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Abstract: As a new product of the Internet and big data era, migration data are of great significance
for the revealing of the complex dynamic network patterns of urban agglomerations and for studying
the relations between cities by using the “space of flows” model. Based on Baidu migration data
of one week in 2021, this paper constructs a 30 × 30 rational data matrix for cities in Zhongyuan
Urban Agglomeration and depicts the network pattern from static and dynamic perspectives by
using social network analysis and dynamic network visualization. The results show that the network
of Zhongyuan Urban Agglomeration is characterized by a circular structure with Zhengzhou as the
center, a city belt around Zhengzhou as the connection, subcentral cities as the support and peripheral
cities as the extension. Zhengzhou is the core city of the entire network, related to which the central
and backbone networks divided in this paper account for nearly 40% of the total migration. Shangqiu,
Luoyang, Zhoukou and Handan also play an important role in the structure of the migration network
as subcentral cities. For a single city, the migration scale generally peaks on weekends and reaches
its minimum during Tuesday to Thursday. Regarding the relations between cities, the migration
variation can be divided into four types: peaking on Monday, peaking on weekends, bimodal and
stable, and there are obvious phenomena of weekly commuting. In general, the links between
cities outside Henan Province and other cities in the urban agglomeration are relatively weak, and
the constraints of administrative regionalization on intercity migration are presumed to still exist.
According to the results, the location advantage for multi-layer development and construction of
Zhongyuan Urban Agglomeration should be made use of. In addition, the status as the core city and
the radiation range should be strengthened, and the connections between the peripheral cities and
the other cities should be improved, so as to promote the integrated and efficient development of the
whole urban agglomeration.

Keywords: Zhongyuan Urban Agglomeration; network patterns; Baidu migration; social network
analysis; dynamic network

1. Introduction

A city is not an isolated entity in space. Its development cannot be separated from
the interaction between cities in the region. The concept “urban agglomeration” was
put forward by Gottmann in 1961, and he used “Megalopolis” at first [1]. In another
research, he listed 6 existing megalopolitan systems in the world: the American North-
eastern Megalopolis [2], the Great Lakes Megalopolis [3], the Tokaido Megalopolis in
Japan [4], the Megalopolis in England [5], the Megalopolis in northwestern Europe [6] and
the Megalopolis in China centered on Shanghai. In the 1980s, the concept and theory of
urban agglomeration were introduced into China, and the term “urban agglomeration“
was adopted in some research. After that, the “Chinese standard” of urban agglomerations
has been put forward, and the development of urban agglomerations was counseled and
included in the national development strategy system for the first time in 2005. Compared
with urban agglomerations in western countries, the development of urban agglomerations
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in China started about a third of a century later, and their construction and development
are affected more by administrative factors [7].

With the rapid advancement of globalization and informatization and the development
of regional integration, the functions of different cities are gradually differentiated. The
communication and exchanges between cities are becoming increasingly close, and the
fluidity and interdependence of elements promote the continuous evolution of urban
space from “place space” to “flow space” [8–10]. With the rapid development of urban
networking and the conception of relevant major national strategies, urban agglomeration
as an important form of regional development and the corresponding network patterns
have become a popular research topic [11]. Urban agglomeration represents a network
organization of cities in the mature stage of urban development in a certain region and
is generally composed of core cities and a number of affiliated cities. The study of the
network patterns has important theoretical and practical value for the internal collaborative
development, integration of the industrial space, and organization and optimization of the
resources of urban agglomerations [12,13].

The gravity model and urban flow model are the two most commonly used models
for measuring intercity connections in urban agglomeration network patterns [14,15]. The
Gravity model generally considers the comprehensive strength of two cities (GDP, popula-
tion and other indicators [16]) and the distance to construct the evaluation index, but usually
does not consider directionality, and adopts a large time span of data. Based on the idea of
space of flow, scholars at home and abroad mainly study urban agglomeration networks
through infrastructure, enterprise organization and social culture or corresponding com-
posite methods [17–19]. In the context of informatization, network big data has become an
important carrier representing residents’ social activities, and the geographic behavior data
represented by social communication data with location, POI (point of interest) data, heat
search index data and migration data have also become important data sources reflecting
urban relations [20–22]. As an important carrier of material flow, information flow, capital
flow and technology flow between cities, population flow is the most active and dynamic
element in a socioeconomic system and plays a fundamental and key role in reshaping an
urban network. Therefore, some scholars compare the relationship between population and
cities to that between flows and nodes in a network [23]. Some research has been done on
network patterns at different geographical area levels (national [24], regional [25,26], etc.)
and of different urban agglomerations (Beijing-Tianjin-Hebei, Chengdu-Chongqing [12],
the middle reaches of the Yangtze River [27]) over specific periods (a whole year [9], the
Spring Festival transportation period [23], holidays [28], etc.) based on the migration data
of different companies (Tencent, Baidu, etc.).

From the above research, it can be found that it is still lacking in the following aspects.
In terms of research content, compared with those based on traffic flow (traffic mileage,
frequency) and information flow (concern index), there are relatively few studies on the
network patterns of Zhongyuan Urban Agglomeration based on population migration
activities. Han [14] and An [17] analyzed the network pattern of urban agglomeration
in Zhongyuan Urban Agglomeration based on the frequency of buses, trains and Baidu
index, respectively, but these indicators are not precise enough for the study of urban
connection and its change. Specifically, the frequency of the trains between two cities
remains unchanged in most of the time, and the frequency is also determined by the
importance of the entire line. Migration is a more direct and accurate element that reflects
the connection between two cities, and research on migration has more practical significance
for Zhongyuan Urban Agglomeration, one of the most populous areas in China. For the
research method, priority is given to the static analysis of network patterns, and there is
a lack of dynamic characteristic mining, especially in terms of the analysis of small-scale
time ranges. For example, the above study mainly analyzed the network patterns from
the average level at a certain time or stage, and failed to effectively display the variation
characteristics of urban connection intensity in a certain period of time in the region.
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We believe that the analysis of periodic connection intensity variation within the urban
agglomerations plays a very important role in urban development planning.

