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Abstract:
activities, and is achieved using mobility data from various sources. In the existing research, less

Community detection can reveal specific urban spatial structures related to human

attention has been devoted to communities related to urban transit travel. As public transit is a key
component of the urban transport system, it is important to understand how transit communities
are organized and how they evolve. This research proposes an approach to urban transit travel
community detection using transit travel data and examines how the communities have evolved
over time. The results in Shenzhen from 2015 to 2017 showed that the transit travel network had an
obvious community structure, and the components (TAZs in this case) of the communities changed
over time. During the three years, the western part of Shenzhen experienced more component
changes on weekdays, and the central part of the city underwent more component changes on
weekdays. In addition, the transit travel communities had a significant coupling relationship with
urban administrative divisions. Exploring transit travel communities provides insight for improving
public transit systems and enriches the research genealogy of urban spatial structure.

Keywords: travel network of transit; community structure; transit smart card; dynamic evolution;
Shenzhen

1. Introduction

The spatial structure of a city is the spatial expression of the interaction among various
elements such as the material environment, socio-economic factors, and transportation
facilities in the city; it has always been the focus of research in the field of urban planning.
In recent years, with the advancement of urbanization, the “space-time compression” effect
caused by rapid social economy and transit development has significantly enhanced the spa-
tiotemporal convenience of urban travel [1-3]. The functionality and network connectivity of
cities has been strengthened, leading to the rapid evolution of urban spatial structures [4-7].
Analyzing urban spatial structures and their evolution from a macro perspective can help
improve insights into sustainable urban space development, thus allowing for intelligent
spatial decision making in urban planning and management [8,9]. It is also an important
scientific path for promoting and achieving inclusive sustainable urbanization.

Traditional urban spatial structure planning is mainly based on natural topography,
transportation infrastructure, land use properties, etc. Studies of these elements are com-
bined with the qualitative research and judgment derived from the subjective analyses of
planners to mainly identify the “static” state of the physical conditions [10]. The devel-
opment of information and communications technology (ICT) has enabled the collection
of large-scale, high-resolution spatiotemporal big data. Big data have transformed tradi-
tional research on community structures [11,12] and promoted the development of service-
oriented cities and urban science. Spatial flow theory based on big data has become the core
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theory used to guide the reform of urban spatial planning methods [13]. Macro-, meso-, and
micro-scale problems in the urban development process can be visually expressed using
large volumes of dynamic and accurate individual spatial data, thus providing important
support toward the goal of constructing “people-oriented” cities [14] and also providing
new methods and ideas for the study of urban spatial structures.

Coupling spatiotemporal big data and complex network-based community detection
technology has attracted the attention of many studies in the field of urban spatial structures.
Community detection is based on the premise that nodes in the same community are closely
linked, whereas nodes in different communities are only loosely linked [15-17]. This
method can be applied to different spatial scales. At the national level, Ratti analyzed and
verified national administrative boundaries by comparing existing norms with community
structures in interaction-based networks [18]. At the regional and urban levels, de Monti
used a traditional survey based on OD data to determine the community structure of an
island region in Italy and provided recommendations for sub-regional planning [19]. Liu
used taxi GPS traces to reveal the hierarchical structure of urban areas in Shanghai, China,
and identified a two-level polycentric urban structure [20]. In addition, there are also
studies that analyze the dynamic changes in communities at various times of day [21].

Analyzing urban spatial structure from the perspective of public transportation is
meaningful for urban sustainable development. On the one hand, urban public transporta-
tion is a complex network that plays an important role in building sustainable cities and
communities and plays an important role in guiding and supporting urban spatial structure.
On the other hand, public transportation can demonstrate the matching effect and guiding
role of urban public transportation on residential and employment needs and has reference
value for formulating policies regarding coordinated development of urban land use and
public transportation. However, existing research mostly uses mobile phone signaling data
and taxi GPS data as the main data sources for exploring community structures. There is a
lack of research on urban spatial structure from the perspective of public transportation. In
addition, from a time-scale perspective, the existing research mainly analyzes urban spatial
community structures during a specific period and pays less attention to the dynamic
evolutionary characteristics of urban spatial communities over different years.

To fill these gaps in the literature, this paper uses intelligent public transportation card
data to analyze the dynamic evolutionary characteristics of urban public transportation
communities from a temporal dimension. The term “community” in this article is used
to refer to the bus travel community unless otherwise noted. The main research contents
of this article include: (i) the passenger flow network of urban transit is constructed for
both weekdays and weekends; (ii) based on community detection methods, the community
structure of urban transit travel across different years is revealed; (iii) the dynamic evolution
characteristics of urban transit travel communities are analyzed in terms of similarity and
diversity; and (iv) a comparative analysis of the community detection results based on
urban administrative units from 2015 to 2017 is demonstrated, where the term “urban
administrative units” refers to the regions divided by the state for the convenience of
administrative management.

2. Study Area and Data
2.1. Study Area

Shenzhen is the central city of the Guangdong-Hong Kong-Macao Greater Bay Area
and an important window into China’s reform and opening up. It has been established
as a comprehensive transport hub with a developed public transport network. Shenzhen
city provides a typical geographical transport environment for conducting research on the
dynamic spatial structure of urban public transport travel.

Shenzhen is divided into 491 TAZs (Figure 1). In this study, TAZs were selected as the
analysis units as they consider the road network and retain similar land usage types and socio-
economic attributes at a finer spatial scale than street or administrative district units, which are
more suitable for macro-scale research in cities [22]. The base maps of administrative districts
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in Shenzhen used in this study were derived from the public version (2021) of the 1:1 million
scale basic geographic information data authorized by the Ministry of Natural Resources and
provided by the National Geographic Information Resource Directory Service System.
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Figure 1. Administrative districts and subway lines in Shenzhen.

