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Abstract

The effectiveness of rapid rail transit system is analyzed using tools of complex network for
the first time. We evaluated the effectiveness of the system in Beijing quantitatively from dif-
ferent perspectives, including descriptive statistics analysis, bridging property, centrality
property, ability of connecting different part of the system and ability of disease spreading.
The results showed that the public transport of Beijing does benefit from the rapid rail transit
lines, and the benefit of different regions from RRTS is gradually decreased from the north
to the south. The paper concluded with some policy suggestions regarding how to promote
the system. This study offered significant insight that can help understand the public trans-
portation better. The methodology can be easily applied to analyze other urban public sys-
tems, such as electricity grid, water system, to develop more livable cities.

Introduction

Network science is deeply rooted in real applications, and there is strong emphasis on empiri-
cal data. Actually, The world is full of complex systems, such as organizations with cooperation
among individuals, the central nervous system with interactions among neurons in our brain,
the ecosystem, etc. It has been one of the major scientific challenges to describe, understand,
predict, and eventually take good control of complex systems. Indeed, the complex system can
be naturally represented as a network that encodes the interactions between the system’s com-
ponents, and hence network science is at the heart of complex systems [1]. In general, there
are three main aspects in the research of complex networks including (1) evolution of net-
works over time [2, 3], (2) topological structures of networks, such as scale-free property and
community structures [4, 5], (3) and role of the topological structures, such as how to influence
spreading on networks [6, 7]. This paper focuses on the latter two ones.

During the last few years, more and more attentions have been paid to transportation net-
work. Most of the works are about the topological characteristics of the transportation net-
works, including statistical analysis [8, 9], community structures [10], effectiveness [11],
centrality [12, 13], traffic flow [14, 15], optimal solution to design problem [16], etc. Others are
about the functions of the networks including robustness [17], facilitating travel [18], epidemic
spreading [19], economy [20], etc.
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Rapid rail transit system (RRTS for short) is an important part of public transportation.
However, the cost of RRTS is usually very high, and few attempts have been made to evaluate
its effectiveness in one city [21]. To the best of our knowledge, this paper is the first time to
quantitatively analyze the effectiveness using tools of complex network. We represent the Bei-
jing transportation system as an unweighted directed network, and the main contributions are
fourfold: (a) The transportation network has small world property. (b) Different from its coun-
terparts in foreign cities, the transportation system has a high assortativity coefficient, which
reduces the robustness of the entire system and may lead to traffic congestion. (c) The degree
of the dependency on RRTS varies with different regions, and the benefit of different regions
from the system is gradually decreased from the north to the south. (d) RRTS promotes the
spread of communicable diseases.

The rest of the paper is organized as follows: Sect. 1 described in detail the spatial distribu-
tion pattern of the transport stations, and how the network was built. The descriptive statis-
tics of the data was also presented. From Sect. 2 to Sect. 5, we analyzed the effectiveness of
Beijing RRTS from different perspectives, including bridging property, centrality property,
ability of connecting different part of the system, ability of disease spreading. Finally, Sect. 6
concluded.

1 Network construction and description of public transport system

Beijing is located in northern China, and its terrain is high in the northwest and is low in
the southeast. It is the capital city of the People’s Republic of China, and is governed as a
direct-controlled municipality under the national government with 16 urban, suburban,
and rural districts. It is the world’s third most populous city proper, and is the political, eco-
nomic and cultural center of China. The city spreads out in concentric ring roads, and the
city’s main urban area is within the 5th ring road. We collected the public transport data of
Beijing including city buses, trolley buses and rapid rail transit. Firstly, we graphically dis-
played the spatial distribution of the stations to find out the general pattern of Beijing public
transportation system. As is shown is Fig 1, The spatial pattern does match with the terrain
of Beijing, and also with the spatial pattern of the population density of Beijing shown in
Fig 5(a) from ref. [22]: (1) Overall, the coverage percentage of the public transport stations
and the population density are all increased gradually from the northwest to the southeast,
and are all relatively higher within the 5th ring road. (2) There are more stations in the
areas, outside the 5th ring, with higher population densities. The above analysis also reflects
the accuracy of the data collected, making our further analysis and the conclusions more
reliable.

The public transport system of Beijing can be naturally represented as a unweighted
directed network G,, where the nodes are the stations, and the directed edge from node i to
node j means there is at least one route in which station j is the successor of the station i or the
distance between them is less than 250 meters (m for short).