Therefore, this paper combines the methods of social network analysis, dynamic
network mining and visualization to conduct a detailed analysis on network patterns of
Zhongyuan Urban Agglomeration using Baidu migration data from one week in 2021. The
interactions and connections between cities are expounded from the perspectives of static
overall characteristics as well as dynamic changes, based on which more decisions can
be made that support balanced urban development and rational resource allocation of
Zhongyuan Urban Agglomeration.

2. Materials and Methods
2.1. Work Flow

The work flow in this paper is shown in Figure 1. Firstly, the migration data are
acquired and preprocessed by calling the network service with a Python program. Then
the static and dynamic characteristics of the network are analyzed based on social network
analysis, dynamic network mining and visualization, respectively. Finally, the results are
summarized and discussed. Among them, social network analysis mainly includes point
weight, centrality and cohesive subgroup analysis, while dynamic network mining includes
time series clustering of city nodes and dynamic visualization of migration relations.
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Figure 1. Work flow.

2.2. Data and Preprocessing

Zhongyuan Urban Agglomeration is located in the intersection area of the land bridge
channel and Beijing-Guangzhou channel in the national urbanization strategy of “two
horizontal and three vertical” corridors, which represents the middle zone intended to
promote China’s economic development from east to west. As one of the seven major urban
agglomerations in China, Zhongyuan Urban Agglomeration is dominated by 18 provincial
cities in Henan Province and includes 30 provincial cities in Henan, Anhui, Shandong,
Hebei and Shanxi Provinces [29]. By 2019, the region covered an area of 287,000 km2, with
a total gross domestic product (GDP) of 7965.14 billion yuan and a total population of
more than 160 million. As a new urban agglomeration, there are still some problems in the
region, such as the large gaps in the development levels of the cities, the uneven integration
and distribution of resource elements and the need to strengthen regional connections.
Therefore, mining and understanding the comprehensive network pattern of Zhongyuan
Urban Agglomeration is of strategic significance for promoting the development of cities
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in Central China, accelerating the rise of the central region, promoting the construction of
new urbanization and expanding new space for economic development in China [30,31].
Figure 2 shows the location of Zhongyuan Urban Agglomeration in China.
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Baidu migration data are derived from Baidu Map and third-party user location
statistics, which accurately record the migration trajectory of hundreds of millions of
people. We obtained the urban migration data of 6 weeks from 9 March to 19 April in 2021
through the Baidu migration platform interface (http://qianxi.baidu.com/ accessed on
21 May 2021). A Python program is used to call the Baidu migration service and acquire
migration data for each city, which are saved locally in Excel format. The data attributes
include the daily immigration and emigration scale index of each city in Zhongyuan Urban
Agglomeration, and the corresponding proportion data of the immigration source and
emigration destination. Through data comparison (taking Zhengzhou as an example), it
can be found that, except for the Qingming Festival, the migration in the rest periods varies
as a weekly cycle, as shown in Figure 3. Therefore, we chose migration data for one week
(22 March to 28 March), which can reflect the general migration patterns between cities in
non-holiday periods. Although the migration scale index does not refer to the number of
migrants, it can be compared horizontally (between cities) and vertically (over time) [32].
To facilitate the accurate expression of this variable, it is uniformly enlarged 100-fold and
called the migration scale in this paper.

To analyze the intensity of the connections, the migration scale between cities is
calculated based on the original data, and a migration scale matrix of 30 × 30 is obtained.
Taking the immigration matrix I as an example, the values of matrix element aij can be
calculated as follows:

aij = Si × rij (1)

where aij indicates the scale of the emigration of city j to city i. Si represents the total
emigration scale of city i and rij is the proportion occupied by city j. Similarly, the emigration
matrix O and its element bij can be calculated. The immigration and emigration relationship
between cities i and j means that aij in I and bji in O have the same meaning and equal
values in theory. Therefore, we construct the average matrix M by using the average value
of aij and bji, and take M as the relational matrix for the study of urban agglomeration
network patterns. Since M is not a symmetric matrix, the symmetric matrix M′ is generally

http://qianxi.baidu.com/
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constructed only in the calculation of the overall migration scale between two cities. The
average migration matrix M′ is defined as follows:

M′ =
1
2

(
M + MT

)
(2)
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2.3. Methods
2.3.1. Social Network Analysis

In the method of social network analysis, society is considered to be a very large
network composed of various relations, and each actor is a node in the network. Through
the study of network relations, the relationship between individuals can be determined to
reveal the integration and hierarchy of the network [33]. We used a social network analysis
method to quantitatively analyze the network pattern characteristics of Zhongyuan Urban
Agglomeration from the perspectives of point weight, centrality and cohesive subgroups.

Point Weight

The directed weighted graph is used to show the network structure of Zhongyuan
Urban Agglomeration, in which 30 cities are regarded as node vi, and the edge eij formed by
node vi and the immigration source city vj has the weight wij. The sum of the weights of all
edges connected to a node is the point weight Pi of this node, and is calculated as follows:

Pi = ∑ wij (3)

In directed weighted networks, point weight can be subdivided into point entry
weight and point exit weight due to the direction of edges. In the absence of direction,
however, the average of the sum of the two is generally taken as the point weight. The
larger the point weight is, the more active the node is in the network. The point weights
of different city nodes are different, and the multiple edge weights (connection intensity)
corresponding to the same node are also different. Therefore, the overall development
and local differentiation of the network can be analyzed based on the point weight and
edge weight.

Centrality

Centrality is an important research issue of social network analysis that is used to
analyze what kind of power individuals or organizations have in social networks. Centrality
is mainly manifested in three forms: point centrality, betweenness centrality and closeness
centrality [34].
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Point centrality refers to the number of nodes directly connected to a node and reflects
the ability of the node to communicate with others. If a node has the highest centrality, this
node is considered to be in the center of the network and to have the most power. In the di-
rected graph, the centrality of nodes can be divided into in-degree and out-degree centrality,
which represent the number of connected edges entering and leaving, respectively.

