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Abstract: Detecting the spatial organization patterns of urban networks with multiple traffic flows
from the perspective of complex networks and traffic behavior will help to optimize the urban spatial
structure and thereby promote the sustainable development of the city. However, there are notable
differences in regional spatial patterns among the different modes of transportation. Based on the
road, railway, and air frequency data, this article investigates the spatial distribution and accessibility
patterns of multiple transportation flows in the Yangtze River Economic Belt. Next, we use the
TCD (Transportation Cluster Detection) community discovery algorithm and integrate it with the
Baidu Maps API to obtain real-time time cost data to construct a community detection model of a
multiple traffic flow network. We integrate the geographical network and topological network to
perform feature extraction and rule mining on the spatial organization model of the urban network
in the Yangtze River Economic Belt. The results show that: (1) The multiple traffic flow network of
the Yangtze River Economic Belt has significant spatial differentiation. The spatial differentiation
of aviation and railway networks is mainly concentrated between regions and within provinces,
while the imbalance of highway networks is manifested as an imbalance within regions and between
provinces. (2) The accessibility pattern of the highway network in the Yangtze River Economic Belt
presents a “core—edge” spatial pattern. The accessibility pattern of the railway network generally
presents a spatial pattern of “strong in the east and weak in the west”. Compared with sparse
road and railway networks, the accessibility pattern of the aviation network shows a spatial pattern
of “time and space compression in western cities”. (3) A total of 24 communities were identified
through the TCD algorithm, mainly encompassing six major “urban economic communities” located
in Guizhou, Yunnan, Anhui, Sichuan—-Chongqing, Hubei-Hunan-Jiangxi, and Jiangsu—-Zhejiang—
Shanghai. (4) The urban network space organization model of the Yangtze River Economic Belt
can be roughly divided into three models: the “single-core” model, with Guizhou, Kunming, and
Hefei as the core, the “dual-core” model, constructed by Chengdu-Chongqing, and the “multi-core”
model, constructed by Changsha—Wuhan-Nanchang and Shanghai-Nanjing-Hangzhou. This model
of urban network spatial organization holds indicative significance in revealing the spatial correlation
pattern among prefecture-level city units.

Keywords: multiple traffic flow network; spatial organization model; Yangtze River Economic Zone;
TCD algorithm; Baidu Maps; weighted average travel time

1. Introduction

In the context of economic globalization and regional integration, China’s “14th Five-
Year Plan” explicitly states the need to “accelerate the construction of a transportation
powerhouse, improve comprehensive transportation systems, and expedite the networked
development of transportation infrastructure within urban clusters and metropolitan ar-
eas” [1]. The importance of building a modern, comprehensive, three-dimensional trans-
portation network has become increasingly prominent. As an important indicator of the
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“flow space” network, traffic flow is not only a new medium for the identification of re-
gional development patterns [2], but also an important evaluation dimension under the
concept of sustainable development. It can characterize the real-world transportation in-
frastructure’s service capacity in terms of space and population. Therefore, detecting spatial
organization patterns based on residents’ actual travel conditions is of great significance
for transportation planning and regional sustainable development patterns.

Existing research on the urban network structure from the perspective of traffic flow,
focusing on internal street units, is primarily based on spatial interaction networks, which
rely on data from sources such as mobile phone signaling [3], GPS trajectories [4], sub-
ways [5], and bus card swipes [6]. However, the findings are subject to certain limitations.
Outside the city, urban networks are mainly constructed separately using highway [7,8],
railway [9-12], aviation [13-15], and flight data. Due to differences in efficiency and
experience among different modes of transportation, their spatial patterns and spatial orga-
nization models are diverse. As a result, some scholars have comparatively analyzed the
hierarchical structure and organizational models of urban networks based on the railway
flow and aviation flow [16], or the highway flow and railway flow [17], but, overall, they
still focus on the analysis of a single transportation network and lack a comprehensive,
weighted analysis of multiple transportation networks. In terms of the research methodol-
ogy, the approaches commonly used include the agglomerative subgraph algorithm [18],
community detection models [19], and others to achieve the segmentation of regional
sub-networks. Among them, community detection models can more effectively and ac-
curately reveal the grouping effect in urban networks, including Girvan-Newman [20],
Walktrap [21], Label Propagation [22], Infomap [23], etc. However, these models only con-
sider the network topological relationship, failing to consider the impact of the geographical
distance on the connection strength [24]. For this reason, Chen et al. [25] introduced the
geographical distance into the calculation of modularity, i.e., geographical modularity. The
measurement of the community geographical distance can use the shortest distance or
the average distance between all connected edges. For example, the Netwalk algorithm
proposed by Zhou [26] uses the average distance to define the proximity index. However,
in large-scale transportation networks, due to the real-time road conditions, train and flight
travel costs, and other characteristics that affect travelers’ choices [27], most people prefer
to choose the optimal route and may also choose other, sub-optimal routes. In addition,
some scholars have introduced the hierarchical clustering method [28] when detecting
network communities and constructed a bottom-up tree to represent the clustering hier-
archy based on the connection strength level. For example, Wan et al. [29] employed the
DASSCAN algorithm based on density clustering to merge spatially adjacent nodes with
similar structures into communities, but this method was only used for homogeneous
spatial networks within partitions. To address the aforementioned issues, Yue et al. [24]
proposed the Transportation Cluster Detection (TCD) community detection algorithm
based on K-shortest paths and hierarchical clustering. The algorithm utilizes K-shortest
paths to reflect real travel behaviors, employs a bottom-up hierarchical clustering approach
to explore node-merging processes, and incorporates geographical modularity to identify
the optimal communities. However, the potential influence of the intracity travel time on
spatial organization patterns is currently disregarded in research. For actual travel, it is also
necessary to consider the total travel time within and outside the city using a combination
of transportation modes, such as walking, cycling, or car travel [30]. Introducing a network
community structure detection model that takes into account the network topology and
geographical distance could help to effectively mine the community structure of urban
networks and identify the organizational patterns of its spatial correlation structure.