Table 1 gathers the fundamental descriptive statistics of the transportation networks with
and without rapid rail transit stations, and of the rapid rail transit network, denoted by G,, G,
and G, respectively, including number of nodes N and edges m, median of in-degrees I and
out-degrees O, averaged shortest path distance p, clustering coefficient ¢ [23], and assortativity
coefficient r [24]. We also generated the randomized degree-preserving counterpart of the
transportation network for comparison, denoted by G,. The clustering coefficient of a network
is simply the ratio of the triangles and the connected triples in it. For directed network the
direction of the edges is ignored. The assortativity coefficient of a directed and connected net-
work is simply the Pearson correlation coefficient of degrees between pairs of linked nodes,
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Fig 1. The spatial distribution of the public transport stations of Beijing. The red circle line shows the 5th ring road of
Beijing.

https://doi.org/10.1371/journal.pone.0180075.9001

and is defined as:

|:jk(ejk - qout,jqin,k)]
jk O-(qin>o-(qout)

Table 1. Statistical description of the constructed networks. G, means the network of Beijing public transport system; G, means the network without rail
transit stations; G, means the rail transit network; G, means the randomized degree-preserving network of G,. Nis the number of nodes; mis the number of
edges; /is the median of in-degrees; O is the median of out-degrees; pis averaged shortest path distance; cis clustering coefficient; ris assortative coefficient.
Note that the sum of Nof G, and g, is larger than the node number of G, because there are two stations shared by G, and G,.

ID N m I (o] P c r
g, 72134 1486834 16 16 24.48 0.81 0.90
g, 71872 1475068 16 16 25.06 0.81+ 0.91
g, 264 588 2 2 14.22 0 0.07
g, - - - - 5.43 0.57 -

https://doi.org/10.1371/journal.pone.0180075.t001
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where g, = Z € Qini = Z ¢;» 0(qour) and o(q;,) are the standard deviations of g, and gy,
J J

respectively. r is between —1 and 1, and is used to measure whether nodes tend to be connected
with other ones with similar degrees.

From the table, one can observe that: (1) The averaged shortest path distance p of the trans-
portation network G, is comparable with logN ~ 11, and is also comparable with that of its
randomized counterpart G,. The clustering coefficient of the network G, is significantly larger
than G,. The above two points show that the transportation network is not random, and is typ-
ically a small world network [25]. (2) The clustering coefficient of the rapid rail transit network
g, is 0, meaning that there is no triangles in the network, as expected. (3) The averaged short-
est path distance of network G, is half station shorter than that of network G,, meaning that
the public transport of Beijing does benefit from the rapid rail transit lines. (4) An interesting
observation is that the assortativity coefficient of the public transportation network is high,
which is very different from its counterpart [8]. Recent studies showed that high assortativity
within a single network decreases the robustness of the entire system (network of networks)
[26], which may lead to traffic congestion.

2 Rapid rail transit lines are local bridges

To evaluate the local effectiveness of RRTS, we compared the local bridge values of the con-
nected rapid rail transit stations, and those of the rest edges in the network G,. The local bridge
value of the directed edge from i to j is the length of the shortest route from i to j after deleting
the edge [27]. For each connected nodes i and j, the shortest route is obviously i — j (or j — ),
and the length is 1. If we delete the edge, the length will be increased. A longer route indicates
that the edge is more powerful for connecting different parts of the network and is more
important for the convenience of traffic.

The average of the local bridge values of the connected subway stations is 4.81, and that
of the rest is 2.09. We ran the independent samples T test, and the p—value is less than
2.2 x 107", meaning that the difference between the average values has statistical significance.

The local bridge value is obviously effected by the distance of the connected nodes. The lon-
ger the distance, the larger the bridge value. To keep things fair, we equally divided the range
of distances of connected nodes into a series of intervals, i.e., 0m — 500m, 500m — 1000m, - - -,
5000m — 5500m, and calculated the averaged local bridge values of the connected nodes fallen
into each interval. From Fig 2, one can observe that: (1) The local bridge values are increased
when the distances between the stations are increasing, as expected; (2) The values of the edges
connecting the rapid rail transit stations are consistently higher than those of the rest, espe-
cially when the distance is large, indicating that the stations connected by the rail lines have
fewer common neighbors, and are more important for connecting different parts of the net-
work [28].

