 5 and 2 times that of Chinese mainland,
respectively, and the per capita bandwidth was 20, 10, 73 and 265 times, respectively
(CAICT, 2018). It can be seen that there is still a large gap between China’s submarine cable
network and that of other maritime nations. Meanwhile, given that China’s submarine cable
network construction cannot match the exponential boom in digital data within the tele-
communications industry, there is still much scope for further developments in the future. To
conclude, it can be predicted that, the submarine cable network of Chinese mainland will
usher in new rounds of progressive upgrading of the connectivity breadth and connectivity
depth, resulting in an upward spiral trend. However, in the following planning and construc-
tion of submarine optical cable, the following issues should be paid attention:

i) Continue to give full play to Hong Kong’s submarine cable landing advantages. In
our study, Hong Kong is an important node in the submarine cable network of Chinese
mainland. In fact, the links between some international companies and Chinese mainland
have been restricted for a long time, such as Facebook and Google, and Hong Kong is the
transit point for these links. Although there are obstacles in the construction, operation and
service of submarine cables in Hong Kong and Chinese mainland, the Hong Kong SAR be-
longs to the People’s Republic of China and has an inseparable connection with Chinese
mainland (CAICT, 2018). In the future, Chinese mainland should take an active part in the
construction of submarine cable in Hong Kong, strengthen network connectivity, and opti-
mize communication policy environment, so as to continue to give full play to Hong Kong’s
opening-up advantages.

ii) Plan for new submarine cable landing stations. At present, there are only four in-
ternational landing stations in Chinese mainland, far less than the big powers such as UK,
United States and Japan. In the long run, the existing submarine cable landing stations in
Chinese mainland cannot meet the needs of the development of Internet business (Liu et al.,
2019). It is suggested that the feasible resources of submarine cable landing stations should
be demonstrated in advance to form a reserve of submarine cable landing station sites and
reserve international submarine cable routing channels. Considering the network resilience,
the location of the newly planned landing stations should exclude Shanghai, Qingdao and
Shantou, that will help to reduce the risk of network collapse caused by the failure of the
landing stations.

iii) Cooperate and co-construct with the important fulcrum countries. In terms of
geographical location, Chinese mainland connect with only 35 countries, if we do not con-
sider submarine cable system that does not land in Chinese mainland, which we discussed
above. Chinese mainland is far away from many countries or regions, so it is difficult to
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construct submarine cables (Liu et al., 2019). Therefore, in order to promote the conven-
ience of submarine cable network organization, it is necessary to strengthen cooperation
with key countries to jointly build the international submarine cable transfer station. In the
direction of European continent, China should strengthen cooperation with Thailand, My-
anmar, Pakistan, and UAE, on the basis of consolidating cooperation with Singapore; in the
direction of Africa, China should strengthen cooperation with Djibouti, Kenya, Tanzania,
and South Africa; in the direction of South America, transit through the United States is still
the main way in the near future. However, in the long run, cooperation with Chile and Brazil
can be considered to realize direct connection to South American countries.

iv) Explore the intermodal transportation of submarine cable and land cable. The
Ngwe Saung landing station in Myanmar provides a new platform for the construction of
China’s submarine cable network. While shortening the laying distance of submarine cable
lines and significantly improving connectivity, it can bypass the Malacca Strait, which is an
easy restricted sea passage (Xie and Wang, 2021). Such a mode of intermodal transport
(CAICT, 2018) provides new ideas for the construction of submarine cable network of Chi-
nese mainland. China has a good advantage in geographical relationship. Cooperation with
Myanmar and Pakistan in the joint operation of land cable and submarine cable can open
China’s westward information channel.

Our study can provide guidance and a reference for the planning and construction of
submarine cable networks of China and elsewhere, yet it has some limitations. Traditionally,
research on transport networks usually analyzes the relationship between nodes in the whole
network. However, in the present study only the relationship between Chinese mainland and
other regions has been explored, so the conclusions are relatively limited. Thus, research on
the global submarine cable network will be a goal for future work.
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