The transportation system within the Yangtze River Economic Belt holds a distinctive
position in China for its ability to coordinate the northern and southern regions, while
also connecting the eastern and western areas. At present, the urban network in this
region is mainly concentrated in the Yangtze River Delta [9,31,32], the middle reaches of
the Yangtze River [33-35], and the Chengdu—-Chongqing [36,37] urban agglomeration, and
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a comparative analysis of the three has been performed [38,39]. There are few studies
that specifically delineate the spatial organization patterns and explore the comprehensive
transportation network in the Yangtze River Economic Belt. In view of this, based on the
highway, railway, and air flight data of 130 cities in the Yangtze River Economic Belt, this
paper employs the Theil index and weighted average travel time to analyze the spatial
differentiation characteristics and accessibility pattern of the multiple traffic flow network,
and uses the TCD community discovery algorithm to integrate Baidu Maps’ time cost
data to build a community detection model of a multiple traffic flow network. We also
comprehensively integrate the geographical network and topological network to explore in
depth the urban network spatial organization model from the perspective of multiple traffic
flows in the Yangtze River Economic Belt. The purpose of this article is to explore the spatial
pattern of the urban network of the Yangtze River Economic Belt from the perspective
of multiple traffic flow connections, and to further reveal the integrated transportation
integration effect of the urban agglomeration. It will provide a scientific reference for the
optimization of the urban spatial structure and regional sustainable development strategy.

2. Research Methodology
2.1. Study Area and Data
2.1.1. Study Area

The Yangtze River Economic Belt possesses the advantage of being a bi-directional,
open, and comprehensive land-sea development axis. It includes 11 provinces and
municipalities, including Shanghai, Zhejiang, Jiangsu, Anhui, Hubei, Hunan, Guizhou,
Sichuan, Chongqing, and Yunnan. It covers approximately 22% of China’s land area
(2.05 million km?). Furthermore, the region’s combined population and GDP account for
over 40% of the country’s total figures [40]. As shown in Figure 1, this study selected
130 cities in the region as the study area based on the existing administrative regions, in-
cluding 108 prefecture-level cities, 16 autonomous prefectures, 5 municipalities, and 1 forest
area (Hubei’s Shennongjia Forestry District is a county under provincial jurisdiction).
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Figure 1. Location of the Yangtze River Economic Belt.

2.1.2. Data

In this study, Python was utilized to extract railway, road, and aviation flight data
for 130 cities in the Yangtze River Economic Belt during the month of March 2022 from
Ctrip.com. A 130 x 130 relationship matrix was constructed to depict the degree of spatial
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connectivity in the urban network of the Yangtze River Economic Belt. In order to ensure
data integrity, we collected Qunar.com and railway network-related data, and merged and
supplemented the results. Subsequently, data cleaning and manual checks were performed
to ensure the accuracy of the data. Since highway and railway timetables have relatively
fixed schedules, only one day worth of data was used as a representative. In contrast, flights
are impacted by factors such as seasonal changes and economic activities, resulting in some
variations. Therefore, one week worth of data was used and averaged as a representative
for flights. At the same time, we used the Baidu Map API route planning interface to obtain
the travel time cost of highway, railway, and aviation from the 130 starting city government
centers to the destination city government centers in the Yangtze River Economic Belt. To
avoid the influence of real-time traffic conditions, various traffic travel time data were
collected for a continuous week and the average value was finally used as the actual travel
time. The information obtained is all publicly visible data and is only used for academic
research, and the use of the data is legal.

2.2. Construction of Networks

Based on the principle of complex network graph theory, we used the 130 cities in
the Yangtze River Economic Belt as nodes, the intercity transportation links as edges,
and the shift intensity as weights to construct a weighted asymmetric relationship matrix
(Equation (1)) of the urban network in the Yangtze River Economic Belt. In this study, three
types of urban networks in the Yangtze River Economic Belt were constructed from the
perspective of highways, railways, and aviation, in order to comprehensively understand
the current pattern of intercity transportation links in the Yangtze River Economic Belt:

0 Ry -+ Ryp-1y R
Ry 0 0 Rye1y Raon
Rj=q : : : D R=(Ry) 1)
Ru—1 Rp—1 - 0 Rin—1)n
R R T Rn(n—l) 0

where R;; is the traffic flow intensity of the city.

The overall correlation statistics of the highway, railway, and aviation networks of
the Yangtze River Economic Belt are shown in Table 1. Among them, the intra-provincial
connections by highway are relatively balanced, while most of the railway and aviation con-
nections are between urban agglomerations and provinces and cities. There are 121 cities
in the Economic Belt with railway stations and high-speed rail stations, and there are 5949
pairs of intercity connections, of which 64% of intra-regional connections are concentrated
in the eastern region. There are 70 cities with opened airport routes and a total of 946
intercity air routes.

Table 1. Basic statistical characteristics of three transportation networks.