2.2. Data Source and Preprocessing

Residents’ travel behaviors within a one-day or one-week period display strong generaliza-
tion and spatiotemporal laws that can be used to predict daily changes in residents’ travel over
longer periods [23,24]. With the rapid development of intelligent transportation systems, transit
travel demand can be collected through smart card systems [25]. This paper uses smart card data
from 2015 to 2017 in Shenzhen for the analysis of the evolution of transit travel communities.
Transit travel communities are subject to changes in the city’s underlying transit system, such as
the opening of new subway lines. By the end of 2015, five rail transit lines in Shenzhen were
completed and open to traffic (lines 1-5). By the end of 2016, lines 7, 9, and 11 were also fully
completed and open to traffic. Using 20152017 as the research period, the dynamic evolution
process of urban transit travel communities can be completely observed in the three periods
before, during, and after the opening of these lines, which is sufficiently representative.

Therefore, relatively complete records of transit smart card data from 2015 to 2017
(except for the Mid-Autumn Festival, National Day, and other holidays) were collected, and
the structural characteristics and evolution of communities were analyzed from the perspec-
tives of both weekdays and weekends. The studied weekdays included 2—-6 November 2015,
26-30 September 2016, and 25-29 September 2017. The studied weekends included
28-29 November 2015, 10-11 September 2016, and 16-17 September 2017. All the three-year
data used in this study refer to the average daily data based on the above dates.

The transit smart card data from Shenzhen used in this study include metro card data and
bus card data. The metro card data include information such as card ID, type of entry and exit,
inbound swipe time, outbound swipe time, metro line and metro station information, which
can be used to directly obtain the origin—destination (O-D) of passengers’ travel. However,
the bus card data include only card ID, check-in swipe time, bus license plate number, and
bus line name without information regarding passengers’ alighting times or locations. Hence,
it is essential to deduce the O-D of bus passengers’ travel by integrating transit smart card
data, bus GPS data, and bus station locations [26,27]. The main steps are as follows:

(1) Data preprocessing: data cleaning was performed by removing abnormal values and
deleting duplicate data. The abnormal values mainly include abnormal IC card data
values and abnormal GPS values. Among them, the abnormal IC card data values
include duplicate data, missing fields, and jumps in swipe time, and the abnormal
bus GPS values include abnormal positioning data and skewed GPS data.

(2) Starting station extraction: the arrival timetable of each bus was obtained using GPS
data and station data, and the smart card payment time was matched with bus arrival
times to identify the boarding stations at which passengers used their cards to pay.
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(8) Terminal station deduction: there are four situations, including no transfer and bus-to-
bus, bus-to-metro, and metro-to-bus transfers. To resolve the first scenario, historical
data were required. For example, for commuters using public transport, the boarding
station on the same line for the return journey in the afternoon could be reasonably
assumed to be the alighting station for the morning journey. In the second case, the
alighting station of the passenger on the first line can be identified; however, the
alighting station of the second line or further transfer lines after the transfer is the
passenger’s true destination. Therefore, the first method must be employed to infer
the final alighting station. In the third case, the destination can be readily determined
from the metro entry and exit records. In the fourth case, the process described above
for the first case is also required to determine the final alighting station of the bus line.

3. Methods
3.1. Methodology Overview

In this paper, the transit smart card data, bus GPS data, and data from the lines
and stations were preprocessed to obtain the O-D matrix of passengers’ transit travel
(Figure 2). On this basis, the structure and evolution characteristics of urban transit
travel communities are analyzed, mainly including: (1) constructing an urban transport
travel network model with a TAZ as the analysis unit and analyzing its basic network
characteristics, (2) analyzing the structure of urban transit travel communities based on the
community detection method, (3) analyzing the community evolution characteristics based
on similarity index and visualization analysis, and (4) coupling analysis of transit travel
communities with urban administrative divisions based on bubble diagrams.

[%ﬂ] Smart Card A Bus GPS S TAZ
{ \ |
!

@ Transit travel O-D matrix (TAZ)

l

x Construction of transit travel network

l

_9 Transit travel community detection

l

E Transit travel community evolution

Figure 2. Overview of methodology.

3.2. Transit Travel Network Construction

The activity tracks of all individuals by transit travel were included in the urban transit
travel data set. The transit travel volumes between each TAZ in the city were obtained by
aggregating the spatial travel activity in the selected spatial units (i.e., TAZs) and converting
the travel between different stations into travel between different TAZs. In this context, i
and j are used to denote stations, and §; ; represents the passenger flow between i and .
When i and j are spatially located in TAZs m and n, respectively, the transit passenger flow
between m and n, i.e., Tj;,» can be expressed as:

T =) Sij--- (i €m,jen) 1)

The O-D matrix for urban transit travel based on TAZ can be expressed as:

T1,1 Tl,2 .. Tl,m
Tohn Ty ... T
ODr1az = . . )

Tur Twm2 o Tum
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The TAZ-based network of urban transit travel Gr4z was obtained using the TAZ
mass centers as the nodes of the transit travel network, the line connections between TAZ
mass centers were taken as the edges, and the volumes of transit between TAZs were taken
as the edge weights:

Graz = {N1az, ETaz, WraZ} 3)

where N4z is the set of nodes of Gy (i.e., TAZ mass centers), ET 7 is the set of network
edges (i.e., the connecting lines between TAZ mass centers), and W47 is the edge weights
(i.e., the transit travel volume between TAZs). When Wr,7 is 0, the corresponding edge is
not included in the network.

After building the urban transit travel network, we can describe the basic characteristics
of the network with several basic statistical variables, including graph density, average
clustering coefficient, and characteristic path length [28]. Of these, graph density reflects the
edge connectivity of the network and the average clustering coefficient describes how closely
the nodes in the network are related to each other, with higher values indicating greater
edge connectivity and closer proximity of the nodes in the network. The characteristic path
length indicates the average graph distance between all pairs of nodes in the network, and a
smaller value indicates a more reachable and efficient network. These metrics can be used
to characterize whether a network is a small-world network and whether it has an obvious
community structure. A small-world network refers to a network in which most nodes
can reach any other nodes through short communication paths, as judged by the clustering
coefficient and the characteristic shortest path [29,30]. If the average clustering coefficient of
the network is higher than the random network with the same number of nodes, and the
characteristic path length is similar to the random network, the network is considered to
have the small-world property, and the network has a community structure [29-31].

