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Abstract 

The Beijing-Tianjin-Hebei integration plan rose to the status of a national-level strategy in 2014. This paper provides 
a deep analysis of the Beijing-Tianjin-Hebei area’s inter-city commuter big data. This research analyzed the over-
view of spatial structure, polycentric structure, hierarchical structure and clustering characteristics of the BTH based 
on network analysis methods. It reveals that the inter-city commuter network exhibits clear polycentric characteristics, 
with Beijing acting as the central hub. The degree of network correlation between cities in Tianjin and Hebei is nota-
bly low, indicating that the flow of people primarily revolves around Beijing, while interactions between other cities 
remain limited. Therefore, it is necessary to further decentralize Beijing’s non-capital core functions. The level of con-
nectedness among the areas surrounding the Bohai Rim is not very high, and it has not developed the coastal advan-
tage. The cooperation could be strengthed among the cities within Bohai Rim. The polycentric structure has initially 
taken shape, but it exhibits obvious polarization characteristics. It is necessary to strengthen the interaction of talents 
between cities to form secondary central units in BTH.

Keywords Beijing-Tianjin-Hebei agglomeration, Inter-city commute, Network, Urban agglomeration structure, Multi-
center pattern

1 Introduction
In the context of ongoing economic globalization, 
regional competition, urbanization, and the strength-
ening of the transmission of resources, cities are 
increasingly involved in more intensive forms of urban 
agglomerations through different “flows” to improve 
their competitiveness. Inter-city commuting is an 
intuitive reflection of the flow of multiple elements 
which reflects the degree of connection between cit-
ies. Among the five major regional development strate-
gies in China, three are related to urban agglomeration, 

and the Beijing-Tianjin-Hebei integration strategy is 
one of them. The analysis of inter-city commuting is of 
great significance for studying urban network connec-
tions and the degree of integration of Beijing, Tianjin, 
and Hebei agglomeration (Dang et  al., 2009). With the 
progress of advanced communication and transporta-
tion technologies, new data, such as mobile phones and 
the internet, makes it possible to analyze urban space 
directly through massive data on individual commut-
ing activities (e.g., Dang et al., 2015). Castells (1996) has 
proposed the “space of flows” which form new city struc-
ture. With the support of infrastructures such as intercity 
railways, airline passenger transportation, the use of the 
internet, and so on, new spatial systems will replace the 
traditional site structures, and the material boundaries 
of cities will become increasingly blurred through the 
shrinking of spatial and temporal frameworks. As this 
trend, the functional activities that initially existed in 
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one city will spread to other cities, and the connections 
between urban agglomerations must be afforded greater 
importance.

Therefore, how to construct a method that uses spa-
tiotemporal big data to comprehensively evaluate the 
structural characteristics of urban agglomerations and 
apply the results to spatial planning has great practi-
cal significance. This study attempts to use commuter 
data and network analysis methods to understand the 
structural characteristics of urban agglomerations from 
the four aspects: network’s overview structure, multi-
center structure, hierarchical structure, and cluster 
characteristics. Then this research conduct compara-
tive analysis between network analysis results and exist-
ing policies and plans of Beijing-Tianjin-Hebei urban 
agglomeration(BTH) to provide suggestions for the 
future development of this area.

We consider that our analysis is novel and useful in the 
following sense. Firstly, it provides a quantitative method 
for analyzing the overview of agglomeration’s structure, 
multi-central structure, hierarchical structure, and clus-
tering characteristics based on networks analysis using 
commuter data. Secondly, the structural characteristics 
of the urban agglomeration are analyzed through the case 
study of the Beijing-Tianjin-Hebei urban agglomeration; 
thirdly, for practical applications of commuter data, the 
network analysis results of the BTH are discussed with 
existing policies and plans to provide useful suggestions 
for the future development.

2  Literature review
It is generally believed that commuting reflects func-
tional connections within or between cities (Rain, 1999). 
In recent years, the relationships between central cities 
and surrounding cities and towns have been analyzed in 
terms of work-life relationships reflected by commuting 
connections (Kloosterman & Lambregts, 2001; Vasanen, 
2012; Parr, 2004 ). These researches have been studied 
according to two main aspects as following.

