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Abstract:

In this paper, we examine the development of the Chinese HSR network over the period
2003-2014. Our methodology relies on network analysis to identify changes over time in
HSR network accessibility measured by node degree, strength, closeness, and
betweenness. We show that sub-networks connecting regional centres with second-tier
cities are first built. Once such sub-networks are mostly established, they are also
connected with each other. Moreover, a simultaneous rather than a sequential schedule
for multiple HSR segments is at place at any particular time. Finally, we show that the
HSR network expands all the lower-elevation, more populous and prosperous regions.
Although some clusters are critical politically, HSR network development is still mainly
driven by economic factors, which is reflected from the fact that nodes in the more
economically vibrant regions present a higher number of routes passing through and
higher service quality (i.e., lower travel time). Finally, in order to illustrate the
uniqueness of the Chinese HSR development pattern, we briefly discuss and compare the
HSR development in other Asian markets, notably Taiwan, South Korea and Japan.

1. Introduction

High-speed rail (HSR) has been a focal element of transport policies in many countries
while pursuing various goals: alleviating congestion on conventional rail, road or air
networks, accelerating economic development and integration, as well as reducing the
environmental impact of the transport industry. According to the International union of
railways (UIC, 2017a), in 2015 HSR systems have carried over 240 billion passenger-km,
a 20% increase compared with 2010. The leading investors in HSR are China and Japan.
Japan, who pioneered investment in HSR, operates 3,041 km of HSR, it is constructing
402 km and plans to build additional 194 km by 2046 (UIC, 2017b). The Chinese HSR
network has been driving the growth of HSR traffic in the period 2013-2015 (see Figure
1) and remains the largest in the world. The opening, in 2017, of two new HSR lines —
Baoji-Lanzhou and Shijiazhuang-Jinan — marked significant progress in the construction
of China’s HSR network, which now includes four north-south routes and four east-west
ones (Chinadaily.com, 2018). As of 2017, the network covers 23,914 km and is planned
to cover an addition of 12,255 km, with 10,730 km of lines already under construction
(UIC, 2017b).

==Insert Figure I about here==



Such aggressive expansion is unprecedented in other markets as HSR networks in many
countries are much smaller (see also section 6). The Chinese HSR network development
may exhibit some unique patterns, raising interest for substitutes transport modes to come
up with effective planning and response strategies (Fu et al., 2012). For instance, while
the Chinese airline industry is likely to continue its fast-paced growth in the coming years,
the patterns of airport system development and airline network choice will likely
experience some major changes due to inter-modal competition (Fu et al., 2012). This
study aims to provide a comprehensive analysis of the development of the Chinese HSR
network over the period 2003-2014 so that the pattern of HSR expansion can be clearly
identified, thus stakeholders including operators of substitute transport modes can be
better prepared for the challenges. In addition, as countries including Brazil, India, Russia,
and the US are evaluating the option of investing in HSR, we hope that our study shed

some light to these on-going planning processes. !

Our methodology relies on network analysis in order to identify changes over time in
HSR network accessibility.? In graph theory and network analysis, indicators of centrality
classify the most important vertices within a graph. Applications include identifying the
most influential person(s) in a social network, key infrastructure nodes in the Internet or
transport networks (Newman, 2010). In our context, the HSR network is represented as a
weighted oriented graph and weights on HSR routes represent the performance of HSR
service supply and population/per capita income of origin and destination cities
connected by the HSR routes. Following Freeman (1978) and Opsahl et al. (2010), we
consider four different measures of node centrality (degree, strength, closeness, and
betweenness) and identify the evolution of such measures over the period 2003-2014.
With respect to the methodology, this paper is similar to Erath et al. (2009), which
investigates the development of the Swiss road and railway network, Wang et al. (2011)
and Lin (2012) for the case of the Chinese air transport network, or To (2015) for the case

!'In the United States, there is a vigorous public debate about HSR. In 2009, the American Recovery and
Reinvestment Act set aside $8 billion for HSR investments: the Federal Railroad Administration initially
disbursed the money to six major corridors, but Florida, Ohio and Wisconsin returned the funding. As of
July 2017, HSR is in operation along the Northeast corridor, connecting Boston, New York and
Washington DC, and it is planned to link Sacramento, San Francisco and Los Angeles (UIC, 2017b).

2 Other than network analysis, qualitative methodologies are also frequently adopted to describe the
evolution of transport systems (see Ng et al, 2018b).



of Hong Kong urban rail system. Degree and strength can be both indicators of the level
of the local involvement of a station in the surrounding network. Conversely, closeness
and betweenness centralities are considered to capture global features such as whether a
station can assert control over the traffic flow in the network. By analysing the evolution
over time of node centralities, our approach is able to identify the pattern of HSR sub-
networks development and how connections among multiple sub-networks have been

deployed over time.