3.3. Transit Travel Community Detection

Based on graph theory, the community detection method in complex networks can
be used to divide huge networks into several closely connected non-overlapping commu-
nities. The nodes in the community after division are closely connected, whereas those
between communities are relatively loosely connected [32,33]. At the city level, community
detection based on travel data helps reveal the spatial interaction patterns of urban travel
activities and thus provides a decision-making basis for intelligent urban planning. In
this study, the Louvain algorithm was used to detect transit travel communities [34], this
algorithm is characterized by fast running speed, an intuitive detection process, and easy
implementation. Additionally, no supervision is required for the obtained results and
small communities will not be missed. The core concept of the Louvain algorithm is to
continuously increase the modularity Q of the whole network through repeated iterations
to ensure a more reasonable division of communities. If the modularity value exceeds 0.3,
this indicates that there is a clear community structure [35]. The definition of Q is:

1 kik;
Q = % ZZ,]: |:Az] — 27’}1]:| (S(Ci, C]) (4)

where A; ; represents the weight of the edge between network nodes i and j, k; is the sum
of edge weights connected to node i, and m refers to the sum of weights of all edges in the
network. In addition, ¢; represents the community in which node i is located and 6(c;, ¢;) is
used to determine whether nodes i and j are in the same community, returning a value of 1
if yes and 0 if no.

In the Louvain algorithm, there are two main detection phases for the structure of
urban transit travel communities. In the first phase, each node in the network graph (the
nodes in the initial network are TAZ mass centers) was regarded as a separate community.
For each node i, the node was successively distributed to the communities in which each of
its network neighbors was located, the change of network modularity AQ before and after
distribution was calculated, and the node transfer between communities was evaluated to
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allocate the node to the community corresponding to the largest AQ value. All nodes were
processed sequentially in the first community detection phase. AQ is expressed as follows:

Yokin + 2k in Yktor + ki \ 2 Y kin Y kior \ 2 ki \? 5
() B G )] e

2m 2m
where ) k;, represents the sum of the weights of the inner edges of the community, ) k¢,
is the sum of the weights of all node edges in the community, and }_k; ;, denotes the sum
of the edge weights from node i to all the nodes in the community.

In the second phase, the graph was reconstructed. Each node in the new graph
represented the mass center of each community detected in the first phase and the edge
weights between communities were aggregated to form the new node edge weights. The
process of the first phase was iterated repeatedly until the modularity of the whole graph
no longer changed, thus forming a closely connected network community structure.

|

3.4. Transit Travel Community Evolution

This study analyzes the evolution characteristics of urban transit community from
the perspectives of similarity and difference. For the similarity perspective, a similarity
index is constructed to measure the evolution characteristics. For the difference perspective,
visualization analysis is conducted based on Sankey and cumulative scale diagrams.

Among them, the similarity index quantifies the dynamic evolution characteristics of
a transit travel community. For different years u and v, the similarity of urban transit travel
communities can be expressed as S(u, v):

_Lio(chcp)
o n

S(u,v) (6)

where 1 represents the total number of TAZs in the urban space units. For any TAZ;, C}'
indicates the transit travel community category of TAZ; in year u. If the transit travel
community category of TAZ; in year u is the same as that in year v, then §(C¥,C?) is 1,
otherwise 6(C¥, C?) is 0.

4. Results
4.1. The Dynamic Network Structure of Urban Transit Travel

As mentioned above, the dynamic urban transit travel network in Shenzhen was
constructed based on transit smart card data for weekdays and weekends from 2015 to 2017,
with TAZs chosen as the analysis units. In addition, the basic network attributes were
analyzed in terms of the graph density, average clustering coefficient, characteristic path
length, and other indicators. Several random networks with the same number of nodes
and edges have been constructed. Results show that the average clustering coefficient
is approximately 0.25, and the average characteristic path length is approximately 1.5,
whereas the average clustering coefficient values for weekdays and weekends from 2015 to
2017 were approximately 0.6, and the average shortest path length was approximately 1.7;
these results indicate that Shenzhen’s transit travel network has the small-world property
and a clear community structure locally within the network (Table 1). The graph density
and average clustering coefficient values of the transit travel network were the largest in
2017 and smallest in 2016. Within each year, the graph density and average clustering
coefficient values of weekends were smaller than those of weekdays, indicating that transit
travel in Shenzhen is more densely associated on weekdays than on weekends.

The overall spatial distribution of urban transit travel was further analyzed by mapping
the average daily transit passenger flow on weekdays and weekends from 2015 to 2017. The
average daily transit travel demand on weekdays and weekends in 2015, 2016, and 2017 are
shown in Figure 3a and Figure 3b, respectively (Figure 3). As shown in Figure 3a, the transit
passenger flow on weekdays and weekends was high in Nanshan District, Futian District,
Luohu District, Longhua District, and the southern part of Longgang District, whereas
values in other areas were relatively low, mainly as a consequence of the land utilization
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and spatial structure of Shenzhen. Nanshan, Futian, and Luohu are centers of employment,
entertainment, leisure, and culture, containing high-density living and entertainment facili-
ties; thus, there is a high demand for transit travel in these areas. Furthermore, the transit
infrastructure of these three districts is relatively complete and highly accessible, ensuring
adequate public transport availability. In the Nanshan District Science and Technology Park,
the transit travel demand on weekends was markedly different from that on weekdays,
indicating that the work-related transit travel demand on weekdays changes significantly.

Table 1. Transit network attributes of Shenzhen.