. Intra-Provincial Inter-Provincial Intra-Regional  Inter-Regional
Nodes Total Links Links Links Links Links
Highway 128 3022 1231 1791 2136 886
Railway 121 5949 1097 4852 2838 3111
Aviation 70 946 66 880 236 710

2.3. Theil Index

This study used the Theil index to measure the difference in the connection intensity of
intercity multiple traffic flow networks. This index can accurately measure the gaps within
and between groups. Based on 130 cities as the basic research unit, the spatial distribution
pattern differences of the multiple traffic flow networks in the Yangtze River Economic
Belt were revealed from the four perspectives of inter-regional (inter-provincial) differences



Sustainability 2024, 16, 1300 50f20

and intra-regional (intra-provincial) differences. The Theil index can be calculated with

Equations (2)-(5):
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where T is the total difference within and between groups, T;, and Tj, represent inter-
regional (inter-provincial) differences and intra-regional (intra-provincial) differences, re-
spectively, and X;; represents the schedule linkage frequency in the j-th city of the i-th
region (province) in the economic belt. X represents the schedule linkage frequency in all
cities, X; represents the schedule linkage frequency of all cities in the i-th region (province),
Nj is the number of cities in the region (province), and N is the total number of cities in the
Economic Belt.

2.4. Use of Baidu Maps API to Obtain Time Distance

The travel cost is an important factor affecting the strength of transportation network
connections. Residents prioritize time over distance when traveling. Existing studies have
used train travel times between cities as the geographical distance, ignoring the intracity
travel times. In particular, train stations and airports in first-tier cities are far away from
the city center, resulting in a higher proportion of intracity travel time within the total
travel time, which directly affects the utilization of the transportation infrastructure and
in turn affects the community discovery results of the transportation network. In this
study, we utilized the time cost information for multiple transportation modes obtained
from the Baidu Maps API’s route planning interface as the geographical distance in the
community detection model. We traversed 130 city pairs in the Yangtze River Economic Belt
to obtain the transportation times between city center points. We adopted a “door-to-door”
travel approach that took into account real-time traffic conditions for various modes of
transportation and transfer combinations (Figure 2). This approach offers a more accurate
representation of residents’ actual travel patterns and is a reasonable way to express travel
times that consider residents’ travel choices. The total travel time between the central
points of the two cities includes the total travel time inside and outside the city, (7 ¢ 4)
(Equation (6)), under the three travel modes of road, railway, and air. tr,c,A) is divided
into 4 stages: (1) the time, t,s, taken for residents to travel from the government center of
city i to nearby train stations, bus stations, and airports via public transportation; (2) the
time, £4,4sfr, required to transfer between two stations, including ticket collection, waiting
times, and station entry and exit times, etc.; (3) the running time, t,5, between the two sites,
and (4) the time, fy4, taken to travel from the station to the government center of city j via
public transportation:

t(T,C,A) = tos + ttmnsfer + tss + fsg (6)

where T, C, and A represent the three modes of transportation: train, car, and aviation,
respectively.
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Figure 2. Intercity accessibility “door-to-door” calculation model.

2.5. Weighted Average Travel Time

The weighted average travel time is obtained by calculating the average travel time
and adding the weights of node influencing factors to measure the impact of the city
level, socioeconomic level, population size, infrastructure, etc., on the accessibility spatial
pattern [41]. This accessibility index considers the differences in development between the
node cities. The calculation methods are shown in Equations (7) and (8):

Ly (T + M)

WATT; = 7)
-1 M;
M] = G] * P]‘ (8)

where WATT; is the weighted average travel time/h of city i. The smaller the value,
the higher the accessibility of city nodes. Tj; represents the shortest travel time/h from
the government center of city 7 to the government center of city j, which is divided into
Tij highway)» Tij(raitway), A4 Tij(aviation) according to different transportation modes. M; is the
urban economic development quality of city j. P; represents the population size of city j,
based on data from China’s seventh national census on urban permanent population. G;

represents the gross regional product of city j.

2.6. Community Detection Model of a Multiple Traffic Flow Network

The implementation process of the community detection model of a multiple traffic
flow network based on the TCD algorithm (Figure 3) was as follows: (1) Using the city
center as a network node, the ratio of the number of schedule of multi-traffic mode to the
time cost obtained using the Baidu Maps API was used as the link weight of the edges
in the network to build a comprehensive transportation network. (2) We calculated the
K-shortest path between nodes using the Yen algorithm [42], to measure the proximity
between cities. (3) The comprehensive weighting of proximity indicators was performed,
using the hierarchical clustering method to obtain a clustering tree to reveal the hierarchical
structure of the multiple traffic flow network. (4) In the process of clustering, the time cost
was introduced as the geographical distance in geographical modularity to obtain optimal
community segmentation.
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Figure 3. Community structure detection framework based on the TCD algorithm.

2.6.1. Construction of Multiple Traffic Flow Networks

When constructing a railway network, for cities with multiple train stations, the
stations in the original railway lines are replaced with city names and merged into one city
node. The original railway network dataset contains high-speed and low-speed trains, so
the differences in travel costs for different trains need to be considered. The weight of each
type of train link is directly proportional to the number of trips (1) between the two cities
and inversely proportional to the nth power of the geographical distance (as shown in
Equation (9)). In other words, the more trips there are, the shorter the travel time, and the
stronger the connection between the two cities. The final link weight, Wr, between two city
nodes is the sum of the weights of high-speed trains, W, and slow-speed trains, Wk, that
pass through them, as shown in Equation (10). In the same way, the ratio of the number
of highway and aviation lines to the nth power of the total travel time is used as the edge
weight to construct the highway network (Wg) and the aviation network (W), respectively.
The calculation formula of the urban node edge link weight, W, is shown in Equation (11).

mg mg

We = tT'WK = P )
G K

Wr = Wg + Wk (10)

where the travel time ¢ is the geographical distance between the two cities, which is the real-
time total travel time between the cities obtained through the Baidu Map route planning
API, and # is the distance friction coefficient in the gravity model [42]. In this article,
n=2[25].