The first is the network structure of urban agglomera-
tion based on cross-city commuting connections. The 
spatial structure, spatial interaction, and degree of con-
nection for “megacities” have become a general approach 
to regional urban research. For example, De Goei et  al. 
(2010) studied the multi-center structure and urban net-
work development of cities in southeast England through 
a commuting model. Similarly, Limtanakool et al. (2009) 
studied the development speed and development char-
acteristics of Dutch urban systems based on multi-year 
changes in commuting and leisure traffic. Hall and Pain 
(2006) also analyzed the commuting distributions of 
eight megacity areas in Europe, revealing the internal 
structure of “flow” among the megacity areas and urban 

cyberspace connections. In addition, Niu et  al. (2017) 
identified the workplaces and residences of Shanghai 
residents using mobile phone signaling data. This allowed 
them to obtain connection data regarding employment 
density and commuting patterns, and they analyzed the 
development of nine new suburban towns in Shanghai 
from the perspective of the spatial relationship between 
workplaces and homes.Through an in-depth investiga-
tion and visit to the three new towns in Nanjing, such as 
Dongshan, Xianlin, and Jiangbei, Yang (2010) identified 
the spatial interaction mechanisms between the main 
cities and the new cities based on a questionnaire sur-
vey. The interaction relationships play a vital role in the 
spatial development of the new cities. At the same time, 
the structure and functional layout of the new cities also 
affect the spatial distribution of commuter flow. Wang 
(2023) et  al. took the central urban area of Nanning as 
the research object, constructed the commuter flow on 
the grid-block-street scale, and systematically analyzed 
the distribution characteristics of commuting space. they 
explored the influencing factors of commuting volume 
through geographical detectors combined with multi-
source spatio-temporal data.

Second, it is productive to study the development of 
the regional integration process manifested in terms of 
commuting patterns. Through a case study of European 
urban areas, Decoville et al. (2010) analysed the process 
of spatial integration in ten European cross-border met-
ropolitan regions on the basis of three indicators, relat-
ing to flows of cross-border commuters, gross domestic 
product and the housing market. their work showed 
that strong economic interactions have an impact on the 
cross-border integration of communities. Möller et  al. 
(2018) analyzed the difference between cross-border 
commuting and international commuting in Sweden, and 
how cross-border mobilities affected spatial integration. 
They conclude that the border region is characterized by 
integration through specialization. O’Clery et  al. (2019) 
use commuter data to analyze the integration of labor 
markets. They develop a network-based model to find the 
relationship of commuting times and city scale.

Also there is now an increasing momentum in the 
analysis of networks and flows in cities using data that 
are collected routinely from digital sensors that pertain 
to the movements of travelers (Zhong et  al., 2014). For 
instance, statistical analysis of different types of transpor-
tation data is being conducted in many cities (Liu et  al. 
2009, Munizaga & Palma, 2012). In cities such as London, 
real-time smart card (the ‘Oyster-card’ in London) data 
of individual person movements are analyzed to identify 
the polycentric structure and organization of the central 
city (Roth et al., 2011). Zhong et al. (2014) developed an 
integrated method based on network science and spatial 
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analysis to detect changes in urban spatial structure by 
utilizing new data sources such as smart card data.

Generally speaking, research on dynamic commuter 
flow has focused on the network structure of urban 
agglomeration and the degree of connection within or 
between cities. In this respect, spatial distance is no 
longer the primary concern. Although there are many 
studies on urban structure based on commuter flow, 
most of them focused on identifying the center struc-
ture of urban agglomeration networks and judging the 
degree of regional integration development. There is a 
lack of systematic analysis methods and practical use of 
structure analysis using flow data. This study attempts 
to explore a complex network analysis method based on 
commuter flows, and uses the network analysis results 
to evaluate the spatial structure characteristics of urban 
agglomerations. At the same time, the analysis results are 
compared with the policies and spatial planning to pro-
vide new ideas for urban agglomeration’s planning evalu-
ation. This study takes the BTH as an example, treats it as 
a large region, studied its cross-city commuters’ behavior, 
discovers spatial connection characteristics, and analyzes 
the implementation of large-scale regional planning. 
These works are important to the containment of “urban 
diseases”1 in Beijing and the integrated development of 
the BTH.

3  Data and its characteristics
3.1  Study area and data
Our study area is Beijing-Tianjin-Hebei agglomeration(BTH)
which have 2 municipalities (Beijing and Tianjin) directly 
under the Central Government, and 1 province Hebei 
including 12 prefecture-level cities. The land area of BTH 
is 218,000  km2, and the population is more than 110.1 mil-
lion (2021, year corresponds to the commuter data that fol-
low). BTH is one of China’s important economic, cultural 
and political centers, and its development prospects have 
attracted much attention. By analyzing the commuter net-
work of BTH, we can obtain conclusions about the agglom-
eration’s structure characteristics on commuting. This 
allows for a more robust assessment of the spatial structure, 
which may have broader implications on other large urban 
agglomerations.