Closeness centrality is a measure of freedom from control by others. If the distance
between a node and other nodes in the network is very short, this node is considered to
have a high closeness centrality. It is described as follows:

C−1
APi

=
n

∑
j=1

dij (4)

where dij is the shortcut distance between nodes i and j.
Betweenness centrality measures, the degree to which a node acts as an “intermediary”

and the extent to which a node lies between other node pairs. If a node is on a shortcut
of many other node pairs, the node is believed to have a high betweenness centrality. It is
defined as follows:

CABi =
n

∑
j

n

∑
k

gjk(i)

gjk
, j 6= k 6= i (5)

where gjk is the number of shortcuts between node j and node k, and gjk(i) is the number of
shortcuts between node j and node k that pass through a third node i.

Cohesive Subgroups

Cohesive subgroups are used to quantitatively analyze the interrelation intensity
between nodes, the study of which is helpful for understanding important theoretical
issues such as the status and role of cities in the network, the way in which the urban
network is organized, which cities closely interact with each other, and the hierarchical
differentiation of the urban link strength [35]. The methods commonly used include
analysis based on mutual dyads (cliques), reachability (n-cliques, n-clan), degree (k-plex,
k-core), internal and external relations (LS set, Lambda set), and so on. Compared with
other methods, the k-plex method reflects the idea of cohesion better than cliques, in which
the situation of direct connection is mainly considered. Therefore, the k-plex method is
chosen as the cohesive subgroup analysis method in this paper.

In a subgroup generated by k-plex, every node is directly connected to all but at most k
nodes. That is, a subgroup of size n can be called a k-plex subgroup when the degree of any
node in the subgroup is not less than n-k. After the k-plex subgroups in the network are
searched, the times of each city pairs appearing in the k-plex subgroups are calculated and
the overlap matrix is obtained. The element of the overlap matrix represents the frequency
at which city i and city j appear together in all subgroups, where the higher the value
is, the more similar the two cities are in migration activities. On this basis, a single-link
hierarchical clustering algorithm is used to analyze the migration similarity of cities at
different levels.

2.3.2. Dynamic Network Mining and Visualization

For networks with temporal information, dynamic network mining and visualization
methods are used to explore and display dynamic characteristics through data mining and
visualization techniques. “Dynamics” mainly refers to the increases and decreases in nodes
and edges, and the weight changes of nodes and edges [36]. Since there are no increases or
decreases in the nodes and edges in the network of Zhongyuan Urban Agglomeration, this
paper focuses on the changes in weight.

Time Series Clustering of the Point Weight Based on K-Means

K-means clustering is the most commonly used clustering algorithm in data mining,
in which a given sample set is divided into K clusters according to the distance between
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sample points, so that the points in the same cluster are aggregated as closely as possible
and the distance between different clusters is as large as possible to ensure the minimum
SSE (sum of squared error). The SSE is defined as follows:

SSE =
K

∑
i=1

∑
x∈Ci

‖x− x′‖2
2 (6)

where x = {x1, x2, . . . xn} is the weight time series of city nodes and x′ represents the average
value of clusters.

In this paper, the Euclidean distance based on the original time series [37] is used as
the distance measurement of two city nodes to analyze the similarity between cities from
the perspective of the trend of the migration scale. The standardized time series element is
defined as follows:

xl =

(
Pl − P′

)
P′

× 100 (7)

where P′ is the average value of the point weight in a time period and xl represents the
change in weight on a certain day relative to the average value P′.

To optimize the initial value of clustering centers and K, the idea of the “K-means++”
algorithm is used to iteratively pick the sample point farthest from the selected center
points to select the initial cluster centers, and the elbow method is used to determine a
relatively reasonable cluster number.

Dynamic Visualization of the Edges Is Based on TimeCell

As one of the timeline techniques based on matrix representation, TimeCell is an
aggregation visualization method that expresses the time information of nodes and edges in
dynamic networks by combining graphs [38,39]. Compared with other methods, TimeCell
is mainly used to display the numerical changes in a network during the whole time period,
which can be effective in a comprehensive analysis of the migration scale between two
cities.

In TimeCell, the size of each cell of the matrix is generally small, and only a few simple
stacking graphs or statistical symbols can be used. In Figure 4, the attributes of nodes and
edges are represented by bar charts in positions such as row and column titles and matrix
elements, with the X-axis expressing the time dimension and the Y-axis expressing the
node or edge attribute dimension.
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To display the migration scale in a more intuitive way, the natural breakpoint method
is first used to classify the values and thus, graphs of different levels can be differentiated
with color grading. On this basis, a bar graph containing a time axis is embedded in each
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cell of the matrix to give consideration to the expression of both the order of magnitude
and amplitude of variation.

3. Results
3.1. Static Network Characteristics of Zhongyuan Urban Agglomeration Based on Social Network
Analysis
3.1.1. Network Connection Intensity
Levels of the Whole Network

By using the natural breakpoint method in ArcGIS for the average migration matrix
M′, the migration network connections of Zhongyuan Urban Agglomerations are divided
into five levels: the central level, backbone level, skeleton level, regional level and marginal
level, and each level of connections forms a small network, as shown in Figure 5.

Figure 5. Migration network levels of Zhongyuan Urban Agglomeration.