We = uWp + vWr + Wy (11)

where i and v are the weights of the highway and railway networks, respectively. This
study calculated the weight of the comprehensive transportation network based on the
proportion of passenger flow. Based on the proportion of passenger traffic data of different
transportation modes in the 2022 Transportation Bulletin, the proportion of highway;,
railway, and air passenger traffic is 16.5:5.27:1. Therefore, the p value in this article was set
to 16.5 and the v value was 5.27.
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2.6.2. Community Detection Model

Most community detection algorithms based on modularity can take into account
topological attributes, including edge weights and connection directions. They can identify
similar group structures within the network, but they do not take into account the weaken-
ing of the schedule linkage frequency caused by the distance attenuation effect. Based on
the actual travel behavior of residents, the Yen algorithm [43] can be used to calculate the
K-shortest path between nodes in order to obtain multiple alternative paths with different
travel costs to comprehensively reflect residents’ selection of different paths. Therefore, this
study used the improved TCD algorithm based on K-shortest paths, hierarchical clustering,
and geographical modularity to detect the community structure of the multiple traffic
flow network of the Yangtze River Economic Belt. The specific process was as follows:
(1) Regarding the K-shortest path and proximity between urban nodes in the multi-modal
transportation network in the Yangtze Economic Belt, the reciprocal of the weight W was
used to represent the link strength between two city nodes. The proximity index, ®(i, ), be-
tween city nodes i and j was the weighted combination of K-shortest paths (Equation (12)).
(2) In order to obtain the optimal K value and the K-shortest path weight, wy, we set K
to 1~3, with a step size of 1, and wy, to 0~1, with a step size of 0.01. We used hierarchical
clustering iteration, merged nodes from the bottom up, and continuously updated the
proximity index between communities « and 3 (Equation (13)). In each iteration, hierarchi-
cal clustering was used to merge the community with the smallest proximity index into a
single community, and we then updated the proximity index between this new community
and all remaining communities. We finally formed a dendrogram to reveal the hierarchy
of nodes merged from bottom to top. When clusters o and 3 merged into o + f3, the
calculation formula of the proximity index between clusters « + 3 and v was as shown in
Equation (14). (3) In each iteration of the hierarchical clustering algorithm, the geographical
modularity (Q%“) of each community was calculated. The relevant equation can be found
in the literature [25]. If communities C; and C, satisfied Q%fe“,ge > Q‘glm + szeo, then we
merged communities C; and Cp. Otherwise, communities C; and C, were marked as “stop
points”. After forming a hierarchical clustering dendrogram, we traced back each branch
of the dendrogram from the top. When a “stop point” was encountered, it was divided into
two communities. Finally, the multiple traffic flow network nodes were divided into com-
munity sets {xq, &, ..., &}, and it is guaranteed that the final geographical modularity
Q80 =Yy Q‘gfio can obtain the global maximum value.

K
D>, j) = ) wily (12)
=

Do p)=—— ), @) (13)
%B (ij):icxjcp
©(1,5) + P(2,5) + P(3,5) + P(4,5)
4
where 14 g is the number of node pairs between clusters « and f3.

Qe+ B,v) = (14)

3. Results and Analysis
3.1. Overall Spatial Differentiation Characteristics of the Network

The traffic flow network within the Yangtze River Economic Belt exhibits significant
spatial differentiation. Specifically, the spatial variation at the provincial level exceeds that
at the regional level.

At the provincial scale, the spatial differentiation of highway networks is mainly
caused by the distance attenuation effect, which makes the inter-provincial gap larger
than the intra-provincial gap. In contrast, the railway and aviation networks are mainly
responsible for inter-provincial long-distance connections within the Economic Belt, and
their intra-provincial passenger transport connections have an obvious uneven distribution.
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Overall, it can be seen from Figure 4 that the degree of spatial differentiation at the provin-
cial level is the largest for aviation flow, followed by railway flow, while the degree of spatial
differentiation for highway flow is the smallest. The gap within provinces is larger for
aviation and railway transportation in comparison to the gap between provinces, whereas,
for roads, the situation is reversed. Further analysis of prefecture-level cities based on
spatial differences within the province (excluding Shanghai and Chongqing) found that the
intensity of passenger transport connections between cities under various transportation
modes is extremely unevenly distributed within the province, following the sequence of
aviation > railway > highway (Figure 5). Among them, Guizhou has established an airport
cluster throughout the province in order to overcome its challenging terrain and transport
difficulties. The aviation connectivity provinces have the smallest difference in the Theil
index, indicating that the internal aviation network in Guizhou Province is developing
with high quality. Yunnan has the largest discrepancy in railroad development levels. This
can be attributed to the majority of railroads being in mountainous and plateau regions,
making railroad construction difficult and time-consuming. Consequently, Dehong, Diging,
Nujiang, Honghe, Wenshan, and other regions have yet to see railways established. The
highway network is easily restricted by factors such as terrain undulations and speed
restrictions, so western provinces and cities such as Yunnan and Sichuan also have less
highway passenger throughput.

®m Highway ® Railway Aviation
1.5 1

05 - I
T Ben oun 1

Within-Province  Provincial Total Within-Regional ~ Regional Total

Figure 4. Theil index result chart of the multiple traffic flow network.
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1 4
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Anhui Hubei Hunan  Guizhou Sichuang Yunnan Zhejiang Jiangsu  Jiangxi

Figure 5. The result chart of Theil index difference within a province in the multiple traffic flow network.

