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Abstract Commuting zone research is critical to the understanding of the operational rules
of the metropolitan spatial structure and improving spatial performance. This study aims to
identify the main commuting centers and zones by using cellular data with Nanjing City as
the example. This study analyzes the operational features of the internal spatial structures
of the city from two dimensions by merging multi-source data, namely, commuting centers
and zones, thus achieving an understanding of the existing problems with the urban spatial
structures and their internal causes. Results showed that the commuting zones of Nanjing
are distributed in a pattern of “multiple commuting centers”, with XinjiekoueHunan Road
and Hongwu RoadeChaotiangongeShuangtang as the core, Mochou Lake as the main
commuting area, and Dongshan and Jiangpu as the secondary commuting zones. Significant dif-
ferences and similarities are discovered in our comparisons along the two dimensions of
commuting zones and centers in terms of spatial structural factors, such as land use, transpor-
tation, and commuting in the city. The similarity is shown as a common declining trend in the
values of all our indicators with the increase in the distance of commuting zones from the city
center. However, the differences are significant in terms of the clustering features of the
various parameters concerning commuting centers and zones. Specifically, four clustering pat-
terns are discovered, namely, “monocentric clustering”, “circular monocentric clustering”,
“polycentric clustering”, and “sparsely dotted distribution”. This study sheds light on the ex-
isting problems with the city’s spatial structure and proposes some overall suggestions toward
urban spatial structure improvement on the basis of these findings.
ª 2022 Higher Education Press Limited Company. Publishing services by Elsevier B.V. on behalf
of KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Urban spatial structure is the manifestation of how the
physical environment, functional activities, and cultural
values of a city relate to each other, and the quality of urban
spatial structures affects the realization of urban functions
(Zhou and Ye, 2013). The identification of urban spatial
structure could greatly contribute to the research into the
internal development mechanisms and the improvement of
the spatial performance of a city. “Urban spatial structure”
has long been a topic of great interest in several fields, such
as economy, demography, urban planning, and geography.
Many scholars have performed extensive studies on the
identification of urban spatial structures from different
perspectives. For example, scholars have carried out studies
from the perspective of urban spatial forms to analyze urban
spatial structures, central systems, and impact factors by
utilizing land use, building attributes, luminous intensity,
premature ovarian insufficiency (POI) intensity, and other
data (Liu et al., 2015; Chen et al., 2016; Luo and Li, 2019;Wu
et al., 2020; Zhang et al., 2017). Other scholars have con-
ducted research from the perspective of population scale to
explore urban residencedwork space relations, employ-
ment center systems, and urban public activity centers
based on resident population, employment, and recreation
data (Liu and Liu, 2018; Liu et al., 2018; Shi et al., 2017; Niu
et al., 2014). Meanwhile, other scholars conducted research
from the perspective of transportation and commuting to
identify the polycentric forms and functions of cities using
data on density of transportation facilities, density of road
networks, records of smart cards (used in taking buses or the
subway), questionnaires, and cellular data (Zhang et al.,
2017; Burger and Meijers, 2012; Guo et al., 2016, 2019).

Among these studies, research on urban spatial structure
from the perspective of transportation and commuting has
achieved richer findings. These studies, which primarily
identify urban spatial structures using data from trans-
portation facilities and questionnaires, have shown the
following characteristics: in terms of research content,
these studies focused on identifying the polycentric struc-
ture and urban center systems of the cities in question,
followed by an in-depth interpretation of their formation
mechanisms. With regard to research methodology, some of
these studies were conducted to identify urban spatial
structures by using transportation and road network data.
Such studies are characterized as studies of urban spatial
structure as a manifestation of static physical space, indi-
cating that they cannot accurately reflect the distribution
features of real population activity space (Ding et al.,
2019). Other studies analyzed the clustering rules of
urban spaces using individual data, such as bus smart card,
metro smart card, and taxi traffic data. These studies could
accurately manifest individual movement and urban space
utilization. However, these studies were unable to present
the full spectrum of characteristics of urban spatial struc-
ture because they concentrated on the public trans-
portation population. Nevertheless, other studies use
questionnaires and census data to identify urban spatial
structures. The availability and timeliness of such data are
poor. Moreover, the continuity of these studies is frequently
compromised by administrative division, resulting in the
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inability to reflect the rules of spatiotemporal urban pop-
ulation changes in an accurate and real-time manner. In
comparison with the first three research methods, the
mobile phone signaling data of individuals cover every
mobile phone holder; it no longer relies on sampling with
small sample sizes and can effectively shift to reflect the
general spatiotemporal patterns. Meanwhile, mobile posi-
tioning data, as a type of dynamic data, reveal the spatial
location of mobile phone holders in real-time, allowing the
spatiotemporal dynamics of an individual’s employment,
recreation activities, residence, and other activities to be
described. On this basis, mobile phone signaling data are
characterized by good spatiotemporal accuracy, extensive
coverage, and timely updates. The bottom-up research
mechanism studies the macro state of cities from a micro
perspective, presents the influence of individual acts on the
overall pattern, and minutely identifies the urban spatial
structure. However, such studies are relatively few,
particularly those in relation to analyzing the operational
patterns of urban spaces by using mobile phone signaling
data to identify commuting zones.