As described in the figure, there are 5 city pairs (Zhengzhou-Kaifeng, Zhengzhou-
Xinxiang, Zhengzhou-Luoyang, Zhengzhou-Xuchang and Zhengzhou-Zhoukou) in the
central-level network, with Zhengzhou as the center radiating to the other cities. The
city pairs in the central-level network account for only 1.15% of the total number, but
the migration scale accounts for 21.59% of the total amount, making it the core urban
migration network in the Zhongyuan Urban Agglomerations. The backbone-level network,
including 7 city pairs, accounts for 1.61% of the total number and 16.62% of the migration
amount. It is composed of a small network formed by Zhengzhou and several surrounding
cities, as well as 2 city pairs: Huaibei-Suzhou and Xingtai-Handan, which shows that
there have been massive migration activities in the northern and southeastern areas of the
Zhongyuan Urban Agglomeration. The skeleton-level network, including 15 city pairs,
is centered on Zhengzhou as above and extends mainly in the northeastern, western
and southern directions. In addition, there are two pairs in the northwest and southeast:
Changzhi-Jincheng and Shangqiu-Zhoukou-Fuyang-Bozhou, indicating that the skeleton-
level network basically covers the whole scope of Zhongyuan Urban Agglomeration.
The regional-level network, consisting of 43 city pairs, covers almost all cities within the
urban agglomeration, and regional center cities of migration clearly emerge, which include
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not only Zhengzhou, Xinxiang and Kaifeng in the middle but also Handan in the north,
Luoyang in the west, Nanyang, Zhoukou and Zhumadian in the south and Heze and
Shangqiu in the east. In addition, there are 344 city pairs in the marginal network, 79.08%
of the total but accounting for only 16.76% of the migration amount, which mainly reflects
the relatively small-scale but wide-range urban migration activities.

City Point Weight

In this paper, point weight refers to the sum of the connection intensity between a
certain city node and the other city nodes in the network. That is, the point weight is used to
analyze the migration scale of a single city and its immigration and emigration relationship
with other cities. The average daily migration scale of all cities and the proportion within
the urban agglomeration are shown in Figure 6.
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Figure 6. City point weight.

From the aspect of migration scale, the migration amount of Zhengzhou is much
higher than that of other cities in the urban agglomeration, and it is the only city that
exceeds 450 (474.45), while others do not reach 150. The cities in the second tier include
Kaifeng, Xinxiang, Zhoukou, Luoyang, Shangqiu, Handan, Suzhou, Fuyang, Xingtai and
Heze, whose migration scale exceeds 100, indicating that migration activities in the urban
agglomeration are relatively active. From the perspective of internal migration proportion,
several cities located close to the center of urban agglomeration generally have higher
values. Among them, the proportion of 18 cities in Henan Province is greater than 0.5,
which shows that migration within Zhongyuan Urban Agglomeration dominates in these
cities. The migration scale of Suzhou, Fuyang, Xingtai and Heze is relatively large, but the
proportion within the urban agglomeration is relatively low, indicating that these cities
have weaker connections with other cities in Zhongyuan Urban Agglomeration.

To probe the migration relationship in the network, the immigration source and emi-
gration destination city of the largest scale of each city in Zhongyuan Urban Agglomeration
are calculated. The results show that the immigration source and emigration destination are
the same for all 30 cities, with the intensity in both directions being approximately equal.

Figure 7 shows the maximum immigration scale of the 30 cities in a hierarchical way
by taking immigration connections as an example. As seen from the figure, Zhengzhou
is the largest immigration source for Kaifeng, Xinxiang, Jiaozuo, Luoyang and so on,
showing an obvious “1-n” relationship with a high intensity. Among them, Zhengzhou
and Kaifeng are each other’s largest immigration city and also form the city pair with the
largest mutual migration scale in Zhongyuan Urban Agglomeration. In the periphery of
the urban agglomeration, there are mainly “1-1” and “1-0” connection patterns, such as
those of Xingtai-Handan, Changzhi-Jincheng and Huaibei-Suzhou. Most of these cities are
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not located in Henan Province in terms of administrative regionalization, and the migration
activities are relatively independent.
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3.1.2. Network Centrality

Based on point centrality, betweenness centrality and closeness centrality, the anal-
ysis of network centrality is used to reveal the influence and power of different cities
in Zhongyuan Urban Agglomeration. First, the binarized matrix B is obtained through
binarization of M based on the average migration scale (2.063). Then, 3 kinds of network
centrality of Zhongyuan Urban Agglomeration are calculated with UCINET, as shown
in Table 1.

In terms of point centrality, Zhengzhou, Luoyang and Zhoukou rank as the top
three, which have the most active direct migration activities with other cities in the urban
agglomeration. In addition, the out-degree centrality of Zhengzhou, Luoyang, Xinxiang
and Suzhou is greater than the in-degree centrality, indicating that these cities mainly
radiate resources outward. However, the opposite is the case in Zhoukou, Shangqiu,
Handan and Bozhou, which means that these cities receive more resources from other cities
than they provide to.

According to the calculation results, Zhengzhou, Shangqiu, Zhoukou, Sanmenxia and
Handan are the top five cities in terms of betweenness centrality, indicating that these
cities are important bridge nodes in the urban agglomeration and play an “intermediary”
role in migration activities. Note that compared with other cities, Sanmenxia, which
is geographically not close to the center of the urban agglomeration, also has a high
value, which may be due to its high centrality as the “only intermediary” connecting
Yuncheng with other cities. On the other hand, the values of Xingtai, Jiyuan, Yuncheng and
Hebi city are 0, indicating that the connections between these cities and the whole urban
agglomeration needs to be strengthened.

The closeness centrality calculation shows that the in-closeness and out-closeness
centrality of the other cities except Zhengzhou are similar. As the regional center city,
Zhengzhou has significantly higher closeness centrality than the other cities, and its out-
closeness centrality is significantly greater than its in-closeness centrality, indicating that
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the migration activities of Zhengzhou within the urban agglomeration are the least con-
strained by other cities, and that the short-cut distance of emigration is shorter than that of
immigration.

Table 1. Network centrality of Zhongyuan Urban Agglomeration.