Weekday Weekend
Y?ar/ Graph Average Characteristic Gravh Average Characteristic
Indicator Nodes Edges Densﬂt Clustering Path Nodes Edges Dens%t Clustering Path
y Coefficient Length y Coefficient Length
2015 491 67969 0.316 0.613 1.73 491 57066 0.267 0.591 1.798
2016 491 67271 0.31 0.609 1.733 491 42580 0.198 0.581 1.954
2017 491 71114 0.327 0.619 1.721 491 59742 0.275 0.606 1.801
N Passenger flow N Passenger flow
@ 7491 @ ~ 7491
22,396 f 22,396
47,308 47,308
Guangming 86,600 Guangming 86,600
150,000 150,000
Longhua Longhua
Baoan Pingshan Baoan Pingshan
Longgang Longgang
Yantian Dapeng Nanshan S Yantian Dapeng
Futian Luohu Futian Luohu
10 20 km 0 10 20 km
L se—) L e—)
(a) (b
N
Association strength @ Association strength
— 0-85 - — 0-85

85-335 VAL - 85-335

335-839 A 335-839

839 - 1820 839 - 1820
— 1820 - 4240 — 1820 - 4682

(e) (D

Figure 3. Spatial distribution of transit travel demand and daily transit passenger flow: (a) transit
travel demand on weekdays; (b) transit travel demand on weekends; (c) daily transit passenger flow
on weekdays; (d) daily transit passenger flow on weekends.

Using the Jenks breakpoint method, the transit travel association strength between
TAZs was divided into five grades in ascending order. As shown in Figure 3c,d, a clear
spatial agglomeration of transit travel is identified in the central city, i.e., a radial structure
with Nanshan-Bao’an, Futian—-Longhua, and Luohu-Longgang districts as its main axes
was present in both weekday and weekend travel. In addition, there was also a prominent
transit association axis between Bao’an-Longhua-Longgang and Nanshan-Futian—Luohu
districts, indicating the presence of north-south and east-west urban transit corridors in
Shenzhen. In comparison to weekdays, the association strength of urban transit activities on
weekends was relatively small. For example, the flow of transit activity between Bao’an and
Nanshan on weekdays is at grade 5 (red line in black circle in Figure 3c), whereas the flow
between the regions on weekends drops to grade 4 (orange line in black circle in Figure 3d).
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4.2. The Structure of Urban Transit Travel Communities

Community detection is an effective approach to identify the overall structural charac-
teristics of urban space. By modifying the resolution parameters of community division, the
modularity values were high when there were between 5 and 11 transit travel communities
(Figure 4). Shenzhen has 10 district administrative units (excluding the Shenzhen-Shantou
Cooperation Zone), given the consistency between the number of communities and adminis-
trative units, Shenzhen was divided into 10 communities for subsequent analysis in this study.

modularity

0.05

0.00 -

modularity

— 2015
2016
2017

— 2015
2016
— 2017

0.05

0.00 -

I
1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20

community number

L
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

community number

() ()
Figure 4. Plots illustrating the numbers of transit travel communities and their corresponding
modularity values: (a) weekdays; (b) weekends.

The spatial distribution of transit travel communities on weekdays and weekends
from 2015 to 2017 is shown in Figure 5. Overall, there were primarily spatial neighbor
relations between TAZs in the same community, indicating that the city’s transit travel
corresponds largely with the geographical spatial effect. As illustrated by the structure
of transit travel communities in three studied years, the community structure in different
years varied greatly, and the structure of urban transit travel underwent dynamic change.

As shown in Figure 5a,b, most of the urban transit travel communities on weekdays
were trans-district communities, whereas the western part of Bao’an District was an inde-
pendent community. This area includes ports, airports, other large transport infrastructure
elements, and manufacturing parks, serving as Shenzhen’s main development area for
its modern logistics industry and high-end manufacturing industries. The eastern part of
Bao’an District, Guangming District, and the northern part of Nanshan District belonged to
the same community, the other areas in Nanshan District comprised a new community in
which the development of high-tech, educational research, and cultural industries domi-
nates. Futian District was divided into two communities along its central part, where the
northern part formed a trans-district community together with the TAZ of the Shenzhen
North Railway Station in Longhua District. Luohu District was composed of two commu-
nities, in which the district’s western part was closely linked to Futian District, whereas its
eastern part constituted a community with Yantian District. The western part of Longgang
District comprised an independent community, whereas the rest of Longgang District
formed an ultra-large community with Pingshan District and Dapeng New District, in
which industrial and ecological businesses are mainly present. There were some differences
observed in the community structure on weekends and weekdays in 2015; specifically, the
TAZs around Shenzhen North Railway Station were closely connected with the northern
part of Futian District on weekdays, whereas they were more closely connected with its
surrounding areas on weekends.

The southern part of Bao’an District and the southern part of Nanshan District belonged
to the same community on weekdays in 2016, showing a significant difference relative to the
transit travel community category in 2015 (Figure 5c¢), indicating that the transit association
between Bao’an District and Nanshan District was significantly enhanced by the opening of
Metro Line 11 in June 2016. In contrast, the southern part of Bao’an District and the southern
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part of Nanshan District belonged to two different communities on weekends, implying that
the newly opened metro line dominantly carries commuter passenger traffic (Figure 5d).
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Figure 5. Transit travel communities in Shenzhen from 2015 to 2017: (a) weekdays in 2015; (b) weekends
in 2015; (c) weekdays in 2016; (d) weekends in 2016; (e) weekdays in 2017; (f) weekends in 2017.

Relative to the communities in 2015 and 2016, the transit travel community category of
Guangming District in 2017 changed significantly (Figure 5e). In 2015 and 2016, Guangming
District, the eastern part of Bao’an District, and the northern part of Nanshan District
belonged to the same community, whereas in 2017, Guangming District was more closely
connected to Longhua District. In addition, in contrast to the previous two years, an
independent community was formed by the northern and southern parts of Futian District
in 2017, indicating that this district’s internal association was enhanced by the opening of
metro lines 7 and 9 in December 2016. The western part of Longgang District became more
densely connected with Luohu District on weekends in 2017, as shown by the prominent
longitudinal axis in Figure 5f, highlighting that the residents’ travel association between
Longgang District and Luohu District is strengthened on weekends.
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4.3. The Dynamic Evolution Characteristics of Urban Transit Travel Communities
4.3.1. The Similarity of Urban Transit Travel Community Evolution