The commuter flow data of 2021, is provided by Baidu 
Huiyan (https:// huiyan. baidu. com/), Data accuracy is 
1000*1000 grid. The home and workplace locations that 
make up the commuter flows in this dataset are inferred 
using a machine learning method based on millions of 
users’ trajectory data collected from many smartphone 

apps including Baidu Maps, DiDi, etc. The approach to 
workplace identification is to analyze the long-term loca-
tion service requests uploaded by users during working 
hours. The first step is to identify the locations with the 
longest occupation hours during daytime hours from 
Monday to Friday. We can then comprehensively judge 
whether the identified places are suitable for work using 
criteria such as urban functions (office spaces, commer-
cial property, etc.) and population density. Our approach 
to identifying residential locations is similar. Since we 
can identify workplaces and homes for users, we can also 
infer the OD data for those users.

Commuting OD data are mined based on artificial 
intelligence to obtain the user’s residence and work place, 
with an accuracy rate of more than 90%, and all steps of 
data processing are anonymized, and the output does not 
involve individual privacy, so this data product is highly 
reliable. (Lu et al., 2020) Each row of the data represents 
a pair of commuter flow, including fields such as the 
OD grids’ ID, coordinates, the name of prefecture-level 
city, the name of county, and the corresponding number 
of commuters, as shown in Table 1. There are a total of 
962,840 pieces of original data. Statistics are based on the 
names of counties a total of 22,597 pieces of data were 
processed, involving 8,992,380 commuters.

The inter-city commuting flow data were selected and 
defined as the person’s residence and work place are 
across counties. 408,100 cross-city commuting popula-
tions were finally identified, forming a spatial interaction 
network with 199 nodes and 22,447 edges. This network 
is relatively dense.

3.2  Characteristics of inter‑city commuter data
Work-life data is a typical example of spatiotemporal 
“big data” reflecting the degree of connection between 
people’s residences and workplaces. The degree of 

Table 1 Attributes description of commuter flow data

Field Type Description

ID String Unique grid id(home/work)

PrefectureLiving String Prefecture’s name of residence

CountyLiving County’s name of Residence

Home_lng Float Longitude of residential grid center

Home_lat Float Latitude of residential grid center

PrefectureWorking String Prefecture’s name of workplace

CountyWorking String County’s name of workplace

Work_lng Float Longitude of workplace grid center

Work_lat Float Latitude of workplace grid center

Popu Int cross-city commuting population 
between residence and workplace

1  Big cities in China are on the brink of a major shortfall in resources and 
infrastructure capacity, under a problem termed “urban diseases”.

https://huiyan.baidu.com/
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connection between cities can be reflected through the 
work-life transits and, therefore, it can show the structure 
of urban agglomeration. Cross-city work-life information 
has the following characteristics:

First, in contrast with cross-city migration or regional 
flow data, cross-city commuting big data accurately 
reflects the cross-city flow of people with repeat-
ability and definite purpose over a discrete period of 
time, which has the characteristic of stability. Resi-
dential and work attributes in the data highlight the 
different needs of people for life and work functions 
in the region. It is an intuitive expression of mutual 
communication and coordination among urban clus-
ters. Commuter data can, to some extent, represent 
the stable urban agglomeration structure.
Second, cross-city work-life data represents a network 
composed of the inflow and outflow of people work-
ing and living cross-city. This cross-city communica-
tion network has the characteristics of a shared data 
network. As nodes of the data network, cities, and 
towns usually have attributes such as in-degree, out-
degree, centrality, etc. As edges between nodes, con-
nection relationships usually have characteristics of 
differences in terms of weight, and these factors are 
often introduced into the analysis and research of data 
networks (Büttner et al., 2015; De Montis et al., 2007).
Third, as the data networks in a real geographic coor-
dinate system, the spatial distances between nodes 
have practical significance. Commuting time based 

on real road distances can reflect the cost of cross-
city commuting, which is a significant factor for 
work-life commuting networks (Table 2).

3.3  Data preparation
Based on the commuter flow network, with counties as 
statistical units, the inflow density, outflow density, inflow-
outflow ratio, inflow mean distance, outflow mean dis-
tance, weighted centrality degree of each unit are calculated 
respectively, as well as the number of permanent residents 
and capita GDP. Part of the summery results are showed in 
Table 3. Visualize the above table data, as shown in Fig. 1.

4  Methods
Considering the development needs of urban agglom-
erations and the characteristics of relevant data, our 
approach includes four steps (Fig. 2):

(1) Delimiting spatial units. It is essential to select appro-
priate spatial units based on research objectives and 
needs and to divide other multi-source data, such as 
cross-city work-life data, across each spatial unit. The 
division of units should fully ensure comparability. 
In analyzing the Beijing-Tianjin-Hebei agglomera-
tion, this paper mainly selects each city’s district and 
county administrative divisions as the spatial units. 
In order to better reflect internal relationships, we 
selected district and county units with finer spatial 
granularity where the statistical data were easy to 

Table 2 Correlation of factors related to urban agglomeration networks and commuting data

urban agglomeration network Cross‑city commuting data

Related factors Centrality, Degree(in/out)etc. Commuting distance, Commuting time, Density 
of Commuters, Inflow and outflow ratios, etc.