At the regional scale, the intra-regional gap in the highway network is larger than
the inter-regional gap, while the intra-regional gap in the railway and aviation networks
is smaller than the inter-regional gap. In general, highway flow has the largest spatial
differentiation at the regional scale, followed by aviation flow, and railway flow has the
smallest spatial differentiation (Figure 4). From the perspective of total regional differences,
it was found that the inter-regional differences for aviation and railways are greater than
within regions, while the opposite is true for highways. Specifically, the differences within
the economic zone are decomposed into the eastern, central, and western regions (Figure 6).
Due to the large distance gap in ground transportation in the western region, the spatial
differentiation within the highway and railway regions is large. The intra-regional differ-
ences in the highway, railway, and aviation transportation networks in the central region
are all low, indicating that the levels of comprehensive intercity transportation connections
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in the three provinces of Hubei, Hunan, and Jiangxi are relatively similar. The passenger
transportation capacity varies greatly between cities in the eastern region’s aviation net-
work. Only core cities such as Shanghai, Hangzhou, and Nanjing provide a large number
of aviation transportation services.

m East 'Middle West

Aviation

Railway

Highway

0% 10% 20% 30% 40% 50% 60% 70% 80% 90%  100%

Figure 6. Difference result map within the multiple traffic flow network area.

3.2. Accessibility Pattern of Multiple Traffic Flow Networks

Based on the Baidu Maps route planning API interface, the real-time shortest travel

time costs between cities in the three transportation modes were obtained, and the weighted
average travel time was used to calculate the traffic accessibility values of 130 cities, as
shown in Figure 7, using the inverse distance weighting method (IDW). The figure visually
displays the accessibility pattern of the Yangtze River Economic Belt under three scenarios:
the highway network, railway network, and aviation network:

@

@

®)

The accessibility pattern based on the highway network presents a “core—edge” spa-
tial pattern in space, and the average weighted travel time is 12.31 h. In general, the
high-accessibility core area (8.60~10.08 h) is mainly concentrated in the “Two Lakes”
and Hangzhou areas, radiating to the east and west wings. The medium-accessibility
area (10.26~14.79 h) is mainly concentrated in the Chengdu—Chongqing metropolitan
area. Due to the special topography of the Hengduan Mountains and the Yunnan-
Guizhou Plateau in the western part of the Economic Belt, the low-accessibility area
(18.05~24.04 h) is mainly concentrated in the Diqing Tibetan Autonomous Prefec-
ture, Nujiang Lisu Autonomous Prefecture, and Xishuangbanna Dai Autonomous
Prefecture in western Yunnan.

The accessibility pattern based on the railway network generally presents a spatial
pattern of “strong in the east and weak in the west”, and the average weighted travel
time is 13.09 h. With the advent of high-speed rail, the travel time cost between
the core cities in the Yangtze River Economic Belt and the surrounding small- and
medium-sized cities has been significantly reduced, dividing it into two parts: the
eastern and western parts. The eastern region has a clear radiation trend to the
Yangtze River Delta region, while the western region is centered on Chongqing and
Guiyang and extends along the east and west sides. In general, the core areas of
high accessibility (7.35~10.97 h) are mainly concentrated in the central and eastern
provincial capitals, such as Wuhan, Changsha, Hefei, and Nanjing. The areas of
medium accessibility (11.12~17.40 h) are mainly concentrated in the middle reaches of
the Yangtze River and the urban agglomeration of Chengdu and Chongging. Due to
the special topography of the Hengduan Mountains and Yunnan-Guizhou Plateau
in the western part of the Economic Belt, the railway network is relatively sparse,
and the areas of low accessibility (18.04~32.08 h) are mainly concentrated in Diqing
Tibetan Autonomous Prefecture, Nujiang Lisu Autonomous Prefecture, and Baoshan
in western Yunnan.

The accessibility pattern based on the aviation network presents a spatial pattern
of “time and space compression in western cities”. Compared with the sparse road
and rail network, the average weighted travel time is improved to 7.4 h. In general,
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the high-accessibility core area (4.97~5.99 h) is mainly concentrated in provincial
capitals and ethnic minority autonomous prefectures with tourist attractions. The
medium-accessibility area (6.08~8.80 h) is mainly concentrated in the Yunnan-Guizhou
region, of which Guizhou is affected by natural factors such as topography and
landforms, it is the only province in the country where every city (state) has an airport,
forming a provincial airport cluster. The low-accessibility area (9.04~11.51 h) is mainly
concentrated in Tongling, Anshun City, Suzhou City, and Bengbu City in Anhui
Province in the eastern region, as well as Aba Tibetan, Qiang Autonomous Prefecture,
and Garze Tibetan Autonomous Prefecture in western Sichuan.
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Figure 7. Accessibility pattern of the comprehensive transportation network: (a) highway network,
(b) rail network, and (c) aviation network.

3.3. Hierarchical Structure and Effects of Network Communities
3.3.1. Hierarchical Structures of Clusters

For multiple traffic flow networks, the real-time traffic cost data obtained by the Baidu
Maps API were integrated into the TCD community discovery algorithm and, based on the
weighted combination of the shortest path algorithms, the proximity index, ®, between any
two city nodes was calculated. A dendrogram with a hierarchical structure was generated
through hierarchical clustering to reveal the community structure of the multiple traffic
flow network.

At different proximity index levels, urban node agglomerations are divided into dif-
ferent numbers of communities, and as the proximity between communities continues
to increase, smaller communities are gradually merged into larger community structures.
After conducting multiple experiments, when K = 2, w1 = 0.98, and w; = 0.02, the geo-
graphical modularity (Q = 0.728) of the multiple traffic flow network reached a high value.
In order to observe the trend of urban node mergers as the proximity index increases, the
number of communities and the corresponding proximity index were fitted to a curve
(Figure 8). It can be seen that the two conformed to a power law distribution. When the
proximity index between communities was less than 10, the curve rapidly declined, and
most cities were clustered within this community. However, there was also a small number
of cities that did not gather into a community structure with a multiple traffic flow network
until the proximity index between communities was greater than 30, such as Baoshan City,
Zhaotong City, Panzhihua City, Liangshan, Garze, and Nujiang. It also indicated that the
strength of transport connections between these cities and other cities is weak.
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Figure 8. Fitted curve of the proximity index and the corresponding number of communities.