Similarity index values can be used to quantify the dynamic evolution characteristics
of urban transit travel communities in different years, as calculated using Formula (6). As
shown in Table 2, from 2015 to 2016, the similarity indexes of transit travel community
structure on weekdays and weekends were 0.82 and 0.76, respectively. These values
were both higher than the equivalent values of 0.77 and 0.74 for the 2015 to 2017 period,
indicating that the community similarity in adjacent years within a certain time series
is relatively higher and that urban transit travel communities evolve progressively. This
indicates that the spatial structure of urban transit travel has a certain stability, but because
the urban transit infrastructure and built environment are in constant change, the transit
travel communities also have some variability across different years. This difference is
closely related to the transit infrastructure and built environment, etc., and the difference
between adjacent years will be smaller, so the urban transit travel community has a gradual
evolution characteristic. Additionally, the community similarity index values for weekdays
and weekends highlight that the similarity of transit travel communities on weekdays
during the three years was lower, thus, the structural evolution of transit travel communities
is more prominent on weekdays. This result shows that the urban transit travel structure is
dynamically changing. This is crucial for planners’ ability to carry out optimal configuration
of the transit network and optimize the spatial pattern of urban transit travel.

Table 2. The similarity of transit travel communities in Shenzhen from 2015 to 2017.

Years Weekday Weekend
2015-2016 0.82 0.76
2016-2017 0.76 0.84
2015-2017 0.77 0.74

4.3.2. The Diversity in the Evolution of Urban Transit Travel Communities

The urban transit travel communities on weekdays and weekends are different from
2015 to 2017. Based on the stability of the community numbers, the characteristics of the
urban transit travel communities were further analyzed in terms of both spatial evolution
and community volume evolution.

(1) The diversity in spatial evolution

To visualize the spatial evolution of urban transit travel communities, the commu-
nity evolution trends for weekdays and weekends were mapped. In the time range of
2015-2017, these changes include: only changed in 2015-2016, only changed in 2016-2017,
both 2015-2016 and 2016-2017 have changed, and no change from both 2015-2016 and
2016-2017 (Figure 6).

As shown in Figure 6a, on weekdays, the community changes significantly in the middle
and western areas of Shenzhen, including Futian District, Luohu District, Guangming District,
the south of Bao “an District, and the south of Longhua District. These results indicate that
changes in transit infrastructure over the three years exerted a significant impact on the spatial
pattern of urban transit travel on weekdays. However, as shown in Figure 6b, the community
category evolution trends on weekends differed from those on weekdays. On weekends, the
community changes significantly in the middle area of Shenzhen, including Luohu District,
the south of Longhua District, and the west of Longgang District. These findings confirm that
transit infrastructure had less impact on the spatial pattern of residents’ travel on weekends.

(2) The diversity in the evolution of community structure

Sankey diagrams, also known as heat balance diagrams or energy flowcharts [36],
consist of nodes and connecting lines, where the nodes indicate source points, intermediate
nodes, and sink points of various information and resource flows, whereas the connecting
lines represent the flow of information and resources between the nodes [37]. Thus, the
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dynamic evolution characteristics of the studied communities on weekdays and weekends
from 2015 to 2017 were presented on Sankey diagrams, where the node lengths symbolize
the number of TAZs in the community categories and the connecting lines represent the
trends linking the community categories (Figure 7). Overall, the community that had the
largest volume in all three years was consistently Community 7, which includes Dapeng
New District and Longgang District. Communities 1, 5, and 8 consistently had the smallest
volumes; these areas are primarily situated in the central city of Shenzhen.

N

Legend Legend

[77] Change in2015~2016 @ - [777] Change in2015~2016
7 Change in2016~2017 7 Change in2016~2017
I Change in 3 years I Change in 3 years
I No change

| Nobus

(a) (b)

Figure 6. The evolution of transit travel communities in Shenzhen from 2015 to 2017: (a) weekdays;
(b) weekends.

In terms of community change patterns, there were three typical transit travel com-
munity patterns on workdays: Community 4-Community 2-Community 2, Community
3—Community 3-Community 6, and Community 1-Community 1-Community 5. Among
these, the first change pattern mainly involved the TAZs in the southern part of Bao’an
District, whose community categories changed in 2016 and remained stable in 2017. This
indicates that the opening of Metro Line 11 promoted connections between the southern
part of Bao’an District and Nanshan District and their connections are now stable. The
second and third change patterns mainly involved the TAZs of Guangming District and
Futian District whose community categories remained stable in 2015 and 2016 but changed
in 2017. On weekends, there were also three typical community change patterns: Com-
munity 5-Community 6-Community 6, Community 1-Community 5-Community 5, and
Community 6-Community 10-Community 10. The corresponding community categories
for all three change patterns changed in 2016 and remained stable in 2017.

Based on the transit travel volumes of each community category as a fraction of
the city’s total transit travel volume, the evolution of the relative transit travel volume
was analyzed. The results are shown in Figure 8, in which the block colors represent the
community categories and the block heights represent each community’s proportion of
transit travel volumes. As illustrated in Figure 8a, on weekdays, the relative transit travel
volumes of each community category in the same year were unequal. Comparing travel
volumes in different years indicates that the relative travel volumes of each community
changed significantly in 2016. Specifically, the relative travel volumes of Communities
2 and 10 increased significantly and the volume of Community 9 decreased markedly
in 2016. In contrast, in 2017 Communities 5 and 6 underwent the largest changes in
their relative travel volumes. This analysis thus demonstrates that there are prominent
differences in the relative transit travel volumes of each community category between the
different years. As shown in Figure 8b, the relative travel volumes of each community
within the same year were less unequal on weekends; the relative volumes for the same
community in different years varied slightly, with near-equal relative volumes recorded for
each community in 2017.