The paper is organised as follows. Section 2 presents a review of relevant literature.
Section 3 discusses the methodology, while Section 4 presents the case study. In Section
5, we present our findings and related discussion. Section 6 presents comparatively HSR
deployment in other regions of the Asian markets, while Section 7 contains concluding

remarks.
2. Relevant literature

This paper relates to different strands of research. A first related bunch of papers focuses
on different classifications of HSR models. This literature abstracts away from the
analysis of HSR accessibility over time, which is the focus of our paper. Campos and De
Rus (2009) identify four models: (i) exclusive exploitation (either HSR trains on HSR
tracks or conventional trains on conventional tracks); (ii) mixed HSR (HSR trains on
HSR and conventional tracks); (iii) mixed conventional (conventional trains on HSR or
conventional tracks), and (iv) fully mixed (HSR and conventional trains on HSR or
conventional tracks).® The exclusive exploitation model has been adopted by the Japanese
Tokaido Line, where HSR service first introduced in 1964 uses standard gauge, while
Japanese conventional lines uses narrow gauge. Chinese HSR started as mixed HSR
model by upgrading conventional lines, but then majority of the lines are newly added
and are dedicated to HSR services (i.e., exclusive exploitation model). This has involved
a large amount of investment on infrastructure but has allowed more intensive usage of

infrastructure and thus higher traffic capacity (Fu et al., 2012). More recently, Perl and

3 The exclusive exploitation and the mixed high speed models allow a more intensive usage of HSR
infrastructure, whereas the other models must take into account that (with the exception of multiple-track
sections of the line) slower trains occupy a larger number of slots during more time and reduce the
possibilities for providing HSR services.



Goetz (2015) identify three strategic models: (i) exclusive corridors, between megacities
of more than 10 million inhabitants, (i) hybrid networks, made of new HSR links
connecting conventional rail lines, which remain crucial, multiplying the number of
origins and destinations to be served; and, (iii) comprehensive national networks, with
new infrastructure linking all major and mid-sized communities across the country. The
Japanese Tokaido Line is a key example of dedicated HSR corridor. It originally linked
Tokyo and Osaka with dedicated HSR tracks (512 km), but it has been later expanded to
serve smaller cities. On the other hand, China provides a pivotal example of
comprehensive grid network with a backbone made up by north-south and east-west
passenger dedicated lines. The authors conclude that certain attributes of each of these
models have experienced more success than others, with HSR being generally profitable
in heavily travelled corridors of 300—-800 km between major population centers (i.e.,
Tokyo-Osaka line), while longer distance HSR operations involving smaller population
centers can struggle to cover their costs. In China, performance seems closely related to
the population and economic strength of cities they serve (China.com, 2016). The
expanded HSR train network in China has started to make a profit in the populated east.
In 2015, six HSR lines made a profit, with the Beijing-Shanghai route topping the list at a
net profit of US$990 million, all connecting mega cities in populated areas with strong
economies such as Beijing, Tianjin, Shanghai, Hangzhou, Ningbo, Shenzhen and
Guangzhou. Except for the Beijing-Tianjin HSR, the other five lines have managed to
turn from deficit to profit within five years of operations. Conversely, services running
through the vast central and western regions are still far from breaking even. For instance,
the Zhengzhou-Xi'an HSR has run at a loss since it began operating in 2010, when

passenger volume failed to reach half of capacity.

A second bunch of related papers abstracts away from network categorization and
focuses on the impact of rail network extensions on accessibility and spatial equity in
China. Wang et al. (2009) find that the spatial structure of China’s railway network is
characterized by “concentric rings” with its major axis in North China and the most
accessible city gradually migrating from Tianjin to Zhengzhou. The authors focus on a
time span of about one century (1906-2000) and abstract away from accessibility

changes due to the introduction of HSR services, which is the focus in our paper. Cao et