Point Centrality Closeness Centrality Between Centrality

Cities Out Degree In Degree Cities In Closeness Out
Closeness Cities Value

Zhengzhou 20.000 18.000 Zhengzhou 69.048 74.359 Zhengzhou 423.522
Luoyang 9.000 8.000 Shangqiu 52.727 53.704 Shangqiu 127.813
Zhoukou 9.000 10.000 Zhoukou 52.727 54.717 Zhoukou 74.349
Xinxiang 8.000 7.000 Kaifeng 50.000 51.786 Sanmenxia 56.000
Xuchang 7.000 7.000 Heze 50.000 50.877 Handan 52.013

Pingdingshan 7.000 7.000 Anyang 49.153 49.153 Anyang 49.244
Shangqiu 7.000 8.000 Xinxiang 49.153 53.704 Heze 43.435

Zhumadian 7.000 7.000 Handan 49.153 36.709 Puyang 37.738
Anyang 6.000 6.000 Puyang 48.333 49.153 Luoyang 30.951
Kaifeng 6.000 6.000 Zhumadian 48.333 50.877 Xinxiang 30.820

Nanyang 6.000 6.000 Xuchang 47.541 50.000 Fuyang 30.559
Puyang 6.000 6.000 Luoyang 47.541 52.727 Bozhou 30.278
Jiaozuo 5.000 5.000 Pingdingshan 47.541 50.000 Jiaozuo 25.617
Fuyang 5.000 5.000 Nanyang 46.032 48.333 Zhumadian 21.807

Heze 5.000 5.000 Luohe 46.032 48.333 Liaocheng 21.479
Luohe 5.000 5.000 Xinyang 46.032 48.333 Xinyang 14.720

Handan 5.000 6.000 Jincheng 45.313 34.524 Suzhou 10.235
Bozhou 5.000 6.000 Jiaozuo 45.313 46.774 Kaifeng 10.204

Liaocheng 4.000 4.000 Hebi 44.615 45.313 Jincheng 9.808
Xinyang 4.000 4.000 Jiyuan 43.284 44.615 Changzhi 7.992
Suzhou 4.000 3.000 Sanmenxia 43.284 45.313 Xuchang 5.580

Changzhi 3.000 3.000 Bozhou 41.429 40.845 Nanyang 4.054
Hebi 3.000 3.000 Fuyang 39.189 40.278 Pingdingshan 3.849

Bengbu 3.000 3.000 Liaocheng 38.158 38.158 Bengbu 3.200
Jiyuan 3.000 3.000 Huaibei 36.709 37.179 Luohe 0.400

Huaibei 3.000 3.000 Suzhou 36.709 37.662 Huaibei 0.333
Sanmenxia 3.000 3.000 Changzhi 35.802 35.802 Xingtai 0.000

Xingtai 2.000 2.000 Xingtai 34.118 29.293 Jiyuan 0.000
Jincheng 2.000 3.000 Bengbu 31.183 31.183 Yuncheng 0.000

Yuncheng 1.000 1.000 Yuncheng 30.526 31.522 Hebi 0.000

3.1.3. Cohesive Subgroups
City Subgroup Division

In social network analysis, cohesive subgroups are used to search for relatively stable
and connected subgroups in the network and to analyze their hierarchical characteristics
based on their similarity. On the basis of binarization matrix B, the minimum symmetriza-
tion method is used to generate a symmetric matrix Bs as the input parameter, and the k-plex
method in UCINET is used to analyze the subgroups of Zhongyuan Urban Agglomeration.

There are two input parameters in the k-plex method: n represents the size of a
subgroup, and k reflects the number of disconnected nodes in a subgroup. For urban
agglomeration network analysis, the value n ranges from 3 to 5. Considering that the
number of cities in Zhongyuan Urban Agglomeration is relatively large, n = 5 is taken as
the number of cities in a subgroup in this paper. k is set to an appropriate value based on
the value of n and the network density, and generally meets the empirical requirements
of n ≥ 2k−1, thus ranging from 1 to 3. In this paper, the intermediate value 2 is taken as
the constraint of the subgroup connections; that is, in a subgroup of size 5, there are at
least 3 other nodes directly connected to each node. The results of the cohesive subgroups
calculated are shown in Table 2.
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Table 2. Cohesive subgroups of Zhongyuan Urban Agglomeration.

Subgroup Number Cities

1 Zhengzhou, Kaifeng, Luoyang, Xinxiang, Xuchang
2 Zhengzhou, Kaifeng, Shangqiu, Xuchang, Zhoukou
3 Zhengzhou, Kaifeng, Shangqiu, Zhoukou, Heze
4 Zhengzhou, Kaifeng, Xinxiang, Puyang, Heze
5 Zhengzhou, Kaifeng, Pingdingshan, Xuchang, Zhoukou
6 Zhengzhou, Kaifeng, Xuchang, Zhoukou, Luohe
7 Zhengzhou, Luoyang, Nanyang, Pingdingshan, Xuchang
8 Zhengzhou, Luoyang, Nanyang, Pingdingshan, Zhumadian
9 Zhengzhou, Luoyang, Xinxiang, Jiaozuo, Jiyuan

10 Zhengzhou, Luoyang, Pingdingshan, Xuchang, Zhoukou
11 Zhengzhou, Luoyang, Pingdingshan, Xuchang, Luohe
12 Zhengzhou, Nanyang, Pingdingshan, Xuchang, Zhoukou, Zhumadian
13 Zhengzhou, Nanyang, Pingdingshan, Xuchang, Zhumadian, Luohe
14 Zhengzhou, Nanyang, Pingdingshan, Xinyang, Zhumadian
15 Zhengzhou, Anyang, Xinxiang, Hebi, Puyang
16 Zhengzhou, Pingdingshan, Xuchang, Zhoukou, Zhumadian, Luohe
17 Zhengzhou, Zhoukou, Xinyang, Zhumadian, Fuyang

The results show that a total of 17 subgroups are generated by k-plex analysis. The
following conclusions can be drawn from the frequency of each city: Zhengzhou appears
in all subgroups, reflecting its core position in Zhongyuan Urban Agglomeration. Xuchang,
Pingdingshan and Zhoukou appear more frequently and are all located in the southern
area of the urban agglomeration. In addition, 11 cities, such as Xingtai, do not appear in any
subgroup. These cities are mainly distributed on the eastern, western and northern edges
of the urban agglomeration, and are not located in Henan Province with the exception of
Sanmenxia, which shows that migration inside Henan Province is much greater than that
outside and across the province, and indicates that administrative regions have an evident
influence on migration activities in Zhongyuan Urban Agglomeration.

Hierarchical Clustering Based on Subgroups

Based on the results of cohesive subgroups, the single-link hierarchical clustering
method in UCINET is used to calculate the clustering results of Zhongyuan Urban Agglom-
eration at different levels, as shown in Figure 8.