3.3.2. Regional Effects of City Networks

The constructed TCD community structure detection model was utilized to acquire
24 communities within the Yangtze River Economic Belt (Figure 9). Of these, six commu-
nities exhibited relatively strong internal connectivity. They are called “Urban Economic
Zones” and named the Guizhou community, Yunnan community, Anhui community,
Sichuan-Chongqing community, Hubei-Hunan-Jiangxi community, and Jiangsu—Zhejiang—
Shanghai community, respectively. The term “Urban Economic Zone” indicates that the
functional connections between cities rely on the agglomeration and expansion capabilities
of the flow of production factors. At the same time, there are also some edge cities that
have not been well integrated into the community structure, such as communities 1 to
18 in Figure 9. These mainly include Dazhou and Bazhong in the Chengdu—Chonggqing
urban agglomeration; Lishui, Wenzhou, and Taizhou in Zhejiang Province; Haozhou and
Fuyang in Anhui Province; Shiyan and Suizhou in the northeastern part of Hubei Province;
Zhangjiajie and Changde City in Hunan Province; Ji’an and Ganzhou in Jiangxi Province;
Liangshan and Panzhihua in Sichuan Province, and Pu’er, Xishuangbanna, and Baoshan
in Yunnan Province. The proximity index in these areas was large, limiting the radiation
effect of the main center. The improvement of the transportation infrastructure in the sub-
network area and the construction of major railway and highway networks are necessary
to promote coordinated regional economic development. Additionally, the expansion of
the regional connections between core and peripheral cities is recommended.

0 200 400 km
I —
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[ Community 2 [ | Community 11

Community structure

7] Isolated Community I Community 3 [ Community 12
[1 Guizhou Community [ Community 4 [ Community 13
[ Yunnan Community I Community 5[] Community 14
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Figure 9. Community structure division based on the multiple traffic flow network.
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3.4. Urban Cyberspace Organization Pattern

Further analysis of the geospatial correlation pattern and topological network of
internal spatial connections in the six “Urban Economic Zones” revealed that the urban
networks within different regional systems present sub-network systems and diversified
spatial forms with spatial dependence. The regional spatial organization model based
on the perspective of multiple traffic flow connections can be roughly divided into three
development patterns: single-core, dual-core, and multi-core.

In a single-core area system, the central city takes the dominant position, and the
surrounding medium and small cities exhibit centripetal tendencies, forming a hierarchical
“core—edge” spatial organizational pattern with vertical links from bottom to top, also
known as the “independent type”. In terms of spatial morphology, the diverse transporta-
tion flow network of the Yangtze River Economic Belt is condensed into three single-core
community structures, namely, the Guizhou community, Yunnan community, and An-
hui community, with a predominant single-core developmental pattern. Within these
communities, the node geographic networks and topological networks exhibit significant
hierarchical features and spatial distance dependencies, mainly manifesting in ring-shaped
and radial spatial configurations (Figure 10). The Guizhou community is composed of
the cities within Guizhou Province, except for Tongren City and the Qianxinan Buyi and
Miao Autonomous Prefecture (Figure 10a). It is relatively smaller in scale and exhibits
a ring-shaped spatial connectivity pattern, radiating outward from Guiyang as the core.
Guiyang’s comprehensive traffic flow accounts for approximately 35.9% of the total traffic
in this community, with the strongest connections being Guizhou-Zunyi, Guizhou-Anshun,
and Guizhou-Qiandongnan Miao and Dong Autonomous Prefecture, playing a key role in
connecting the “regional community”. The gap in connections between other surrounding
cities is smaller. The Yunnan community forms a regional system with Kunming as the
absolute core (Figure 10b), representing 37.8% of the total traffic. The connections between
cities in this region are generally weak. The strength of low-level urban connections is
limited by the geographical distance and has a distance attenuation effect. The largest
connections occur in the directions of Kunming-Dali and Kunming—Yuxi. The internal
connections within the Yunnan community are significantly influenced by the tourism
industry. The rapid growth of the tourism sector has led to economic advancement, with
the core city radiating toward the surrounding cities. This pattern promotes the growth of
nodes within the region. The Anhui community comprises 11 cities within Anhui Province
(Figure 10c). The entire community has essentially developed a radial spatial connectivity
pattern with Hefei as the core city, expanding toward the areas of Wuhu and Bengbu.
From a spatial hierarchy perspective, the regional connectivity intensity exceeds 200 times
between Bengbu and Xuzhou, as well as between Hefei and Huainan. The connectivity
strength between Hefei and Wuhu, as well as between Hefei and Lu’an, exceeds 150 times.
Hefei’s connections with other neighboring cities account for 20.6% of the total flow. Due
to the close connections with some neighboring cities in Jiangsu, cities in the northeastern
part of Anhui Province are “drawn” into the Yangtze River Delta city cluster.