al. (2013) measure accessibility of 49 Chinese cities (mostly, provincial capitals and
municipalities) in 2011 and find that the central-eastern cities have gained more benefits
from HSR introduction in terms of average travel time and number of daily accessible
cities. Measures of potential accessibility, reflecting the opportunities/activities at
location, e.g., the distribution of production, provide high values for cities along the
Beijing—Shanghai axis and in the Pearl River Delta Region. Jiao et al. (2014) measure
accessibility of 333 prefecture-level cities in 2012. Results show that accessibility
increased with HSR introduction but inequalities increased as well among cities with
different population size and cities that differ in the shortest distance to HSR stations.*
We complement Cao et al. (2013) and Jiao et al. (2014) as we analyse the changes in
HSR network configuration and accessibility over time to identify the pattern of the
development. Shaw et al. (2014) analyse the changes in travel time, travel cost, and
distance accessibility for each of the four main stages of HSR development in China: no
HSR service before August 2008, several HSR lines between August 2008 and July 2011,
reduced operating speed of HSR trains between August 2011 and November 2012, and
addition of new HSR lines and reduction of ticket fares between December 2012 and
January 2013. Results show that cities along HSR lines see much larger increase in
accessibility (“corridor effect”). Both travel cost and travel distance accessibility display
a “radial” pattern with Beijing-Tianjin—Hebei and the accessibility decreases while
moving toward periphery areas. As opposite to Shaw et al. (2014), we treat 2003 as the
beginning of our analysis (same as Ollivier et al., 2014). Indeed, starting from 2008,
investments in HSR grew substantially, as partially driven by the financial crisis unveiled
in 2007-2008 and different sub-networks connecting regional centres with second-tier

cities have been built in China (see Section 4.1).

Finally, a vast branch of literature on HSR development focuses on the intermodality

between HSR and air transport, which are relatively close substitutes in selected

4 Some contributions confirm that major accessibility improvements are usually confined to existing large
cities having HSR stations within this corridor because of their initial locational advantage (Gutiérrez, 2001;
Martin et al., 2004). On the contrary, cities not served by HSR may suffer from relative disadvantages
because of the relative loss of travel time to other cities (Garmendia et al., 2012; Kim and Sultana, 2015).
Thus, the isolation from the initial HSR network may intensify spatial disparities of interactions among
cities.



markets. > Some contributions focus on the market equilibrium of airline-HSR
competition (i.e., traffic and price levels, as well as long-term impacts) (e.g., Yang and
Zhang, 2012; D’ Alfonso et al., 2015, 2016; Jiang and Zhang, 2016; Wan et al., 2016) and
airline-HSR cooperation (Avenali et al., 2018; Jiang and Zhang, 2014; Jiang et al., 2017,
Xia and Zhang, 2016; 2017; Li et al., 2018; Xia et al, 2018). Recently, HSR network
expansion has been analyzed from the perspective of HSR-low cost carriers interaction
depending on whether HSR expansion is planned in highly populated and developed
corridors or low-density corridors (Jiang and Li, 2016; Wang et al., 2017). Generally,
results show that the introduction of HSR services severely affected the competitiveness
of air transport in China (Fu et al., 2012; Zhang et al., 2014; Wang et al., 2018), and the
air demand has become much more elastic after the introduction of parallel HSR service
(Zhang et al., 2017). Recent cases of air route cancellations include a number of Chinese
domestic markets, such as Zhengzhou-Xi’an, Nanjing-Shanghai, Changsha-Guangzhou
and Wuhan-Nanjing, whereas daily flights on the Wuhan-Guangzhou route (1,069 km)
were reduced from fifteen to nine, one year after the HSR entry (Fu et al., 2012). ¢ In our
paper, we abstract away from the discussion on the effects of HSR introduction over the
competitiveness of air transport, in order to focus on the analysis of changes in HSR
network accessibility on the time span 2003-2014. Our analysis could inform about the
pattern of HSR expansion, thus stakeholders including substitute air transport operators

can be better prepared for the challenges due to intermodality.
3. Methodology

The HSR network is described as a weighted oriented graph, G := (N, E) where N is the
set of nodes and E is the set of ordered edges. Each node i, withi € N = {1, ..., n},
represents an HSR station, where n is the total number of HSR stations in the network.

Each oriented edge ij € E := {ij|i € N,j € N, i # j} represents a train route from node i

5> Rothengatter (2011) finds evidence that fierce competition between air transport and HSR may occur on
routes with distance up to 1000 km, mostly likely between 400 and 800 km. Steer Davies Gleave (SDG,
2004) concludes that the threat imposed by HSR on air travel is the strongest in countries with a large
market for travel over distances of around 200-800 km, and particularly in the range 300-600 km.