3 Rapid rail transit lines have higher centrality

To evaluate the centrality of the rapid rail transit stations, we calculated the betweenness values
[29] and the closeness values [30, 31] of the stations in the network.
In a connected network, the betweenness centrality of node v is defined by

giv' . P .
Y, ittt
i j &ij

where gj; is the total number of shortest paths from node i to j, and g;,, is the number of those
paths that pass through v.
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Fig 2. The local bridge value versus the distance of connected nodes. The black squares are the averaged values of the
connected rapid rail transit stations, and the white circles are the averaged values of the rest. The numbers on the x-axis mean
intervals of distances: 1 means Om — 500m, 2 means 500m — 1000m, - - -, 11 means 5000m — 5500m.

https://doi.org/10.1371/journal.pone.0180075.9002

Betweenness centrality is introduced as a measure for quantifying the control of a node on
the communication between other nodes in a complex network.

In a connected and directed network, the closeness_in centrality of node v is defined as the
inverse of the average length of the shortest paths from all the other vertices in the graph:

Zd(i,v)’ 17£V7

i
and the closeness_out centrality is defined as that to all the other ones:

1

W, i#v,

i

where d(i, v) is the shortest path length from node i to v in the directed network. If there is no
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Table 2. The top 20 subway stations with the highest betweenness values and the highest closeness
values. The underlined stations are those appeared in all of the lists.

Centrality | Top ranked stations

Betweenness | Lishuigiao (327K #F), Wangjingxi (32 5{ 77, line 13), Beiyuan (1t3t), Jishuitan (FU/K{H),
Dongzhimen (4 K. |7, line 2),
Xizhimen (#5 £ 7), Congwenmen (523 7), Qianmen (& [ 1), Huoying (% &), Beijingzhan
(Ab3Tk),
Chaoyangmen (31fH 1), Fuchengmen (E.5%i]), Jianguomen ([ |]), Shaoyaoju
(Mi)E),
Dosishitiao (4 VU -1-%), Chegongzhuang (%4 1), Sanyuangiao (=Ju#ft), Wangjingxi
(B, line 15),
Huixinxijienankou (51 PG4 Eg 1), Xierqi (74 —Ji#)

Closeness_in | Jishuitan (f17Ki#), Dozhimen (%< EL| ], line 2), Yonghegong (%1 &), Xizhimen (i EL[)),
Guloudajie (#i#% K#7),
Andingmen (%7€ 1), Dongzhimen (4 &[], line 13), Chegongzhuang (4 %),
Guangximen (JtE&[]), Shaoyaoju (A5 %),
Chaoyangmen (1BH17), Dongsishitiao (% /'Y -2%), Fuchengmen (&%[]), Sanyuangiao
(ZJchh),
Huixinxijienankou (28 P 1), Hepingxigiao (F1°F 75 #7), Jianguomen (F2[E ),
Beijingzhan (1t 5{34),
Shaoyaoju (*jZi &), Taiyanggong (KPHE)

Closeness_out | Dongzhimen (4 E.I ], line 2), Sanyuangiao (—Jt#ff), Yonghegong (%1 ),
Nongyezhanlanguan (£ J& Wi tH),
Jishuitan (f17k %), Guloudajie (&1 K #), Dongzhimen (4 ELI'], line 13), Fuchengmen
(£J%17), Andingmen (% 5E 1),
Liangmagiao (= 4 #7), Xizhimen (74 £ 1), Chegongzhuang (%A J£), Hepingxigiao
(F-F- P #fr), Shaoyaoju (Nj 2 %),
Dongsishitiao (%<4 +4%), Chaoyangmen (3FH | T), Huixinxijienankou (ZE37 Fufirg 1),
Fuxingmen (& ¢17),
Taiyanggong (K BH ), Jianguomen ([ )

https://doi.org/10.1371/journal.pone.0180075.t1002

(directed) path between node v and i, then the total number of nodes is used in the formula
instead of the path length.

A larger closeness value of node v means that the total distance to/from all other nodes
from/to v is lower, and the node v is in the middle of the network.

We listed the top ranked 20 stations based on different centrality measures in Table 2, and
the stations that are appeared in all of the three lists are underlined. One can observe that: (1)
Generally, the two centrality metrics are positively correlated. (2) Some stations are the excep-
tions. They have higher betweenness but lower closeness, or conversely, have lower between-
ness but higher closeness.