The dual-core structure is a “regional community” dominated by two central cities and
closely connected with other surrounding small- and medium-sized cities. It constitutes
a multi-level, networked urban system and a spatial connection driving mechanism for
“double-wing” regional development. Compared with the single-core structure, the two
central cities in the dual-core development pattern form their own systems within their
respective hinterlands. At the same time, the two regional systems also overlap, and the
elements flowing between higher-level cities frequently interact. Ultimately, a dual-core
spatial organization model that takes into account the hierarchical structure and network
connections is formed, also known as the “point-axis type”. The Sichuan-Chongging region
presents a dual-core development pattern. Each city node builds a subnet system, and the
subnets are closely connected (Figure 11). The Chengdu—Chongqing Economic Circle is
the most densely populated and economically developed region in Western China. The
Sichuan-Chongqging community mainly consists of Chengdu and Chonggqing as its core
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skeleton, and it is closely connected with surrounding small- and medium-sized cities to
form a hierarchical regional spatial network system. From the perspective of the spatial
geographical network structure, Chengdu is closely connected with Mianyang, Deyang,
Leshan, Meishan, and other cities to form a sub-network system, while Chongqing and
neighboring cities, such as Guang’an, Luzhou, and Neijiang, also form a regional sub-
network system. Moreover, there are close connections between the two system nodes.
For example, cities such as Nanchong, Luzhou, and Zigong overlap with the two core
cities. Other cities with strong correlations include Chengdu-Yibin, Mianyang—Guangyuan,
Neijiang-Zigong, etc. From the topological network of the comprehensive traffic flow,
Chengdu has the strongest connection strength with surrounding small- and medium-sized
cities, accounting for 20.9% of the total traffic, followed by Chongqging and Mianyang,
accounting for 12.8% and 7.7%, respectively. The link strength is not significantly different
from that in other cities.
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Figure 10. Spatial organization of regional urban networks with a single-core structure. (a) Guizhou
community geographic network, (b) Yunnan community geographic network, (¢) Anhui community
geographic network, (d) Guizhou community topology network, (e) Yunnan community topology
network, and (f) Anhui community topology network.

As the populations and industries in big cities continue to spread to edge cities and
gather in new peripheral centers, a new form of poly-center development has been pro-
moted. Therefore, the spatial organization pattern of urban networks has gradually shifted
from a single-core or dual-core model to a multi-core pattern, forming a new pattern of
“multi-center, group-based” regional economic development, also known as the “over-
flow type”. The community detection model based on the TCD algorithm has, to some
extent, divided the Hubei, Hunan, and Jiangxi communities and the Jiangsu, Zhejiang, and
Shanghai communities, revealing a regional spatial organizational pattern with a multi-
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core structure. The Hubei, Hunan, and Jiangxi communities are centered on Changsha,
Wuhan, and Nanchang and expand to surrounding cities to form a multi-center regional
sub-network system with the characteristics of a compact space and close flow of elements.
The community is mainly based in Hunan Province and absorbs Huangshi City, Huang-
gang City, Xiaogan City, Ezhou City, and Xiangxi Autonomous Prefecture in Eastern Hubei
Province, with Wuhan as the core, as well as Pingxiang City, Fuzhou City, Yichun City,
and Jiujiang City, etc., in the northwest of Jiangxi Province, with Nanchang as the core
(Figure 12a). From the perspective of the topological network, the four cities with the
closest external connections in the community structure are Changsha, Wuhan, Nanchang,
and Hengyang, and their total volume reaches 39.8% of the regional total. The traffic of
Changsha City alone exceeds 15% of the regional subnet system. In addition, cities with
strong connections include Yueyang, Xiangtan, Loudi, Huaihua, Chenzhou, etc. From the
perspective of the spatial geographical network, the three core cities of Changsha, Wuhan,
and Nanchang are the most closely connected in this community structure, forming the iron
triangle skeleton of the regional subnet system. The link frequencies of Changsha—Wuhan,
Changsha-Hengyang, Changsha—Xiangtan, and Hengyang—Chenzhou are all more than
200. It can be seen that the comprehensive transportation hubs in the southern part of
the Hubei, Hunan, and Jiangxi communities are Hengyang and Chenzhou. At the same
time, Wuhan also has relatively close connections with surrounding cities. For example,
Wuhan-Yueyang, Wuhan-Hengyang, and Wuhan-Huangshi have more than 150 intercity
connections, revealing that Wuhan plays an important leading role as the core city of the
Hubei, Hunan, and Jiangxi communities. However, in this region, the rate of decline
in the link frequency between urban nodes accelerates as the proximity index between
cities increases. Connection frequencies of less than 50 account for over 60% of the to-
tal in the region, highlighting that edge cities in the region have limited comprehensive
three-dimensional transportation network connectivity, and their development is relatively
slow. The Jiangsu—Zhejiang-Shanghai community mainly includes Shanghai, Jiangsu
Province, and Zhejiang Province in the eastern region, and absorbs Ma’anshan and Huai’an
in Anhui Province, showing significant regional integration and networked multi-center
urban agglomeration (Figure 12c). From the topological network perspective, the top
four cities in terms of the total regional connections are Shanghai, Nanjing, Hangzhou,
and Suzhou, accounting for 35.3%, followed by Changzhou, Wuxi, Jiaxing, etc., and the
spatial interaction frequency gap between other cities within the region is small. From
the perspective of the spatial geographical network, Shanghai, Nanjing, Hangzhou, and
Suzhou present an obvious multi-center development model, forming an urban spatial
interaction network with each as its core. As the distance increases, Shanghai and cities
such as Hangzhou, Suzhou, Jiaxing, Nantong, and Wuxi form a fan-shaped structure with
high-frequency connections in the comprehensive transportation network, which has signif-
icant spatial distance dependence and hierarchical characteristics. Hangzhou is a hub city
in the Economic Belt, forming a radial radiation pattern with cities in the province, South-
ern Jiangsu, and Shanghai, and the frequency of intercity interactions with the northern
part of the province is significantly stronger than that of southern cities. Nanjing radiates
toward the Northern Jiangsu region and forms a sub-network of regional connections with
surrounding cities. From the perspective of hierarchical characteristics, a high-density
network pattern is formed with Shanghai, Nanjing, Hangzhou, Suzhou, and Changzhou
as the core. Among them, the structures with the strongest interactions within the com-
munity include Shanghai-Suzhou, Shanghai-Nanjing, and Shanghai-Hangzhou. In the
Jiangsu, Zhejiang, and Shanghai communities, the connection intensity of Shanghai-Jiaxing,
Hangzhou-Jiaxing, Hangzhou-Zhoushan, and Shanghai-Nantong exceeds 400 times, while
the external connections of cities such as Suqgian, Taizhou, Ezhou, Fuzhou, and Huangshi
do not exceed 40.
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Figure 11. Spatial organization pattern of regional urban networks with a dual-core structure.
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Figure 12. Spatial organization pattern of regional urban networks with a multi-core structure.
(a) Hubei-Hunan-Jiangxi community geographic network, (b) Hubei-Hunan—Jiangxi community
topology network, (c) Jiangsu-Zhejiang—Shanghai community geographic network, and (d) Jiangsu—
Zhejiang-Shanghai community topology network.