6 Deep cuts of airfares after the entry of HSR service are also very common. For example, the market
between Wuhan and Xiamen, two Chinese cities recently linked by HSR, saw an 80% drop in air ticket
price (Jiang and Zhang, 2014).



to node j. Finally, let w;; be the weight associated to the edge ij € E. The value w;; is
defined as greater than O if HSR station i is connected to station j, and the value
represents the weight of the route connecting i to j. For non-social networks, weights are

proxy of the operational performance of edges.
3.1 Local analysis

Degree and strength can be both indicators of the level of involvement of a station in the
surrounding network. Thus, it is important to incorporate both these measures when

studying the local centrality of a station.
o Degree centrality

Degree centrality is the number of adjacencies in a network, i.e., the number of nodes that
the focal node is connected to, and thus measures the involvement of the node in the

network. Following the notation in Opsahl et al. (2010), we define HSR station degree as:
L (1)
Cp(i) = Z Xij
j=1j#i

where i € N is the focal HSR station, j € N represents all other HSR stations. The value
x;j is defined as 1 if station i is connected to station j, and 0 otherwise. In other words,

x;; 18 defined as 1 if the route ij € E exists.

The degree centrality of an HSR station is a good proxy of the local structure around the

station.
o Strength

Degree has generally been extended to the sum of weights when analysing weighted
networks (Barrat et al., 2004), i.e., node strength. Following the notation in Opsahl et al.
(2010), we define HSR station strength as follows:



= (2)
Cp (i) = Z Wij

j=1,j#i

Since strength takes into consideration the weights of edges between two nodes, this has

been the preferred measure for analysing weighted networks (Opsahl et al., 2010).
3.2 Global analysis

The degree measure does not take into consideration the global structure of the HSR
network. For example, although an HSR station might be connected to many others, the
connection might not be quick (Opsahl et al., 2010). Moreover, we note that node
strength only takes into consideration a node’s total level of involvement in the
surrounding network. Therefore, in our setting, station strength does not take into
consideration the number of other stations that are indirectly connected. To capture

global features, closeness and betweenness centrality are considered.

The closeness and betweenness centrality measures rely on the identification and length
of the shortest paths among HSR stations in the network. In an unweighted network,
shortest path between two nodes is found by minimizing the number of intermediary
nodes, and its length is defined as the minimum number of edges linking the two nodes,
either directly or indirectly. In our context, the minimum number of intermediary HSR
stations between the two focal stations in a given route should be taken into account.

Following notation in Opsahl et al. (2010), it can be formalized as:
d(i,j) = minh(xl-h + -+ xhj) (3)

where h are intermediary stations on route between station i and station j and the value

x;, 1s defined as 1 if station i is connected to station h, and 0 otherwise.

However, in weighted networks, the shortest path is generalized as:

1 1 4
dw(l,]) :minh <W_h++m> ( )
i j



where w;, is greater than 0 if HSR station i is connected to station h, and the value

represents the weight of the route connecting i to h.
o Closeness

Closeness centrality is defined as the inverse of the length of the shortest paths from a
node to all other nodes in the network. Thus the more central a node is, the closer it is to
all other nodes. It measures how adjacent a focal HSR station is to all other stations in the

network. Following notation in Opsahl et al. (2010), it can be formalized as:

il 1 5
A O T ——— ©)
[ j=1j=id (1'1)]

If node i and j are not connected directly or indirectly, then d% (i, j) equals infinity and
its reciprocal equals zero. Yet we could still calculate closeness for every HSR station

despite whether it is isolated or not.
e Betweenness

Betweenness relies on the identification of the number of shortest paths that pass through
a node. Higher betweenness value indicates that the HSR station is more frequently
passed through by shortest paths between other stations. In so doing, a station can assert
control over the flow. Following notation in Opsahl et al. (2010), it can be formalized as:
gik(D (6)

w

(i) =
B 9

where gy, is number of shortest paths between station j and station k and g (i) is the

number of those paths that go through station i.
4. The Case of China
4.1 The Chinese HSR Network

Exactly when China started to enter the HSR era is controversial sometimes, depending

on the different definitions of HSR adopted. In January 2004, the State Council (the chief
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administrative authority of China) executive meeting passed the Mid-to-long-term
Railway Network Plan, in which an HSR network consisting of four vertical (north-south)
and four horizontal (west-east) trunk routes with a combined track length over 12,000 km
was first proposed. This is generally believed to be the beginning of the HSR network
development. However, in October 2003, the Qin-Shen Passenger Designated Line
(PDL), connecting Qinhuangdao and Shenyang in northern China, has been opened for
use. It is an electrified dual-track railway designed for a top speed of 200 km/h (increased
to 250 km/h in 2007 and 300 km/h in 2013). The opening of this line is widely accepted
as a milestone in the development of the Chinese HSR system, marking the dawn of a
rapidly developing era. Since the purpose of this paper is to analyse the dynamic pattern
of the HSR development, we treat 2003 as the beginning of our analysis (same as Ollivier
et al., 2014). Under the same rationale, we also incorporate all the upgraded existing lines
that meet the speed standard of HSR into our analysis. Figure 2 shows the progression of