From the overall hierarchy, 19 cities are divided into two clusters (called primary
clusters in this paper). The distribution of cities in different clusters is clearly different
in terms of location, and cities in the same cluster are adjacent to each other in space.
The first cluster, which includes Kaifeng, Pingdingshan, Zhengzhou, Xuchang, Zhoukou,
Nanyang, Zhumadian, Luohe, Xinyang and Fuyang is located in the southern area, while
the second cluster, including Jiaozuo, Jiyuan, Anyang, Hebi, Luoyang, Xinxiang, Puyang,
Shangqiu and Heze, is located in the north-central region. These results indicate that the
spatial neighbor relationship has a decisive influence on migration activities in Zhongyuan
Urban Agglomeration, and that cities adjacent to each other in the administrative boundary
have a higher probability of forming a cluster. On the other hand, although Zhengzhou is
located in the core position of the urban agglomeration, clusters appear distributed along
a certain orientation rather than in center-ring orientations, indicating that the southern
cities in Zhongyuan Urban Agglomeration have higher migration similarity and are more
closely connected.

From the local hierarchy, there are obvious secondary clusters inside the two primary
clusters. In the first primary cluster, Xinyang and Fuyang are grouped into one secondary
cluster and are the last to be joined into the primary cluster, which shows that the other
cities in the primary cluster are more similar in migration than these two cities. In the
other primary cluster, there are four secondary clusters: Jiaozuo-Jiyuan, Anyang-Hebi,
Luoyang-Xinxiang-Puyang and Shangqiu-Heze, and most of them are adjacent cities, which
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also validates the apparent influence of spatial neighbors on urban migration similarity.
Note that Luoyang and Xinxiang are not adjacent but are also clustered together, indicating
that there might be a special migration connection between these two cities.
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3.2. Dynamic Network Characteristics of Zhongyuan Urban Agglomeration in View of Periodicity
3.2.1. Dynamic Changes in the Migration Scale of City Nodes

In non-holiday periods, the migration scale of Zhongyuan Urban Agglomeration
cities shows a “weekly” cycle, reflecting the weekly commuting between cities, namely,
the “weekend pendulum phenomenon” [40]. To explore the change characteristics of
immigration and emigration in specific cities, we construct standardized time series of
immigration and emigration for one week, and use the K-means clustering algorithm to
mine city clusters with similar migration change amplitudes.

Clustering Based on Immigration

The calculation is based on the elbow method, and K = 5 is determined as the cluster
number for calculating cluster centers. The variation in the immigration amplitude of
cluster centers over time and the corresponding cities of each cluster are shown in Figure 9
and Table 3, respectively.
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Table 3. Clustering results based on immigration.

Cluster Number Max Min Cities

Cluster_0 24.86172 –12.472807 Bozhou, Xinyang, Zhoukou, Xinxiang, Luoyang, Jiyuan, Huaibei,
Xuchang, Fuyang, Hebi

Cluster_1 23.1806 –12.6821 Zhengzhou

Cluster_2 4.8515374 –5.296148 Sanmenxia, Heze, Yuncheng, Handan, Changzhi

Cluster_3 13.671321 –7.819742 Nanyang, Shangqiu, Anyang, Pingdingshan, Jincheng, Luohe, Puyang,
Liaocheng, Xingtai, Zhumadian

Cluster_4 33.3409 –15.052 Suzhou, Kaifeng, Jiaozuo, Bengbu

Cluster_0, which has a considerable overall variation amplitude of 37%, includes
10 cities, such as Bozhou, with the largest amount of immigration on Saturday, and the
lowest intensity on Tuesday, Wednesday and Thursday. Cluster_1, containing only one city,
Zhengzhou, has an overall variation amplitude of 36%. The immigration intensity is the
highest on Monday, and the lowest on Wednesday and Thursday. Cluster_2 includes 5 cities,
such as Sanmenxia, which has the minimum overall variation amplitude of 10%. The
amount of immigration on Monday, Saturday and Sunday is large, and that on Thursday is
small, showing that the migration intensity is relatively stable. Cluster_3 includes 10 cities,
such as Nanyang, with an overall variation amplitude of 21%, a moderate variation range.
The immigration intensity is the highest on Saturday, and the lowest from Tuesday to
Thursday. Cluster_4, including Suzhou and the other 3 cities, has the largest overall
variation amplitude of 48%, with the maximum amount of immigration on Saturday, and
the lowest intensity from Tuesday to Thursday.

In general, the number of immigrants peaks on the weekend and falls from Tuesday to
Thursday. The immigration curves of Cluster_0, Cluster_3 and Cluster_4 are similar, with
that of Cluster_4 being the most significant, which indicates that Suzhou, Kaifeng, Jiaozuo
and Bengbu are the destinations of intercity commuting on weekends.

Clustering Based on Emigration

In the analysis of emigration, K = 5 is again selected as the cluster number. The
variation in the emigration amplitude of the cluster center over time and the corresponding
cities of each cluster are shown in Figure 10 and Table 4, respectively.
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Figure 10. Variation in cluster centers based on emigration.

Cluster_0 includes Zhoukou and Handan, with a small overall variation amplitude of
18%, where the amount of emigrants is the largest on Monday, and that at other times of
the week is small. Cluster_1 contains only one city, Zhengzhou, with the largest overall
variation amplitude of 44%. The emigration intensity is the highest on Saturday, and
the amount of emigrants is relatively small from Tuesday to Thursday. Cluster_2, with
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an overall variation amplitude of 25%, includes 5 cities, such as Sanmenxia, where the
maximum amount of emigration occurs on Saturday and the minimum amount occurs on
Tuesday. Cluster_3, including Suzhou and 11 other cities, has a moderate overall variation
amplitude of 22%. The emigration intensity on Monday, Saturday and Sunday is high, and
there is a decrease in the amount of emigration on Wednesday and Thursday. Cluster_4
includes 10 cities, such as Xinyang, and has the minimum overall variation amplitude of
16%. Among the cities in this cluster, the emigration amount is the largest on Monday and
the smallest on Wednesday, with a significant increase on Saturday.