Spatial scale Prefecture-level or county-level Relationships between life and work

Research goal Network structure and characteristics Relationships between cities, work-life balance, etc.

Table 3 Part of summary data

Name ID Outflow Density Inflow Density Ratio of 
Inflow and 
Outflow

Outflow 
mean 
distance

Inflow mean 
distance

Weighted
degree

permanent 
population 
2021(Thousand)

Capita GDP

Beijing
Yanqing

11 0.050174 0.039737 0.791984 25.018599 20.727778 32,098 35.7 5.470308

Beijing
Xicheng

202 0.162821 0.356371 2.188729 88.85429 229.629683 590,322 113.7 44.03958

Beijing
Tongzhou

5 0.185435 0.103103 0.556006 276.094465 182.499763 483,301 167.5 6.323582

Beijing
Shunyi

6 0.120345 0.084793 0.704583 141.086276 114.21666 251,910 122.8 16.22883
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obtain. This study identified the workplaces and liv-
ing spaces of individuals crossing districts and coun-
ties as cross-city commuting populations.

2) Selecting the analysis factors. It is necessary to 
summarize the analysis factors selected in previ-
ous cross-city commuting studies and to select data 
with relevant factors in combination with the char-
acteristics of inter-city commuter data and network 
structure indices. Finally, this study utilizes the 
total inflow, total outflow, input distance, output 
distance, and centrality as preliminary analysis fac-
tors. We define the migration behavior of those liv-
ing locally and working outside as outflow and the 
migration behavior of those living elsewhere and 
working locally as inflow. The concept of our analy-
sis factors is as follows: the total inflow and outflow, 
respectively, represent the total input population of a 
spatial unit (living in other spatial units but working 
locally) and the total output population (living in a 
local spatial unit but working elsewhere). The input 
and output distances respectively represent the lin-
ear distance of starting point of the migrant input to 

a spatial unit and the linear distance of starting point 
for the migrant output from a spatial unit. This fac-
tor represents the influence range of the input and 
output of spatial units across the city. Outflow and 
inflow ratios refer to the ratio of the total outflow to 
the total inflow for a spatial unit, indicating that the 
spatial unit is preferred by those living or working 
cross-city. Centrality (i.e. the degree centrality in the 
context of network analysis) indicates the propor-
tion of total inputs and outputs in relation to a spa-
tial unit to the total number of connections for the 
whole region. This factor represents the importance 
of particular spatial units within the overall migra-
tion network.

Considering that the forms of the spatial units 
selected in this study are not unified, however, the scale 
of the unit itself has a great impact on the factor level. 
Further standardization can be used to obtain six fac-
tors: inflow density, outflow density, outflow and inflow 
ratio, weighted centrality, inflow mean distance, and 
outflow mean distance.

Fig. 1 Distribution of each factor
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In addition, it is necessary to consider the factors 
reflecting the other characteristics of spatial units, gen-
erally referring to factors such as economy, culture, and 
public services. Therefore, it is crucial to select economic 
developments and the other factors reflecting spatial units 
to reflect the characteristics of the spatial units at an over-
all level. 

(3) By calculating selected factors to analyze the struc-
ture of agglomeration, including overall situation, 
polycentric features, hierarchical and clustering 
features.

(4) We compare the network analysis result with the spa-
tial planning and policies to promote suggestions for 
urban agglomeration development.

5  Results
5.1  Overview of spatial structure
We analyzed network structures using the social net-
work analysis software Gephi (results shown in Table 4). 
Through the general analysis of the network structure, 
we conclude that the scale of the Beijing-Tianjin-Hebei 
commuting network is 22,447, and the network density 
is 0.57. The Beijing-Tianjin-Hebei area is a spatial region 
with 199 nodes, and the maximum network scale that 
can be achieved is 39,601, indicating that the network 
density of the Beijing-Tianjin-Hebei commuter flow is 
relatively high.

The centrality of the network for Beijing-Tianjin-Hebei 
commuter flow is 112.8, which means that a point has 
a connection with an average of 113 other points in the 
network. This indicates that the interaction between net-
works is greater.

Fig. 2 Research framework
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The mean in-degree centrality and out-degree central-
ity are 113.1 and 146.6 respectively, and their coefficients 
of variation are 0.29 and 0.46. The difference of in-degree 
centrality is relatively small, indicating that the network 
node traffic outflow is relatively balanced. The coefficient 
of variation of out-degree centrality is high, indicating that 
the outflow of each node in the network is obviously con-
centrated, and presenting characteristics of polarization.