Sustainability 2024, 16, 1300

17 of 20

4. Conclusions and Implications

Based on the multiple traffic flow data of highways, railways, and aviation for
130 cities in the Yangtze River Economic Belt, this paper used the Theil index and weighted
average travel time to analyze the spatial differentiation characteristics and accessibility
pattern of the multiple traffic flow network. Furthermore, we utilized the TCD commu-
nity detection algorithm, combined with time cost data from Baidu Maps, to construct a
community detection model of a multiple traffic flow network, and integrated both geo-
graphical and topological networks to examine the level of integration in comprehensive
transportation among urban clusters from the perspective of multiple traffic flow connec-
tions. The main findings are summarized as follows: (1) The diverse traffic flow network
of the Yangtze River Economic Belt showed obvious spatial differentiation. Within the re-
gional scope, the spatial differentiation appeared as follows: highway > aviation > railway,
while within the provincial scope, the spatial differentiation appeared as follows: avia-
tion > railway > highway. The spatial differentiation of aviation and railway networks
was mainly concentrated between regions and within provinces, while the imbalance of
highway networks was manifested as an imbalance within regions and between provinces.
(2) The accessibility pattern of the highway network in the Yangtze River Economic Belt
presented a “core—edge” spatial pattern, with the average weighted travel time being
12.31 h. The accessibility pattern of the railway network generally presented a spatial
pattern of “strong in the east and weak in the west”, with an average weighted travel time
of 13.09 h. Compared with sparse road and railway networks, the accessibility pattern of
the aviation network showed a spatial pattern of “time and space compression in western
cities”, with the average weighted travel time increasing to 7.4 h. (3) When integrating
the real-time time cost data obtained by the Baidu Maps API into the TCD community
discovery algorithm and spatially segmenting the multiple traffic flow network of the
economic zone, the number of communities and the proximity indexes of urban nodes
conformed to a power law distribution, and a total of 24 communities were identified. This
mainly included six “urban economic communities” that are closely connected in space
and have clear boundaries, namely, the Guizhou community, Yunnan community, An-
hui community, Sichuan-Chongqing community, Hubei-Hunan-Jiangxi community, and
Jiangsu—Zhejiang—Shanghai community. The spatial structures mainly include the indepen-
dent type, point axis type, overflow type, etc. (4) Based on the perspective of multiple traffic
flows, the urban network space organization model of the Yangtze River Economic Belt can
be roughly divided into three models: the “single-core” model with Guizhou, Kunming,
and Hefei as the core, the “dual-core” model, constructed from Chengdu—-Chongqing, and
the “multi-core” model, constructed from Changsha-Wuhan-Nanchang and Shanghai-
Nanjing-Hangzhou. The “single-core” development model was predominant, mainly
concentrated in the western region. In terms of spatial form, it mainly exhibited regional
association patterns, such as ring-shaped and radiating.

Existing research ignores traffic congestion time within cities when identifying spatial
organization patterns, and only focuses on the analysis of a single transportation network,
lacking a comprehensive weighted analysis of multiple transportation networks. To address
this, this article was based on the TCD community discovery algorithm, introduced the
network map API to obtain real-time traffic cost data of multiple travel modes, and com-
prehensively considered the real-time time cost of residents’ travel and frequency data to
construct a community structure detection model of multiple traffic flow networks, aiming
to identify the spatial organization patterns of urban networks from a more comprehensive
perspective. This paper combined highway, railway, and aviation data to construct the
spatial correlation structure of the multi-traffic flow network and condensed the three
spatial organization models of single-core, dual-core, and multi-core, which have certain
differences from the scope of existing urban agglomerations. From the perspective of
urban sustainable development, this study can provide some recommendations for the
construction of a comprehensive transportation network in the Yangtze River Economic
Belt: (1) Pay attention to the spatial layout, use the geographical spatial distance and
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actual travel behavior characteristics as infrastructure layout conditions, accelerate the
continuous diffusion of populations and industries from core cities to peripheral cities
to gather in new peripheral centers, and alleviate the pressure on land and transporta-
tion in core cities. Focus on promoting the process of building the western region, with
Chongging and Chengdu as core transportation hubs, and improving the comprehensive
accessibility of the western part of the Yangtze River Economic Belt. (2) Properly plan the
intercity transportation network within the economic zone and improve the coordinated
operation efficiency of the comprehensive transportation system, thereby eliminating the
impact of the geographical isolation of low-level urban groups, such as Western Sichuan,
Central Guizhou, and Southern Jiangxi, which are mainly located in underdeveloped or
peripheral areas.

Constrained by data availability, this paper only examined three modes of transporta-
tion: highway, railway, and aviation. In the future, it will be necessary to incorporate more
transportation modes, such as shipping and freight, while integrating data on passenger
flow, population, GDP, and others for a systematic evaluation of comprehensive trans-
portation infrastructure services. Additionally, supplementing with more diverse virtual
data, such as industry flow and information flow, will enable a more comprehensive and
accurate assessment of the actual relationships between cities.
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