Table 4. Clustering results based on emigration.

Cluster Number Max Min Cities

Cluster_0 13.89395 –4.70248 Zhoukou, Handan

Cluster_1 30.3182 –13.7351 Zhengzhou

Cluster_2 16.38534 –9.140346 Sanmenxia, Bozhou, Yuncheng, Changzhi, Fuyang

Cluster_3 11.39154 –10.82296833 Suzhou, Pingdingshan, Kaifeng, Xinxiang, Luoyang, Jiyuan, Huaibei,
Luohe, Jiaozuo, Bengbu, Xuchang, Hebi

Cluster_4 9.109639 –7.181792 Xinyang, Nanyang, Shangqiu, Anyang, Jincheng, Puyang, Liaocheng,
Heze, Xingtai, Zhumadian

On the whole, the emigration intensity remains at a high level from Saturday to
Monday, and becomes low from Tuesday to Thursday. In addition, the migration curves of
Cluster_1 and Cluster_2 are more similar, indicating that Zhengzhou, Sanmenxia, Bozhou,
Yuncheng, Changzhi and Fuyang are the starting points of commuting between cities
on weekends, while some cities such as Zhoukou and Handan are the starting points of
weekly commuting.

3.2.2. Dynamic Changes in the Intercity Migration Scale

To probe the dynamic change characteristics of the migration scale and the relation
between two cities in Zhongyuan Urban Agglomeration, a hierarchical TimeCell method is
proposed and adopted to visualize the migration scale based on the matrix M for 7 days, as
shown in Figure 11.

On the whole, the change in the migration scale between two cities in Zhongyuan
Urban Agglomeration is generally consistent with that of city nodes. Specifically, dynamic
changes in the intercity migration scale can be classified into the following four types.
1© Peaking on Monday, that is, the migration between two cities reaches its peak on

Monday. This type appears mainly in the immigration to Zhengzhou from some cities in
Henan Province, such as Kaifeng, Luoyang, Xinxiang, Xuchang and Jiaozuo. 2© Peaking on
weekends, that is, the migration reaches its peak on weekends (especially on Saturday). This
characteristic can be found in the emigration from Zhengzhou to cities including Kaifeng,
Luoyang, and so on, and is opposite the direction of that type 1©. In addition, this type of
migration exists between some other cities, such as Sanmenxia-Luoyang, Anyang-Jiaozuo,
Shangqiu-Zhoukou and Fuyang-Zhoukou. Notably, the migration scales of 1© and 2© are
generally larger, which is consistent with the judgment of weekly intercity commuting
in Section 3.2.1. 3© Bimodal, that is, there are two migration peaks on Monday and the
weekend, and the migration scale is nearly the same, such as Luoyang-Kaifeng, Anyang-
Xinxiang, Jiaozuo-Xinxiang, Xuchang-Pingdingshan, Luohe-Xuchang, Jiaozuo-Jiyuan and
Fuyang-Bozhou. 4© Stable, that is, the migration scale changes little without obvious peaks
during a week, such as Shangqiu-Kaifeng, Heze-Shangqiu and Handan-Xingtai.

The change types of the migration scale in the urban agglomeration reflect the level of
urban integration development and urban functions of the two cities. The urban integration
development policy has led to the expansion of the “pendulum clan” from commuting
within a single city to the intercity range, and has enabled an increasing number of people
to live a “5 + 2” dual-city lifestyle. Cities with peak inflows on Sundays and Mondays
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tend to be core cities with better working conditions, while those with higher inflows on
Fridays and Saturdays tend to be surrounding cities. It can be concluded that the larger
the migration scale and the greater the variation amplitude (such as type 1© and type 2©)
between two cities, the higher the level of urban integration development is.
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4. Discussion

This paper innovatively puts forward the methodology of dynamic network character-
istic analysis in view of periodicity, which has not been used in the previous study of urban
agglomeration. Therefore, we compare our method with the existing research based on
the results of static network characteristic analysis. (1) Both network intensity results from
our method and the method based on comprehensive connection network analysis [17]
can reflect the multi-level network pattern centered on Zhengzhou. The difference is that
the high-level network connections distribute along the train lines (Beijing-Guangzhou
Line, Longhai Line, Beijing-Kowloon Line, etc.) according to An’s research, while the
networks based on population migration do not show such characteristics. This suggests
that the frequency of trains does not necessarily reflect the connection intensity between
the two cities, as it might be a proof of the importance of the entire line. By contrast, the
migration scale is a more direct reflection and indicator. In addition, our study not only
demonstrates the overall network level, but also conducts point weight analysis for cities,
so as to reveal the migration between two cities in a comprehensive perspective. (2) Both
cohesive subgroup results from our method and Han’s study [14] show that cities in Henan
province participate in clustering first, indicating that these cities have higher migration
similarity and are more closely related. The difference is that Han’s result shows that all
cities participate in hierarchical clustering, while from our research, we find that the rela-
tionship between certain cities such as Bozhou and the others is relatively weak and does
not appear in any cohesive subgroups and hierarchical clustering. Due to China’s provin-
cial administrative regionalization, the migration scale between the peripheral cities and
cities in the same provinces may be larger than that between them and cities in Zhongyuan
Urban Agglomerations, and the connections within the urban agglomerations is relatively
weak. These results are consistent with Figure 6.
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The pattern of migration networks is one of the external manifestations of the inter-
relation between cities. Population migration is influenced by many factors, including
administrative regionalization, traffic, resident population and economy, and it also pro-
motes traffic construction and economic development to a certain extent. From the above
results, it can be seen that the impact of administrative regionalization on the urban migra-
tion network is obvious. The influence of administrative regionalization factors is reflected
not only in geographical location but also in the promulgation and implementation of rele-
vant policies. Henan Province as a whole is located in the central part of Zhongyuan Urban
Agglomeration, and Zhengzhou is also located in the geographic center, which helps to
consolidate its influence. Zhengzhou is an important hub city of railways (the double cross
center of ordinary and high-speed railways, and the center of meter-shaped high-speed
railway network), aviation (the national airport economic comprehensive experimental
area), expressways, electric power, postal and telecommunication services in China. Its
GDP is at the trillion level and far ahead of those of other cities, and the permanent popula-
tion in the seventh census exceeded 12.6 million. These are all objective conditions for its
very large migration scale. Benefiting from the urban integration development policy with
Zhengzhou as the core, Kaifeng, Xinxiang, Luoyang and other cities adjacent to Zhengzhou
have a large scale of migration, among which migration with Zhengzhou accounts for a
large proportion. For example, the migration scale of Zhengzhou and Kaifeng reflects the
positive impact of the Zheng-Kai integration construction on the migration activities of the
two cities. Zheng-Luo-Xin National Independent Innovation Demonstration Zone, which
is built on the basis of high-tech industrial development zones in Zhengzhou, Luoyang and
Xinxiang, plays a significant role in promoting population migration, city integration and
the development of innovative industries. It may be an important policy factor that causes
Xinxiang and Luoyang, which are not adjacent, to still exhibit a certain scale of migration.
In addition, Shangqiu, Luoyang, Zhoukou and Handan are at the forefront in terms of
migration scale and centrality, and occupy an important position in the structure of the mi-
gration network. They are the subcentral node cities in the eastern, western, southern and
northern areas of Zhongyuan Urban Agglomeration. In summary, the current migration
network of Zhongyuan Urban Agglomeration is characterized by a circular structure with
Zhengzhou as the center, a city belt around Zhengzhou as the connection, and subcentral
cities as the support and peripheral cities as the extension. To some extent, the conclusion
of migration network research in this paper is consistent with the planning of Zhongyuan
Urban Agglomeration intended to build a modern comprehensive transportation hub
system with a “reasonable layout and clear hierarchy” [29].