Furthermore, a comparison of Figure 7 and Figure 8 reveals that there were differences
between the TAZ amounts of the communities and the transit travel volumes. For example,
the TAZ volume of Community 7 was large in 2015; however, its relative transit travel
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volume was less. This observation may be explained by the fact that Community 7 is
mainly located within Longgang District and Dapeng New District—these two districts are
large in area but have relatively low population density.
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Figure 7. The Sankey diagrams of transit travel community changes in Shenzhen from 2015 to 2017:
(a) weekdays; (b) weekends.
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Community categories Nl 1 . 2 3 4 5 6 7 ] .9 o

Figure 8. The relative travel volume distribution of transit travel communities in Shenzhen from 2015
to 2017: (a) weekdays; (b) weekends.

4.3.3. The Coupling Relationship between Transit Travel Communities and
Administrative Units

The coupling relationship between the number of transit travel community categories
and the number of urban administrative units was explored based on the premise that they
were the same, as implied by the modularity analysis in Section 3.3. This relationship can
be presented in terms of the link between communities and administrative districts as the
matrix bubble diagram shown in Figure 9, in which the colors of the bubbles represent
the community categories and the sizes of the bubbles represent the number of TAZs of
the communities. As shown, the urban transit travel communities were linked to the
boundaries of administrative districts, with each district largely associated with one main
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community. Pingshan District, Yantian District, and Dapeng New District were each linked
with only one community, reflecting the consistency of transit travel within the district.
The other administrative districts were mostly linked to two or three communities. On
weekdays in 2015, Bao’an District consisted of Communities 4 and 3, with Community 4
as its main community. Longgang District consisted of Communities 6, 7, and 10, with
Community 7 as its main community. Additionally, the number of communities contained
in each administrative district varied between years, for example, Bao’an District contained
two communities (Communities 3 and 4) on weekdays in 2015 and three communities
(Communities 2, 3, and 4) on weekdays in 2016 and 2017.

communityl . communityl .

community2 . . community2 L4 .

community3 community3
community4 community4
community$ community5
community6 community6
community7 community7
community8 community8
community9 community9

community10 . [ communityl0 . (4

Baoan Dapeng Futian Guangming Longgang Longhua Luohu Nanshan Pingshan Yantian Baoan Dapeng Futian Guangming Longgang Longhua Luohu Nanshan Pingshan Yantian

@ (b)

community1 . community1 ® .

community2 . ‘ community2 o ‘

community3 community3
community4 community4
community3 community5
community6 community6
community7 community7
community8 community8
community9 community9

community10 8 . . community10 . é

Baoan Dapeng Futian Guangming Longgang Longhua Luohu Nanshan Pingshan Yantian Baoan Dapeng Futian Guangming Longgang Longhua Luohu Nanshan Pingshan Yantian

(© (d)

Figure 9. Cont.
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Figure 9. The comparison of transit travel communities and administrative districts in Shenzhen
from 2015 to 2017: (a) weekdays in 2015; (b) weekends in 2015; (c) weekdays in 2016; (d) weekends in
2016; (e) weekdays in 2017; (f) weekends in 2017.

5. Discussion

In the era of spatiotemporal big data, the composition of spatial communities is
expanding from static division in traditional planning to dynamic detection of actual
activities so as to promote the dynamic cognition of urban spatial structure. Based on
smart card data, this study explores the structure and evolution characteristics of urban
transit travel communities in Shenzhen. Smart card data have clear geographical identifiers
and time tags which reflect the daily travel characteristics of transit travelers and have
obvious advantages for describing the collective network structure. In contrast to the
urban planning department, the community structure based on transit travel provides
an immediate reflection of the urban spatial structure and how it echoes or differs from
the urban administrative district. Overall, the results of this study can provide guidance
for urban land use planning and urban public transport planning. For example, after
understanding the community structure of residents’ transit travel, the transportation
department can promote the connection between various regions of the city and promote
the integration of urban transportation based on administrative means.

Some previous studies have applied different data sources to analyze the spatial
structure of travel communities in Shenzhen and their coupling relationship with the ad-
ministrative units. A study based on the jobs-housing relationship data divided Shenzhen
into seven communities, with the jobs-housing communities interpreted to essentially
follow the boundaries of urban administrative units [38]. Another study based on mobile
signaling data divided Shenzhen into 32 communities, with Futian District as a complete
community [21]. Based on transit travel data, in this study, the northern part of Futian
District and the Shenzhen North Railway Station in Longhua District were distributed
into one community on weekdays in the context of 10 communities in total, reflecting the
spatial interaction characteristics of transit in urban commuting travel and the importance
of analyzing the space structure of communities from a transit perspective.

Compared with previous studies that detected communities at a specific time, this
study analyzes the evolution of communities in different years from the perspective of time
series and then finds the evolution characteristics of communities. In the three years of
our study, the community category changed significantly in 2016 because three subway
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lines were newly opened in 2016. In addition, we found that Guangming District, the
eastern part of Bao’an District, and the northern part of Nanshan District were closely
connected, forming a clear longitudinal axis. Further improvement of the north-south
transit infrastructure between these regions and the southern part of Nanshan District
may also strengthen the association between Guangming, Bao’an, and Nanshan District,
promoting the formation of a longitudinal axis running through the entirety of Shenzhen.
The transit associations within Shenzhen may also be further enhanced by the opening of
Shenzhen Metro Line 13, which is currently under construction in Nanshan District, Bao’an
District, and Guangming District.

There are some limitations in this work. Due to the limitation of data, this study did not
analyze transit travel community structure in longer period of years or for different seasons.
Future work may disclose these temporal changes. Furthermore, it is worthwhile to explore,
compare and integrate communities from other perspective, such as mobile phone data
and travel navigation data. In addition, by incorporating higher granular population and
economic data, the formation mechanisms of community may be better disclosed.

6. Conclusions

Based on Shenzhen’s transit smart card data from 2015 to 2017, this study constructs
an transit travel network, identifies transit travel communities using community de-
tection methods, explores the evolutionary characteristics of transit travel communities
from 2015 to 2017, and compares transit travel communities with urban administrative
districts. The findings of the study highlight four key aspects:

(1) There is an obvious community structure of transit travel network in Shenzhen
during 2015-2017.