the Chinese HSR network development.
== Insert Figure 2 about here ==

From 2003 to 2007 the growth of HSR track length was relatively slow, indicating a
period of experimenting and experience gaining. Starting from 2008, the growth gained a
substantially higher momentum. The speed of growth entered a new phase of booming
after 2011, causing the total length of HSR tracks to more than double within 3 years.
This was partially driven by the financial crisis unveiled in 2007-2008. With a weakened
global demand, China transformed itself from an export-driven economy to rely on
investment for GDP growth. The government rolled out a massive economic stimulus
program totalling US$ 586 billion, which had been mainly used for infrastructure
development. The Chinese HSR system is no doubt among one of the biggest
beneficiaries of this surge of government-backed cheap credit.” However, since the long-
term development of the system was planned before the crisis, we can assert that the

stimulus package has fastened instead of changed the whole process.

4.2 Dataset

7 All transport system developments are highly related to government initiatives, see the relevant discussion
in Ng et al. (2018a).
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The dataset is constructed based on the public information published by the China
Railway Corporation (for the HSR network related information) and the National Bureau
of Statistics of China (for other supplemental information such as distance, population
and per capita income). Our dataset covers the period 2003-2014. Consistently with the
methodology in section 3, in each year we have mapped the Chinese HSR network as a
weighted oriented graph and, accordingly, for each year we have calculated each station’s
degree, strength, closeness and betweenness. In our setting, weights on HSR routes
represent the operational performance of the supply side and population/per capita

income. Thus, the following weight measures have been considered for each year:
(1) number of different HSR routes passing two stations

(2) train service class: weight is 2 for HSR trains (G trains) and 1 for intercity
trains (C trains) / CRH trains (D trains), based on the fact that G trains, with
maximum speed in the range 300-350 km/h, are faster than C trains, with
maximum speed equal to 300 km/h, and D trains, with maximum speed in the
range 200-250 km/h.® In case different service classes are available between a pair

of stations, the highest weight is used.

(3) distance: inverse distance is used as weight, so that shorter distance is
equivalent to larger weight. In case different routes pass through a pair of stations,

the highest weight is used.

(4) train speed: in case different routes pass through a pair of stations, the higher

speed is used as weight.

(5) travel time: inverse travel time is used as weight, so that shorter travel time is
equivalent to larger weight. Travel time is obtained by considering the ratio

between the length of a specific route and the speed of the train used to cover that

8 In China there are seven types of passenger train services. Other than G, C and D trains there are Z, T, K
and P trains which are, respectively, direct express trains (maximum speed equal to 160 km/h), express
trains (maximum speed equal to 140 km/h), fast trains (maximum speed equal to 120 km/h) and general
trains (maximum speed equal to 100 km/h)
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route. In case different routes pass through a pair of stations, the highest weight is

used.

(6) population and per capita income: those parameters are obtained as the
average value observed between the origin and destination cities connected by the

HSR routes.
5. Analytical Results
5.1 Local analysis

We first focus on local measures. Figure 3 shows the distribution of node degrees across
years.

== Insert Figure 3 about here ==

The HSR network (or, more generally, the rail network) differs from the other types of
transport networks such as the aviation network, mainly in that the node degrees cannot
grow too large. This is because unlike aviation system, which has no specific
infrastructure requirement in between the origin and the destination, the linking of two or
more train stations require substantial (and irreclaimable) investment due to tracks

building.’

From Figure 3, we can identify a local pattern of the Chinese HSR network development.
In the period 2003-2010 there is a rapid increase of nodes with lower degrees. Then,
nodes with higher degrees emerge. This is a first evidence of the following phenomenon:
sub-networks that connect regional centres, i.e., megacities, with second-tier cities are
first built. Once such sub-networks are mostly established, they are also connected with

each other. For instance, this is the case for the development of the Beijing-Guangzhou-

9 Wang et al. (2011) study the air transport network of China in which the highest node degree is close to
100. In contrast, the Chinese HSR network has a maximum node degree of 6.
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Shenzhen HSR route, which connects three of the four largest cities in the Mainland

China and will extend to Hong Kong in 2017.'°

Figure 4 is a collection of maps showing the node degrees for all HSR stations in

different years.
== [nsert Figure 4 about here ==

A close observation reveals that a simultaneous rather than a sequential schedule for
multiple HSR segment is at place at any particular time. In Japan, for example, the
opening of new HSR lines is always in sequence and normally connects with existing
lines immediately (see also Section 6).!! One consequence of the sequential schedule for
multiple HSR segments is the amortization of the capital cost of construction equipment
over a number of projects. Indeed, this is one of the major driving forces for China’s
significantly lower HSR building cost compared with the other countries (Ollivier et al.,
2014): relatively low labour cost, large scale of the HSR network in place at a given
phase, which has allowed the standardization of the construction elements, the

development of technology capacity for equipment manufacturing and construction.