In order to further study the positions of the stations in the network, we drew RRTS on the
Beijing map, as is shown in Fig 3, from which, one can observe that: (1) The stations in the cen-
tral region of Beijing have higher closeness values, as expected. (2) The stations in the northern
Beijing have higher betweenness values, and several typical stations are marked on the map.
(3) The betweenness values decrease gradually from the north to the south, indicating that
northern Beijing is more dependent on RRTS.

We also compared the betweenness of the rapid rail transit stations with the other ones
with comparable degrees, which is summarized in Fig 4. One can see that: (1) The betweenness
values of rapid rail transit stations are generally larger than their counterparts, indicating that
RRTS is really important for bringing convenience to the transportation of citizens. (2) The
betweenness values of rapid rail transit stations are gradually decreased with the decreasing of
degree.
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Fig 3. Betweenness versus (a) closeness_in and (b) closeness_out of the subway stations. The bigger the circles, the larger
the betweenness values. The more bright the color, the larger the closeness values. The stations in the central region have higher
closeness, as expected. The stations in northern Beijing have higher betweenness but lower closeness, such as Lishuigiao (37.7K#7),
Wangjingxi (32 5{1i) and Beiyuan (]L:31), indicating that they monopolize the connections from a small number of stations to many

others.

https://doi.org/10.1371/journal.pone.0180075.9003
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4 Rapid rail transit lines make travel more convenient

Results of Sect. 1 indicate that, on average, one’s traveling distance is just half station longer if
he/she does not use RRTS. Fig 5 is the frequency distribution of shortest path distances in Beij-
ing’s transportation network, which shows that the shift to left is very small. Both results sug-
gest that the benefit of RRTS is limited. But this is not true. The following analysis shows that
RRTS makes the connections of different regions in Beijing more efficient.

Firstly, we detected the community structures in the transportation network without rapid
rail transit stations using the fast greedy modularity optimization algorithm [32], and the net-
work was partitioned into 94 non-overlapping communities. A community in the network is a

50 100
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1.0x108 -
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waow NANA st r i\
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Fig 4. Red line: Betweenness values of the subway stations ordered by (a) the degrees, and (b) the betweenness values;
black line: Averaged betweenness values of the other stations with comparable degrees.

https://doi.org/10.1371/journal.pone.0180075.g004
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https://doi.org/10.1371/journal.pone.0180075.9005

set of nodes that are densely interconnected but loosely connected with the rest of the network
[5].

Secondly, we explicitly define a convenient index H to quantify to what extent the conve-
nience is increased with RRTS:

H::%Hx,

where n and 5, are the number of nodes in the transportation network without rapid rail tran-
sit stations G,, and in community @, respectively, and H,, is defined as:

_ - (1) (2)
Hx - Z|:da<7ﬁ 7dm,/3i|7
h=1

s

where dfj)ﬂ is the distance from community o to §3, i.e., averaged pairwise distances from the

nodes in community « to those in community § with RRTS, and df)ﬁ is that without RRTS.

The overall results are shown in Fig 6, from which one can see that: (a) The benefit of differ-
ent regions from RRTS is different, and is gradually decreased from the north to the south,
which is in accordance with the results of Sect. 3. (b) The region of Lishuigiao (3. 7K#/F) bene-
fits the most from RRTS, and one’s averaged distance of traveling to the rest of Beijing is 2.80
stations shorter. Take for example the route from the Xichengjiayuan station (35 i i) to
the Shahegaojiaoyuan station (V{1 =247 %%), which is actually the last author’s commute to
work. Without RRTS, the distance is 24 stations, and is 6 stations shorter with the system. (c)
The region of Yanqing, which is in northwest Beijing, benefits the least, and one’s averaged
travelling distance is only 0.09 stations shorter.
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Fig 6. Community structures of the public transportation network without rapid rail transit stations. Communities are
displayed on the map in descending order as to their reception of benefits from RRTS from the most benefitted to least benefitted.

https://doi.org/10.1371/journal.pone.0180075.g006

The convenient index H of Beijing is 0.40. Fig 7 is the scatter plot of H, in decreasing order
with standard deviations. From which, one can observe that: Although for most communities,
the value of H,, is less than one, the standard deviations are large, indicating that RRTS benefit
different people to varying extents, even in the same community.

5 Rapid rail transit lines promote the spread of disease

Finally, we evaluated the efficiency of RRTS for disease spreading. We adopted the susceptible-
infected (SI) disease model, which is suitable for simulating the beginning stage of the diffu-
sion and can be formulated as follows: at time 0, some nodes are randomly selected and are set
to be infected. During the disease diffusion, each node has two possible states: S (susceptible)
and I (infected). At time ¢t + 1, susceptible node can become infected with possibility A if it has
an infected neighbor at time ¢, and with possibility 1 — (1 — A)¥ if it has k infected neighbors at
time t. We set A to be 0.4.