(2) During 2015-2017, the community evolution is significant in the western and central
parts of Shenzhen on weekdays, and in the central part of Shenzhen on weekends.

(8) The number of TAZs contained in different categories of communities and the amount
of transit trips varied significantly across years, showing non-equilibrium characteristics.

(4) The transit travel communities and the administrative units are spatially coupled,
with most administrative districts containing a main community.

This study makes the following contributions: (1) The study of spatial communities
from the perspective of public transit travel is conducive to enriching the spectrum of
urban spatial structure research supported by big data. (2) Transit travel communities
may highlight the matching effect between travel demand and transit supply, which is
beneficial to the synergistic development of urban land use and public transit, especially
rail transit. (3) This study provides a detailed understanding of the dynamic urban spatial
structure in both time and space, which will contribute to intelligent decision-making in
urban spatial planning and transportation planning, ultimately promoting sustainable
urban development.

Author Contributions: Conceptualization, ].Y. and Z.H.; methodology, ].Y., Z.H. and T.Z.; validation,
J.Y. and T.Z.; writing—original draft, ].Y.; writing—review and editing, J.Y., Z.H., T.Z., Y.Z. and E.C.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (NSFC)
[Number: 42071357, 41901389].

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Sustainability 2023, 15, 5900 16 of 17

References

1. An, Y Liu,J,; Qiao, D. Urban Spatial Connection and Network Structure in Zhongyuan Urban Agglomeration: A Study Based on
Integrated Traffic and Information Flow. Sci. Geogr. Sin. 2019, 39, 1929-1937.

2. Li, T; Wang, J.; Gao, X. Comparison of inter-city travel network during weekdays and holiday in China. Acta Geogr. Sin.
2020, 75, 833-848.

3. Yang, H.; Wang, X.; Zhang, Q.; Zhang, F.; Wang, J. Pattern characteristics and dynamic evolution of urban network development
in China based on the comparison between high-speed rail and airlines flows. Sci. Geogr. Sin. 2022, 42, 436—445.

4. Chen, F; Zhang, G. Development of geography in China. Sci. Technol. Rev. 2020, 38, 12-18.

5. Yang, B.; Zheng, D.; Wang, K.; Li, H. Review and prospect of urban planning development in the past 70 years. City Plan. Rev.
2020, 44, 14-23.

6. Tang, H.; Xu, H.; Wang, C. Research on Centrality and Influencing Factors of the Yangtze River Delta Urban Agglomeration
Based on Information Flow. Geogr. Geo-Inf. Sci. 2022, 38, 94-102.

7. Xue, B.; Zhao, B.; Li, J. Urban complexity studies from the perspective of geography: A review based on the literature in the past
20 years. Prog. Geogr. 2022, 41, 157-172. [CrossRef]

8.  Sun, L, Jin, J.G.; Axhausen, KW.; Lee, D.H.; Cebrian, M. Quantifying long-term evolution of intra-urban spatial interactions.
J. R. Soc. Interface 2015, 12, 20141089. [CrossRef]

9. Xie, C; Yu, D,; Zheng, X.; Wang, Z.; Jiang, Z. Revealing spatiotemporal travel demand and community structure characteristics
with taxi trip data: A case study of New York City. PLoS ONE 2021, 16, €0259694. [CrossRef]

10. Wu, Q.; Qian, L.; Wu, Z. Research on Spatial Structure Identification and Spatial Morphology of Megalopolis Based on
Multi-source Data. Geomat. World 2020, 27, 32-38.

11.  Guo, ].; Wang, Y.; Wang, Y,; Gao, H.; Li, F. Research on Urban Network Structure in Northeast China Based on “High-Speed Rail”
+ Network. Geogr. Geo-Inf. Sci. 2021, 37, 6.

12.  Wang, R.; Zhou, P; Pan, Y,; Lin, Y.; Xiang, X. Study on Spatiotemporal Aggregation and Dispersion Patterns of Population in
Different Urban Functional Areas Based on Big Data. Geogr. Geo-Inf. Sci. 2022, 38, 45-50.

13.  Qin, X.; Zhen, F. The Spatial Planning Methods of Smart City on Big Data Era. Mod. Urban Res. 2014, 10, 18-24.

14. Zhang, J.; Hao, Q.; Chen, X.; Zhu, C.; Zhang, L.; Hong, M.; Wu, J.; Gan, M. Exploring Spatial Network Structure of the
Metropolitan Circle Based on Multi-Source Big Data: A Case Study of Hangzhou Metropolitan Circle. Remote Sens. 2022, 14, 5266.
[CrossRef]

15. Newman, M.E,; Girvan, M. Finding and evaluating community structure in networks. Phys. Rev. E 2004, 69, 026113. [CrossRef]

16. Wan, Y.; Liu, Y. Community Detection Algorithm Based on Geographical Weighted Central Node Distance. Geomat. Inf. Sci.
Wuhan Univ. 2019, 44, 1545-1552.

17. Ding, R.; Fu, J.; Du, Y;; Du, L,; Zhou, T.; Zhang, Y.; Shen, S.; Zhu, Y.; Chen, S. Structural Evolution and Community Detection of
China Rail Transit Route Network. Sustainability 2022, 14, 12342. [CrossRef]

18. Ratti, C.; Sobolevsky, S.; Calabrese, F.; Andris, C.; Reades, J.; Martino, M.; Claxton, R.; Strogatz, S.H. Redrawing the map of Great
Britain from a network of human interactions. PLoS ONE 2010, 5, €14248. [CrossRef]

19. De Montis, A.; Caschili, S.; Chessa, A. Commuter networks and community detection: A method for planning sub regional areas.
Eur. Phys. ]. Spec. Top. 2013, 215, 75-91. [CrossRef]

20. Liu, X,; Gong, L.; Gong, Y.; Liu, Y. Revealing travel patterns and city structure with taxi trip data. J. Transp. Geogr. 2015, 43, 78-90.
[CrossRef]