From Figure 4, we can easily see that the development of the Chinese HSR system has
been clustered on the south and the east parts of the country. In particular, the network
started to develop from the northern part (i.e., around Beijing). However, starting from
2013, the network started to develop in Central and East China thanks to their more
central locations (i.e., Yangtze River Delta regions around Shanghai). From Figure 5
reporting China’s topology (Panel A), population density (Panel B) and per-capita GDP
(Panel C), we note that the HSR network expands all the lower-elevation, more populous
and prosperous regions. Indeed, HSR has been found generally profitable in heavily
travelled corridors between major population centres, while operations involving small

population centres can struggle to cover their costs (Perl and Goetz, 2005).

10 The construction started in 2005. The Wuhan-Guangzhou section opened in December 2009, the
Guangzhou-Shenzhen section opened in December 2011, the Zhengzhou-Wuhan section opened in
September 2012, and the Beijing-Zhengzhou section was opened in December 2012.

11 See https://www.nippon.com/en/features/h00078/ for the timeline of Japanese Shinkansen development.

14



== Insert Figure 5 about here==

In Figure 6, we present the strength of different nodes of the Chinese HSR network from
2011 to 2014 calculated with the first type of weight (number of different HSR routes
passing two nodes). We thus evaluate the level of involvement of an HSR station in the
network according to the number of routes passing through it.'> Comparing Figure 6 with
the corresponding panels in Figure 4, we can see that the involvement of the node in the
northern cluster reduces while the one in the eastern cluster increases. These differences
probably confirm that although the northern cluster around is critical politically, hence
making the linkages relevant, HSR network development service is still mainly driven by
economic factors, which is reflected from the fact that nodes in the more economically

vibrant regions present a higher number of routes passing through.
== Insert Figure 6 about here ==
5.2 Global analysis

Degree and strength local centrality measures are indicators of the level of involvement
of a station in the surrounding network cluster. Next, we shift the focus to the measures
of closeness and betweenness centrality to assess the global involvement of a station in

the network.

Since it is burdensome to make comparisons on city level, we divide China into seven
geographical regions based on the classification proposed by Bai et al. (2015)" (Figure 7)
and then rank these regions across years by average closeness and betweenness (Tables 1
and 2). Since both closeness and betweenness are about accessibility, here we present
results calculated with respect to the last type of weights (travel time).'* It should be
noted that Northwest China is not in the rank due to the fact that the corresponding sub-

network was not linked to the other sub-networks until 2014.

12 Results are confirmed with other weights although in different magnitude. Before 2011, the network was
not established enough for the difference between node degree and strength to be sufficiently clear.

13 The classification is based on GLCD-2005 (Geodata Land Cover Dataset for year 2005) land cover map
of China at a scale of 1 to 250,000 produced by the Data Sharing Infrastructure of Earth System Science.

14 Results are confirmed with other weights although in different magnitude.
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== [nsert Figure 7 about here ==
== Insert Table I about here ==
== Insert Table 2 about here ==

First, we may confirm that the HSR network started to develop from the northern cluster
of the country, which might be due to three possible reasons. First, Beijing, the capital
and political centre of China, is located in Northern China. Similar to Paris for France
and Madrid for Spain, it makes political sense to first develop the subsystem around the
capital city (see also Perl and Goetz, 2015). Second, it could be less technically
challenging to develop HSR network in Northern China, due to the large areas of flat
plains (see Figure 6A). Third, Northern China is one of the most populated areas in the
country (see Figure 6B). However, starting from 2013, the Central and Eastern cluster
show higher closeness and betweenness and confirm higher control over the network in
terms of access time. Accordingly, the Southern cluster shows less control, mainly due to

its peripheral location and weaker economic indicators.