Weighted centrality degree reflects the importance of 
a node in the network, and the weighted average degree 
of the commuter network is 45,180. The weighted in-
degree centrality and weighted out-degree centrality are 
44,045 and 60,358 respectively, and their coefficients of 
variation are 1.93 and 1.94 respectively. The weighted in-
degree centrality reflects the importance of a node as a 
work point in the commuter network, and the weighted 
out-degree centrality reflects the importance of a node as 
a residential point in the commuter network. The coef-
ficients of variation indicate there are big difference of 
volume among nodes as a cross-city work or residential 
place.

The average path length of the commuter network is 
1.42, which means most nodes are connected through 
1 to 2 intermediate nodes. Therefore, commuter con-
nections are mainly short-distance node connections, 
reflecting structural characteristics of high accessibility 
and small separation between nodes.

The clustering coefficient of the commuter network 
is 0.732. The larger the clustering coefficient, the more 
likely the network is to contain a small group structure. 
This indicator shows that the commuter network in 
Beijing, Tianjin and Hebei exhibits obvious clustering 
characteristics.

5.2  Formation of multi‑center structure
The Beijing-Tianjin-Hebei urban agglomeration presents 
multi-center and two-way functional connections. The 

balanced distribution of functional connections between 
cities represents balanced development. If the two-way 
functional connection between cities is relatively bal-
anced, it can be regarded as functional equalization. 
Multi-centered networks, while obviously imbalanced, 
can be regarded as single flows of factors and single cent-
ers of functions (Burger et al., 2011).

First, Beijing-Tianjin-Hebei urban agglomeration has 
gradually formed a structure with Beijing as the main 
core and prefecture-level cities such as Tianjin, Shiji-
azhuang, and Baoding as secondary cores. This view can 
be proved by the following three aspects of analysis.

(1) From the perspective of density distribution, areas 
with high cross-city inflow and outflow popula-
tion density show high spatial agglomeration and 
polycentric characteristics. High-density areas are 
concentrated in the central urban areas of pre-
fecture-level cities such as Beijing, Tianjin, Shiji-
azhuang, Zhangjiakou, Qinhuangdao, Tangshan, 
Baoding, etc. (Fig. 2a and b).

(2) From the total number of cross-city work-living 
functional connections among counties and the 
weighted central degree of counties within the 
Beijing-Tianjin-Hebei area, the structure of urban 
agglomeration can be examined. Cross-city com-
muting with a high level of flow exists in a small 
number of cities. Beijing, Tianjin, and Shijiazhuang 
are the areas with the most intensive cross-city 
flow, and a multi-center structure is forming there. 
Cross-city commuting within Beijing is particu-
larly obvious and, secondarily, there is greater 
cross-district commuting population between the 
central urban areas of Tianjin, Shijiazhuang, Baod-
ing, Handan (Fig.  3). In addition, the connection 
between Beijing and Langfang, Shijiazhuang and 
Cangzhou is obviously closer than others. Weighted 
in-degree centrality reflects the importance of a 
node as a work place in the commuting network. 
The top three weighted in-degree centralities are 
Beijing Chaoyang District, Beijing Xicheng District, 

Table 4 Network index of commuter flow

Index value Description

Network Density 0.57 An important indicator to measure the relationship between nodes

Mean network degree 112.8 The average of centrality degree of all nodes, reflecting the average connectivity of the nodes

Mean network weighted degree 45,180 The average of weighted degree of all nodes, reflects the node centrality of the network

average path length 1.42 The average of shortest distance between two nodes, reflects the average dispersion 
of the network and the “small world effect”

Clustering coefficient 0.73 Reflects the clustering characteristics of the network and measures the degree of close con-
nection of nodes in the network

2  The value range is between 0 and 1. The closer the value is to 1, the 
stronger the clustering between nodes. The closer the value is to 0, the 
weaker the clustering between nodes.
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and Beijing Haidian District. They are the three dis-
tricts and counties that attract the largest number 
of jobs, with weighted in-degree values accounting 
for 9.23%, 4.62%, and 4.20 respectively. Weighted 
out-degree centrality reflects the importance of a 
node as a residence. The top three are Beijing Haid-
ian District, Beijing Chaoyang District, and Beijing 
Tongzhou District. It shows that these nodes play 
an important role in resource allocation and are 
mainly concentrated in the central area of Beijing 
(Fig.  4). But the network structure is not obvious. 
There is a low level of connection between sub-
centers, such as between the counties of Beijing and 
either Tianjin or Hebei.