5. Conclusions

Based on Baidu migration data, this paper analyzes the network patterns of Zhongyuan
Urban Agglomeration from both static and dynamic aspects. The conclusions are as follows.

(1) Research on static migration networks based on social network analysis shows that:
a. All network connections can be divided into 5 levels according to the average migration
scale between the city nodes, that is, connections of the central level, backbone level,
skeleton level, regional level and marginal level. The networks consisting of connections at
the central and backbone levels occupy more than 38% of the total amount of migration,
taking on a radial shape with Zhengzhou as the center and the rest as the surroundings. b.
In terms of point weight, Zhengzhou takes an absolute lead over other cities in Zhongyuan
Urban Agglomeration by virtue of its status as a national transportation hub, and keeps
the largest migration connection with most surrounding cities. Furthermore, the internal
migration proportion of each city in Henan Province accounts for more than 50%. c.
Network centrality analysis shows that Zhengzhou, Luoyang and Zhoukou have the
highest migration intensity with other cities in the urban agglomeration. Zhengzhou,
Shangqiu, Zhoukou, Sanmenxia and Handan are important intermediate nodes in the
urban agglomerations, while the migration activities of Zhengzhou, Shangqiu and Zhoukou
are the least restricted by other cities. d. The analysis of cohesive subgroups shows that
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11 cities represented by Xingtai fail to form a subgroup connection, and the other 19 cities are
grouped into two clusters in the south and north-central parts of the urban agglomeration
according to the similarity of subgroups. The southern cluster includes 10 cities, such as
Zhengzhou, and the north-central cluster includes 9 cities, such as Luoyang.

(2) Research on the dynamic characteristics of migration networks within one week
in view of periodicity shows that: a. The migration scale in and out of a single city peaks
on the weekend and falls from Tuesday to Thursday, and there is an obvious weekly
commuting phenomenon. In terms of immigration, Suzhou, Kaifeng, Jiaozuo and Bengbu
are the destinations of weekly commuting on weekends, and Zhengzhou is the destination
of weekly commuting at the beginning of the week. For emigration, Zhengzhou, Sanmenxia
and Bozhou are the starting points of weekly commuting on weekends, while Zhoukou
and Handan are the starting points at the beginning of the week. b. Migration variation
between two cities can be divided into four types: peaking on Monday (represented by
Kaifeng-Zhengzhou), peaking on weekends (represented by Zhengzhou-Kaifeng), bimodal
(represented by Xuchang-Pingdingshan) and stable (represented by Heze-Shangqiu). These
types of migration scale variation can also reflect the level of urban integration development
and urban functions of the two cities.

According to the above analysis and discussion, compared with the most developed ur-
ban agglomerations in the world (the urban agglomerations centered on New York, Tokyo),
Zhongyuan Urban Agglomeration also has the location advantage for multi-layer develop-
ment and construction. However, due to the influence of factors such as administrative
regionalization and spatial distance, cities in Henan province have relatively high internal
connections, while the connections with cities in other provinces need to be strengthened.
In order to promote the coordinated development of Zhongyuan Urban Agglomeration, it
is recommended to continue to strengthen Zhengzhou’s core status and radiation range,
and speed up the construction of intercity railways, rail transit and expressways around
Zhengzhou, so as to form a more convenient metropolitan transportation network within
the city belt around Zhengzhou. In addition, it is of great significance to support the
construction of Luoyang as a national hub, and Fuyang and other regional transportation
hubs to relieve the migration pressure of subcentral cities, and the construction of regional
hubs will help improve the migration connection between peripheral cities and others to
promote the integrated and efficient development of the whole urban agglomeration.

As a result, our research makes some contributions to the pattern discovery of network
features, but is relatively inadequate for the study of causality. Although the network
patterns from both static and dynamic aspects are revealed in detail in this paper, it should
be noted that these are conclusions drawn from just migration data and little consideration
is given to other factors. For example, Baidu migration data contain the information about
scale and direction of inter-city migration, without any information about the ”push and
pull” factors that affect migration, which is not conducive to our in-depth study of the
formation of networks. Therefore, future studies could be conducted on the correlation and
causal relationships between migration flow and traffic, permanent population, economy
and other factors to further analyze the relations between cities and urban agglomeration
network patterns at multiple levels.
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