There are 264 rapid rail transit stations. We also selected 264 stations with the highest
degrees and randomly selected 264 stations with the degrees comparable with those of the
rapid rail transit stations as the candidates for comparison. At each time, for the initial condi-
tion of diffusion, we selected one station as the infected spreader. The evolution of the infected
nodes over time is shown in Fig 8. The results are averages of five trials.

From Fig 8, one can observe that: (1) The subway stations are in general more efficient with
smaller deviation for disease diffusion. (2) The spreading capability of stations with the highest
degrees is comparable with that of the subway stations. (3) For the nodes whose degrees are
comparable with those of the subway stations, the spreading capacity is lower. (4) Rapid
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of five trials. The initial infected nodes are (a) the subway stations; (b) the nodes with the highest degrees in the network; (c) the
nodes with the degrees comparable with that of the subway stations.

https://doi.org/10.1371/journal.pone.0180075.g008

PLOS ONE | https://doi.org/10.1371/journal.pone.0180075  July 13,2017 10/13


https://doi.org/10.1371/journal.pone.0180075.g007
https://doi.org/10.1371/journal.pone.0180075.g008
https://doi.org/10.1371/journal.pone.0180075

@° PLOS | ONE

Effectiveness of RRTS in Beijing

screening is reasonable during the outbreak of infectious diseases for detecting people with ele-
vated body temperatures.

Actually, numerical simulation is a widely used method on analyzing the relations between
transportation networks and disease outbreak due to lack of real data [33]. In our simulations,
we assume that the passenger flows are proportional to the degree of the stations, and the sta-
tions with higher degrees are more likely to spread disease. This assumption is reasonable.
However, it is better to combine the information of passenger flows with the topology struc-
tures. We will leave it to our future work.

Note that this assumption does not necessarily mean that the nodes with higher degrees
have higher spreading capability, since this is affected by many factors such as the spreading
capability of neighbors.

6 Conclusions and future work

In this paper, the effectiveness of RRTS was evaluated using complex network analysis theory.
We represented Beijing public transportation system as an unweighted directed network, and
evaluated the properties of RRTS from different perspectives, including descriptive statistics
analysis, bridging property, centrality property, ability of connecting communities in the sys-
tem, and ability of disease spreading. In summary: (1) The public transportation system has
small world property. (2) The rapid rail transit lines are weak ties, have higher centrality, and
are important for connecting different communities in the transportation system, making
travelling more convenient. (3) As a byproduct, the rail lines promote the spread of disease.

Based on the findings that the transportation system has high assortativity, reducing the
robustness of the entire system, and people in northern Beijing is more dependent on RRTS
than that in the rest parts of Beijing, our policy suggestions include more consideration to the
rail transit construction in the south and to the ground public transportation construction in
the north, especially in the area of Lishuigiao (37.7K#F), construction of more lines connecting
the nodes with different degrees to reduce assortativity, and body temperature rapid screening
during the epidemics. Specifically, we give two concrete suggestions to verify our analysis:

a). To reduce the assortativity coefficient, we put forward a preliminary route design plan,
starting at Xichengjiayuan station (34§ < [7el i), whose degree is 2, and ending with Xidan
station (It FL3i), whose degree is 25. There are 23 stations in the route, which are selected
one by one. At each step, we select one station satisfying two conditions: 1. Its distance to the
station selected in the last step is between 500m and 1000m; 2. It is the nearest stations to
Xidan station (P4 F.3). The assortativity coefficient is reduced slightly from 0.9039726 to
0.9039708. b). To make communities in the south benefit more from RRTS, we put forward
another preliminary route design plan from Jijiamiao station (£ % Jiii¥if7) to Xidan station
(P H35). There are also 23 stations in the route. H,, of the community is increased slightly
from 0.11129113 to 0.1510864.

Based on our works, there are several interesting problems for future work, including traffic
early warning by combining data from other resources, such as congestion prediction, disease
outbreak warning using information of passenger flows, helping plan the rail route and station
locations to improve the efficiency of the transportation system, and comprehensive compari-
son of the topological structure and statistical properties of the transportation systems in dif-
ferent scale cities.
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