(3) From the view of commuting distance. The aver-
age inter-city commuting distance is mainly within 
40 km (please see Fig.  5). The distance and quan-
tity of moves in cross-city commuting a significant 
negative correlation with a noticeable apparent 

downward trend. The moving distance for cross-
city commutes is less than 40 km, and cross-city 
working-living tends to carry out short-distance 
travel activities from the overall level. Short-dis-
tance moving behaviors with distances less than 20 
km mainly occur between urban districts. Taking 
Beijing’s Haidian, Chaoyang, Xi’cheng, Fangshan, 
Fengtai, and Tongzhou as examples, the short-dis-
tance cross-city commutes between districts and 
counties within the same prefecture-level city are 
obvious (Fig.  5). Long-distance moves of greater 
than the standard quartile within the full sample 
mainly occur between the cities of Handan and 
Tianjin or Beijing, indicating that, as the core city 
of the Beijing-Tianjin-Hebei area, Beijing, Tianjin 
attracts more people from more distant cities.

The average value of the inflow and outflow ratio 
for cities with large cross-city commuting volumes in 
Beijing, Tianjin, and Hebei is 0.96 (please see Fig.  2e). 
The two-way commuting between other cities is rela-
tively similar. The commuting inflow is greater than the 

Fig. 3 Inter-city commute relation
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commuting outflow, indicating that the cities with close 
cross-city commuting connections are not providing 
either employment or residence alone but rather there 
are two-way resource exchanges between cities. The 
inflow and outflow ratio for Dongcheng District, Xicheng 

District, etc. in Beijing, Rongcheng City in Baoding, and 
Caofeidian City in Tangshan is greater than 1.5, indi-
cating that there is more of an inflow of people in these 
areas and more people tend to work there. Outflow pre-
dominates in Changping District, Mentougou District, 

Fig. 4 Weighted degree and total commute population

Fig. 5 Histogram of commuting distance between Beijing-Tianjin-Hebei cities
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Fangshan District, Tongzhou District in Beijing, Dingx-
ing City in Baoding, and Gu’an City in Langfang, indicat-
ing that more people tend to live here. Large cities mainly 
provide more employment opportunities. For example, 
Beijing and Shijiazhuang is relatively higher which means 
they provide more working opportunities. At the same 
time, Langfang and Cangzhou are dominated by residen-
tial use, with a greater outflow of population than inflow 
(Fig. 2e).

5.3  The network is highly hierarchical and exhibits 
non‑homogeneous development

In order to analyze the hierarchical structure of the 
commuter network, the weighted in-degree central-
ity and weighted out-degree centrality of each node in 
the network and their order were taken as logarithms. 
Regression analysis of rank-size for weighted in-degree 
centrality of commuter networks was performed. The 
scale goodness of fit  (R2) is 0.94, and the value of |a| is 
1.20 (Fig. 6-a); the scale goodness of fit  (R2) of out-degree 
rank-size regression analysis is 0.94, | The values of a| are 
1.22 respectively (Fig. 6-b). It can be seen that |a| is both 
greater than 1, indicating that the weighted in-degree and 
out-degree centrality distributions of nodes in the net-
work have obvious hierarchical characteristics. The in-
degree centrality of core nodes plays an important role 
in the commuter network. The homogenization phenom-
enon is obvious.

5.4  The network has obvious clustering characteristics 
and presents a small community structure

Combined with the data characteristics of cross-city 
commuting behavior and the structural characteristics of 
network data, this paper analyzes factors such as inflow 
density, outflow density, mean inflow distance, mean 
outflow distance, weighted degree of centrality, ratio of 
inflow to outflow, and capital GDP. In testing the cor-
relation between factors including, inflow density, and 

outflow density, mean inflow distance and mean outflow 
distance is, and outflow density, mean inflow distance, 
and mean outflow distance all have strong relationships, 
so only inflow factors are retained. The distribution of the 
five retained factors is shown in Table 5.

The cluster analysis of 199 spatial units in the Bei-
jing-Tianjin-Hebei agglomeration was done using the 
k-means clustering method. We found that when cluster-
ing was fixed to 4 categories, the aggregation coefficient 
tends to be stable, and the characteristics of each cate-
gory were the most clear-cut. Therefore, this study selects 
four categories for classification. The classification results 
are named A-D. The values of each classification cluster 
are shown in Table 5, and the distribution status is shown 
in Fig. 7.

Class A is the area to be developed in the Beijing-
Tianjin-Hebei agglomeration, accounting for most of the 
spatial units. The per capita GDP in this unit is relatively 
low and overall, the region is underdeveloped. The pro-
portion of cross-city inflow is among the lowest, and the 
ratio of inflow to outflow is relatively balanced. In addi-
tion, the weighted centrality level is extremely low. This 
class’s level of exchange with the surrounding units is 
limited, and cross-city commuting is also limited to short 
distances. This context cannot attract people from dis-
tant units to work or live here.