The differences between the two ranks are also interesting, which are mainly due to the
intrinsic distinction between the closeness and betweenness measures. The more central a
node is, the closer it is to all other nodes (i.e., lower travel times to all other nodes).
Higher betweenness value indicates that the HSR station is more frequently passed
through by shortest paths (i.e., characterized by lower travel time) between other stations.
When focusing on recent years, i.e., after 2013, we note that the Central cluster, due to its
location, is heavily relied upon linking other clusters of the HSR network. Thus it is
natural to have high betweenness. However, since the whole HSR network is
significantly weighted to the east, it is also not surprising to see that Eastern cluster ranks

higher in closeness.
6. Comparative Cases

Other countries with HSR, due to their much smaller scales and coverages, usually show
development patterns that are very different from the Chinese one. In order to illustrate

the uniqueness of the Chinese HSR development pattern, in this section, we briefly
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discuss the HSR development in other Asian markets, notably Taiwan, South Korea and

Japan (see Figure 8).
== Insert Figure 8§ about here==

Taiwan HSR runs along the west coast of Taiwan and network coverage reaches almost
90% of Taiwan's population (Cheng, 2010). It is the most representative case of the
“exclusive corridor” development pattern: twelve stations are planned in the western
corridor, with eight stations already open in Taipei, the political and economic center,
Banciao, Taoyuan, Hsinchu, Taichung, Chiayi, Tainan, and Zuoying (Kaohsiung). A
one-stop train takes just 90 min to travel from Taipei to Kaohsiung, a distance of 345 km,
while a train that stops at all stations takes 120 min to reach Zuoying. THSRC-Taiwan
High Speed Rail Corporation began trial revenue operation with half-price fares starting
on January 5 2007 and then launched official operation with regular fares on February 1.
The intertemporal development pattern, that is the focus of this paper, has not played a
big role in Taiwan HSR’s deployment which has not involved multiple phases when

starting operation.

South Korea’s HSR system, Korean Train eXpress (KTX), also largely fits the “exclusive
corridor” scenario (Park and Ha, 2006). The Gyeongbu Line connects Seoul, the capital
city and the largest metropolis of the country, and Busan, the second-most populous city
and the economic center of southeastern Korea. The line underwent two phases of
construction. The first phase connecting Seoul and Daegu, the third largest metropolitan
area after Seoul and Busan, started operation in 2004. The second phase, the Daegu-
Busan section, went into service in 2010. The Honam Line also originates from Seoul
(sharing facility with Gyeonbu Line in the Seoul-Osong section), with the other endpoint
being Mokpo located at the southwestern tip of the Korean Peninsula. The Korean HSR
development pattern has two characteristics. First, its main goal is to connect the rest of
the country with Seoul. On September 1, 2010, the South Korean government announced
a strategic plan to reduce travel times from Seoul to 95% of the country to under 2 hours

by 2020. Second, some intertemporal patterns exist in the Korean case. In particular,
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sections of the same HSR line started operation sequentially, securing the service to the

most important city as soon as possible.

So far Japan has 7 main HSR lines (Fu et al., 2014). The first Japanese HSR line, the
Tokaido Shinkansen, opened in 1964 between Tokyo and Osaka, the two main
metropolitan areas of the country. The second line, Sanyo Shinkansen, connects Osaka
with Fukuoka, the two largest cities in western Japan and it is a westward continuation of
the Tokaido Shinkansen. The Shin-Osaka to Okayama segment opened in 1972, while the
remainder of the line opened in 1975. The Tohoku Shinkansen connects Tokyo with
Aomori in Aomori Prefecture, running through the more sparsely populated Tohoku
region of Japan's main island, Honshu, and will reach Sapporo by 2030. The Joetsu
Shinkansen connects Tokyo and Niigata. It was merged with the existing Tohoku
Shinkansen line at Omiya. The Hokuriku Shinkansen connects Tokyo with Kanazawa in
the Hokuriku region of Japan. The first section, between Takasaki and Nagano in Nagano
Prefecture, opened in 1997. The extension to Toyama in Toyama Prefecture and
Kanazawa in Ishikawa Prefecture opened in 2015. Other than Honshu, Kyushu and
Hokkaido, two of the four main islands of Japan, are also partially covered by HSR,
which are connected with the HSR lines in Honshu. The Kyushu Shinkansen between the
cities of Fukuoka and Kagoshima in Kyushu is an extension of the Sanyo Shinkansen.
The two completed sections of the line opened in 2004 and 2011, respectively. The
Hokkaido Shinkansen links up with the Tohoku Shinkansen in northern Aomori
Prefecture in Honshu and continues on into the interior of Hokkaido through the undersea
Seikan Tunnel. The initial Shin-Aomori to Shin-Hakodate-Hokuto section opened in
2016. Extension of the line to Sapporo is scheduled to open by March 2031. Although at
a much larger scale compared with Taiwan and South Korea, Japan still exhibits the
characteristics of “exclusive corridor”, with the center in Tokyo: new HSR segments
either starts from Tokyo or immediately connects into another existing line connected to

Tokyo. Therefore, there is no subnetwork developments as in China.