21. Zhou, M.; Yue, Y;; Li, Q.; Wang, D. Portraying temporal dynamics of urban spatial divisions with mobile phone positioning data:
A complex network approach. ISPRS Int. J. Geo-Inf. 2016, 5, 240. [CrossRef]

22. Gao, Q.L;Li, Q.Q.; Yue, Y,; Zhuang, Y.; Chen, Z.P.; Kong, H. Exploring changes in the spatial distribution of the low-to-moderate
income group using transit smart card data. Comput. Environ. Urban Syst. 2018, 72, 68-77. [CrossRef]

23.  Sevtsuk, A.; Ratti, C. Does urban mobility have a daily routine? Learning from the aggregate data of mobile networks. J. Urban
Technol. 2010, 17, 41-60. [CrossRef]

24. Lin, M.; Huang, Z.; Zhao, T.; Zhang, Y.; Wei, H. Spatiotemporal Evolution of Travel Pattern Using Smart Card Data. Sustainability
2022, 14, 9564. [CrossRef]

25. Zhao, T.; Huang, Z.; Tu, W.; He, B.; Cao, R.; Cao, J.; Li, M. Coupling graph deep learning and spatial-temporal influence of built
environment for short-term bus travel demand prediction. Comput. Environ. Urban Syst. 2022, 94, 101776. [CrossRef]

26. Wen, S.; Huang, Z. Bus load factor estimation based on transit big data: A case study of Shenzhen. Bull. Surv. Mapp. 2019, 9.
[CrossRef]

27. Huang, D.; Yu,],; Shen, S.; Li, Z.; Zhao, L.; Gong, C. A method for bus OD matrix estimation using multisource data. J. Adv. Transp.
2020, 2020, 1-13. [CrossRef]

28. Wang, X,; Li, X,; Chen, G. Complex Network Theory and Its Application; Tsinghua University Press: Tsinghua, China, 2006.

29. Watts, D.J.; Strogatz, S.H. Collective dynamics of ‘small-world networks. Nature 1998, 393, 440—442. [CrossRef]

30. Pan,].;Lai, ]. Research on spatial pattern of population mobility among cities: A case study of “Tencent Migration” big data in
“National Day-Mid-Autumn Festival” vacation. Geogr. Res. 2019, 38, 1678-1693.

31. Zhu, D.; Wang, D.; Hassan, S.U.; Haddawy, P. Small-world phenomenon of keywords network based on complex network.

Scientometrics 2013, 97, 435-442. [CrossRef]


http://doi.org/10.18306/dlkxjz.2022.01.014
http://dx.doi.org/10.1098/rsif.2014.1089
http://dx.doi.org/10.1371/journal.pone.0259694
http://dx.doi.org/10.3390/rs14205266
http://dx.doi.org/10.1103/PhysRevE.69.026113
http://dx.doi.org/10.3390/su141912342
http://dx.doi.org/10.1371/journal.pone.0014248
http://dx.doi.org/10.1140/epjst/e2013-01716-4
http://dx.doi.org/10.1016/j.jtrangeo.2015.01.016
http://dx.doi.org/10.3390/ijgi5120240
http://dx.doi.org/10.1016/j.compenvurbsys.2018.02.006
http://dx.doi.org/10.1080/10630731003597322
http://dx.doi.org/10.3390/su14159564
http://dx.doi.org/10.1016/j.compenvurbsys.2022.101776
http://dx.doi.org/10.13474/j.cnki.11-2246.2019.0294
http://dx.doi.org/10.1155/2020/5740521
http://dx.doi.org/10.1038/30918
http://dx.doi.org/10.1007/s11192-013-1019-3

Sustainability 2023, 15, 5900 17 of 17

32.
33.
34.
35.
36.
37.

38.

Newman, M.E. Fast algorithm for detecting community structure in networks. Phys. Rev. E 2004, 69, 066133. [CrossRef]
Newman, M.E. Modularity and community structure in networks. Proc. Natl. Acad. Sci. USA 2006, 103, 8577-8582. [CrossRef]
Blondel, V.D.; Guillaume, ].L.; Lambiotte, R.; Lefebvre, E. Fast unfolding of communities in large networks. J. Stat. Mech. Theory
Exp. 2008, 2008, P10008. [CrossRef]

Clauset, A.; Newman, M.E.; Moore, C. Finding community structure in very large networks. Phys. Rev. E 2004, 70, 066111.
[CrossRef]

Schmidt, M. The Sankey diagram in energy and material flow management: Part II: methodology and current applications.
J. Ind. Ecol. 2008, 12, 173-185. [CrossRef]

Wongsuphasawat, K.; Gotz, D. Exploring flow, factors, and outcomes of temporal event sequences with the outflow visualization.
IEEE Trans. Vis. Comput. Graph. 2012, 18, 2659-2668. [CrossRef]

Yuan, Z.; Lin, H.; Tang, S.; Guo, R. Geographically Explicit Network Analysis of Urban Living and Working Interaction Pattern in
Shenzhen City, South China. Front. Phys. 2021, 9, 731. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.1103/PhysRevE.69.066133
http://dx.doi.org/10.1073/pnas.0601602103
http://dx.doi.org/10.1088/1742-5468/2008/10/P10008
http://dx.doi.org/10.1103/PhysRevE.70.066111
http://dx.doi.org/10.1111/j.1530-9290.2008.00015.x
http://dx.doi.org/10.1109/TVCG.2012.225
http://dx.doi.org/10.3389/fphy.2021.795641

	Introduction
	Study Area and Data
	Study Area
	Data Source and Preprocessing

	Methods
	Methodology Overview
	Transit Travel Network Construction
	Transit Travel Community Detection
	Transit Travel Community Evolution

	Results
	The Dynamic Network Structure of Urban Transit Travel
	The Structure of Urban Transit Travel Communities
	The Dynamic Evolution Characteristics of Urban Transit Travel Communities
	The Similarity of Urban Transit Travel Community Evolution
	The Diversity in the Evolution of Urban Transit Travel Communities
	The Coupling Relationship between Transit Travel Communities and Administrative Units


	Discussion
	Conclusions
	References