Fig. 6 Weighted in-degree and out-degree logarithmic order-size distribution of commuting network

Table 5 Final cluster centers

Cluster

A B C D

Inflow Density 0.04 0.23 0.18 0.20

Capital GDP(ten thousand RMB/
person)

4.08 22.49 9.19 17.56

Inflow Mean Distance(KM) 16.50 600.50 77.70 215.24

The ratio of Inflow and Outflow 0.93 1.76 1.04 1.15

weighted degree 34,451 1,210,152 239,226 575,390
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Class B and D units belong to the core areas, which are 
obviously concentrated in Beijing. The per capita GDP of 
this unit is significantly higher than that of other units. 
It has a developed economy, high weighted centrality, 
and long migration inflow and outflow distances, which 
shows that people are attracted from distant spatial units 
to live or work here. Theimmigration into Class B units 
is significantly greater than emigration, indicating that 
there are more jobs to attract more people living in the 
surrounding areas to work here. As commercial and sci-

entific research is concentrated in areas in the country, 
Haidian and Chaoyang also exhibit these features. Immi-
gration and emigration for Class D are relatively bal-
anced, showing that people are attracted to live and work 
here by virtue of the class’s advantages.

Class C has a high level of connection to be devel-
oped in the Beijing-Tianjin-Hebei area, mainly in terms 
of a prefecture-level downtown area and a new national 
area, Xiong’an. The per capita GDP here is higher than 

surrounding units, and the cross-city work-life input and 
output density is higher. The average distance between 
immigration and emigration is mostly at the middle and 
lower levels, which are only capable of attracting the sur-
rounding population with a low-weight centrality. This 
class belongs to the secondary development centers in 
urban agglomerations and needs to be further enhanced 
in terms of connections with surrounding regions.

6  Discussion and conclusions

The coordinated development of Beijing, Tianjin and 
Hebei is a major regional strategy deployed and pro-
moted by Chinese General Secretary Xi Jinping. It first 
occurred in the government work report of March 5, 
2014. The purpose is to strengthen economic cooperation 
around the Bohai and Beijing-Tianjin-Hebei areas. The 
Political Bureau of the CPC Central Committee held a 
meeting on April 30, 2015, to review and adopt the plan-
ning outline for the coordinated development of Beijing, 

Fig. 7 Cluster divisions
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Tianjin, and Hebei. In this outline, they adopted the con-
cepts of “one core, two cities, three axes, four districts, 
and multiple nodes” in supporting the spatial layout of 
the Beijing-Tianjin-Hebei area. The “one core” refers to 
Beijing, and the “two cities” refers to Beijing and Tianjin, 
which are the main engines for the coordinated devel-
opment of Beijing, Tianjin, and Hebei. “Multiple nodes” 
includes regional central cities such as Shijiazhuang and 
node cities such as Qinhuangdao. This approach makes 
the comparison between planned spatial structures and 
the network formed by the connection of workplaces and 
residences, and in discussing structural optimization, we 
provide the following suggestions for Beijing-Tianjin-
Hebei urban agglomeration:

6.1  “One core and two cites” has been formed, 
though non‑capital functions need further evacuation

According to the analysis of the existing planning, Beijing 
is the core city of Beijing-Tianjin-Hebei Urban Agglom-
eration, and the “Beijing Overall Plan (2016–2035)” is 
also determined to build a world-class urban agglomera-
tion with the capital as its core (please see Figs. 8 and 9). 
Through network analysis, we have found that Beijing 

has an obvious core position in the Beijing-Tianjin-Hebei 
area, which has the most intensive workplace-home pop-
ulation exchange and the widest radiation range.

Attention should be paid that the coordinated devel-
opment of Beijing-Tianjin-Hebei is to relieve Beijing’s 
non-capital functions. Focusing on solving the problem 
of “big city disease” in Beijing, a plan and policy system 
have formed for alleviation, and promoted the construc-
tion of the first batch of universities, hospitals, and state-
owned enterprise headquarters in Xiong’an New Area. 
At the same time, we have also issued regulations on 
household registration, investment, and alleviation to 
Xiongan’s policies on wages and income of employees or 
companies. On the other hand, the construction of Bei-
jing’s sub-center city was promoted, and Tongzhou will 
build a city sub-center administrative office area with 
supporting education, medical, cultural and other facili-
ties. It is expected to take over and relieve some of the 
functions of Beijing. It can be seen from the commuter 
network structure that Xiongan has developed rapidly 
since its construction in 2019, and has formed a regional 
commuter node by 2021. Xiong’an includes Xiongxian, 
Anxin, and Rongcheng, with weighted centralities of 

Fig. 8  Policy spatial structure
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32,486, 32,401 and 48,051, both in the top 100 among 
199 counties. The Tongzhou Sub-center began planning 
and construction in 2012. After nearly ten years of devel-
opment, it gained some achievements. The weighted 
centrality is 483,301, ranking seventh in the whole net-
work, with an outflow weighted centrality of 310,604 and 
an inflow weighted centrality of 172,697. It ranks higher 
among the agglomeration, tending to provide rensi-
dences. In addition, we also found from the results of our 
cluster analysis that the most important places provid-
ing work are Haidian and Chaoyang of Beijing. To better 
balance the structure of urban agglomeration, we should 
strengthen Tianjin and Hebei’s capability of undertaking 
non-capital functions for Beijing, creating more employ-
ment opportunities.