7. Concluding remarks
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In this paper, we examine the development of the Chinese HSR network over the period
2003-2014. Our methodology relies on centrality analysis to identify changes over time
in HSR network accessibility measured by node degree, strength, closeness, and

betweenness.

Local analysis shows that sub-networks connecting regional centres, i.e., megacities, with
second-tier cities are first built. Once such sub-networks are mostly established, they are
also connected with each other. Moreover, a simultaneous rather than a sequential
schedule for multiple HSR segment is at place at any particular time, further ensuring the
amortization of the capital cost of construction equipment over a number of projects. This
contribute to explain China’s significantly lower HSR building cost compared with the
other countries (Ollivier et al., 2014): relatively low labour cost, large scale of the HSR
network, which has allowed the standardization of the construction elements, the

development of technology capacity for equipment manufacturing and construction.

Global analysis confirms that the HSR network expands all the lower-elevation, more
populous and prosperous regions. Consistently with literature, HSR has been found
generally profitable in heavily travelled corridors between major population centres,
while operations involving small population centres can struggle to cover their costs (Perl
and Goetz, 2005). Although some clusters are critical politically, hence making the
linkages relevant, HSR network development is still mainly driven by economic factors,
which is reflected from the fact that nodes in the more economically vibrant regions
present a higher number of routes passing through and higher service quality (i.e., lower

travel time).

This paper is confined in a few ways. Our methodology heavily relies on the structure
and physical layout of the HSR network, while some important dynamic features of the
demand, such as the evolution of traffic and prices on different HSR routes are missing
due to a lack of data. In other words, some critical operational patterns of the HSR
network, such as the real usage of different connections of the system are unidentified.
Some possible research venues can be implemented to include demand dynamics such as

traffic and price. Future study should also focus on the connection between the Chinese
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HSR network development and other critical demographic and economic changes (e.g.,

labour gravitation, formation of megalopolis) occurred in the Chinese society.
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Figure 3. Distribution of Node Degrees
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Figure 6 Node Strength of the Chinese HSR Network
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Figure 7 Geographical locations of regions and provinces in China

7000;0" E so°q0" E

90"0;0"E lOO"?'O"E 1 lO"?'O"E l20°?’0"E ]30"?'0"!3 l40°?’0"E
s -
5%
(RIS
0 500 1,000 km KRR >
RRRLLES ’
RIS
ERIRRIIKS 4
ERIRRKES
YRR 4
(ST 4
z RIS,
= ERERRIKKRKKKLE z
& RIS s
g Fsstototetetotetel =
5 ARERKICLRLS g
ORRRRICIRE / s
RRRIRIIIIRIAN
SRR 4
SR BAIS
SOIREIKINEKS h
2 BRSRLLG=, rg
e ateris 4
I ——=—7"
GRS
R
RSP IP——
RRPre——T,
4 KX I AT -
£ - z
= —— S
< S — — =
-  S—— S
(s =
e —
P
W =S i
v
e
N
A (743 Central ~ 7
z k Y
3 /77 Northeast * =% z
= 2 B
g [ZZ3 North v ' F=
a / >
Northwest 8
South
Southwest
T T
90°0'0"E 120°0'0"E

Source: Bai et al. (2015)

30



Figure 8 HSR System in East Asian countries
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Table 1 Yearly Ranking of Average Closeness Centralities by Regions

Year/Rank | 2014 | 2013 [ 2012 | 2011 | 2010 | 2009 | 2008 | 2007
1 C C A A B B B B
2 D A D C C A A A
3 A D B B A C C C
4 E B C D D F D D
5 B E E F F D E E
6 F F F E E E F F

*A: North China; B: Northeast China; C: East China; D: Central China; E: South China; F: Southwest
China

Table 2 Yearly Ranking of Average Betweenness Centralities by Regions

Year/Rank | 2014 | 2013 | 2012 | 2011 | 2010 | 2009 | 2008 | 2007
1 D D A A D A A A
2 C C D C C B B B
3 B A B D A C D C
4 A B C B B D C D
5 E E E F F F E E
6 F F F E E E F F

*A: North China; B: Northeast China; C: East China; D: Central China; E: South China; F: Southwest
China
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