Tianjin has also basically taken on this pattern, how-
ever, compared with Beijing, it still has defects in terms 
of scale and connection scope, and its connection with 
Beijing is weaker. Tianjin’s level of integration must be 

further improved, as well as the degree of cooperation 
among its public services and industries.

6.2  The strength and breadth of ties in the Bohai Rim area 
must be improved

Apart from Beijing serving as the core of the Beijing-
Tianjin-Hebei area, the coordinated development of 
Bohai Rim is also particularly important. The Bohai Rim 
area is the subject of future planning, however, from the 
perspective of existing network connections, it mainly 
serves as an axis connection between the Tianjin urban 
area and Beijing (please see Fig.  10). There are no net-
work connections along the Bohai Rim, and there is a 
low level of personnel exchange. In contrast, within the 
Bohai Rim, there is no city with a more significantly 
weighted center in the Beijing-Tianjin-Hebei, indicating 
that the region also lacks regional nodes. Therefore, from 
a comprehensive perspective, this coastal area has not 
formed a sound network structure, and the cooperative 

Fig. 9 Commuter network structure
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connections within the Bohai Rim in the Beijing-Tianjin-
Hebei region should be strengthened.

6.3  The polycentric structure has initially taken shape, 
but exchange of talents between regional central cities 
should strengthen

The network density of 0.57 for the Beijing-Tianjin-
Hebei is relatively high, which stems from the prelimi-
nary formation of its network structure. The regional 
personnel flow between nodes is also two-way and 
relatively balanced. However, the position of certain 
regions’ central cities in urban agglomerations is not 
prominent, and the cities in Hebei have a relatively 
lower level of flattening. Except Beijing and Tianjin, 
most of the other urban areas have a low weighted cen-
trality in the network. Regarding planning, cities like 
Shijiazhuang, Tanshan, Baoding, Handan, etc., are the 
regional centers, and cities like Qinhuangdao, Cang-
zhou, Xingtai, etc., are node cities. Regarding our net-
work results, Baoding, including Xiong’an, increasingly 

demonstrates its position in the urban agglomeration, 
and Tangshan and Handan have also formed a con-
nected network around its central urban areas. As the 
provincial capital city, Shijiazhuang did not match its 
weighted centrality in the urban agglomeration, which 
should depend on the Beijing-Baoding-Shijiazhuang 
Development Axis to accelerate cooperation with sur-
rounding areas, especially with Beijing. Cities like 
Qinhuangdao, Cangzhou, and Xingtai, which have not 
formed prominent central units in the urban agglom-
eration, should enhance the attractiveness of the city 
through improving the urban environment, the qual-
ity of facilities, and cultural construction, and speed up 
talent cooperation with surrounding cities.

This study uses the spatial-temporal big data of com-
muter flows, selects appropriate factors for network anal-
ysis, analyzed the overall structure, polycentric structure, 
hierarchical structure and clustering characteristics of 
the urban agglomeration. Then we compared it with the 
existing Beijing-Tianjin-Hebei development policies and 

Fig. 10 Bohai rim structure
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planning plans. The analysis found three views. First, 
although the “one core, two cities” pattern has been basi-
cally formed, and the decentralization of non-capital 
functions has achieved certain results, Beijing is still the 
absolute core of the region in terms of employment and 
residence, and its functions of non-capital need to be fur-
ther decentralized. Second, as the Bohai Rim region is an 
important economic coordinated development area in 
the country, the intensity and breadth of talent connec-
tions in its cities need to be improved. Third, although 
the polycentric structure of Beijing-Tianjin-Hebei has 
been initially formed, it is necessary to strengthen the 
interaction of talents between regional central cities and 
node cities to form secondary central units. However, this 
study is limited to the use of commuting flows and the 
discussion only at the urban agglomeration scale. There 
are research shows obvious differences in the regional 
spatial structure of the same flow at different scales (Tay-
lor et al., 2008). Also, the regional centrality represented 
by the flow of people, capital or traffic survey data in the 
same region is different (Hall & Pain, 2006). In the future, 
different types of “flow” data are analyzed at different 
research scales, the results will remain to be discussed in 
depth.
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