The preceding review indicates that the characteristics
of urban spatial structures could be analyzed from a variety
of perspectives, including urban morphology, economic
population, public facilities, and transportation and
commuting. The interpretation of urban spatial structures
from the perspective of transportation, especially through
commuting zones, is the most unique among these studies.
Commuting zones are the space scope formed by the ac-
tivity paths of urban commuting population, which could
well reflect the spatial structure and functional zoning of a
city. Just as the functional layout characteristics of a
metropolis could decide the distribution of its commuting
space to a certain degree and even the formation of the
commuting zones, the distribution of commuting space can
influence the operational rules of urban space as a whole.
In conclusion, commuting zones and urban spatial structure
are closely connected. This study is conducted to identify
the major commuting centers in Nanjing (as an example)
using cellular signal data. On this basis, the commuting
zones of the city are recognized, and the internal features
of commuting zones and their relationship with the urban
spatial structure in combination of multi-source data are
analyzed from two dimensions, namely, commuting centers
and zones, thus proposing optimization strategies for
improving the city’s spatial performance.

The remainder of this work is organized as follows:
Section 2 provides the literature review. Section 3 presents
the research methodology. Section 4 demonstrates the
analysis of the research findings from two dimensions.
Section 5 is the research discussion.
2. Relevant literature

2.1. Relevant research progress

Urban spatial structure has long been a topic of profound
research interest in disciplines, such as urban planning and
geography. The major methods and data available for the
study of urban spatial structure from the perspective of
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transportation include the following: transportation facility
density data, road network density data, public trans-
portation data, individual commuting questionnaires,
census data, and cellular signal data.

Some studies use transportation facility density and road
network density data to identify urban spatial structure and
assess urban spatial performance from the perspective of
accessibility (Sun et al., 2013; Ding, 2010). Other studies
combine transportation facility density data with other
multi-source data, such as nighttime light brightness data
and land attributes, to measure the urban structures of
various factors, thereby reflecting a city’s polycentric
characteristics and clarifying its rules of spatiotemporal
evolution (Zhang et al., 2017). Certain studies used a
combination of road network and POI data to identify the
polycentric spatial structures of cities and compare and
analyze the various component spaces in terms of clus-
tering levels and hierarchical differences (Mao et al., 2019).

The data mainly used in public transportation include taxi
passenger flow data, bus smart card data, and metro smart
card data. Liu et al. (2015) and Guo et al. (2016) proposed a
method for identifying the multiple centers of a city based on
taxi passenger flow data to analyze the relationship between
these urban centers and the functions of their hinterland.Wei
et al. (2020) clarified the characteristics of resident travel
and urban spatial structure by utilizing taxi GPS tracking big
data. Zhong et al. (2014) and Sun et al. (2015) used data on
commuting by bus and rail transportation in their study of the
relationship between the workehome space of urban resi-
dents and urban functions, showing how the opening of sub-
ways lines enhanced the stability of urban space. Long et al.
(2012) analyzed the workehome spatial structure of Beijing
using bus smart card data. Zhang et al. (2018) analyzed the
urban spatial structure of Singapore using a combination of
bus smart card data and taxi tracking data. The study sug-
gested that different types of geographic big data could lead
to the delineation of various urban spatial structures and
discovered that urban spatial structure generated using taxi
tracking data is more stable and compact.

Traditional questionnaire surveys and population census
data are more commonly used in individual commuting and
population census. Meng and Chen (2006) summarized the
spatial structural patterns of commuting in Shanghai and
clarified the relationship between these patterns and
commuting distance by analyzing the basic features of
commuting travel behaviors of residents in the city. Zhou
and Yan (2006) and Jiang and Wu (2009, 2013) studied the
characteristics of workehome space of residents in
Guangzhou by using the fifth population census data and
resident travel data. The study provided insights into the
dynamic evolutionary process of urban physical spaces by
analyzing the commuting patterns and their changes.

In response to the limitations of the above-mentioned
research methodologies, cellular signal data have been
widely utilized in the studies of urban spatial structure due
to their satisfactory spatial temporal accuracy, great
coverage scope, and fast update speed. For example,
cellular signal data were used in the research to identify
the place of employment or work of the employed (Shi
et al., 2017), and the employment density information ac-
quired was further used in the identification of urban
employment centers, their energy level, and the hinterland
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and sphere of influence of each center. Niu et al. (2014)
used cellular signal data from different time periods in a
day to determine the level of urban public centers and their
functional types (Ding et al., 2016). Yang et al. (2018)
focused their study mainly on how commuting behavior
could influence urban spatial structure and identified 13
commuting spatial communities in Shenzhen, all of which
had a polycentric internal structure. Zhou et al. (2016)
studied the dynamic changes of the urban spatial struc-
tures of Shenzhen in the different time periods of a day by
using cellular signal data and clarified how population
movement could affect urban spatial structure. According
to the study, the changes in the nature of activity con-
ducted by the population in different time periods are the
most significant driver of changes in urban spatial struc-
ture. Cellular data have been used as the primary compo-
nent in the identification of urban spatial structure.
However, existing studies mainly focused on the analysis of
the characteristics of commute travel and the interrelation
between commuting and urban spatial environment. Few
studies have delved further into the relationship between
the spatial characteristics and components of commuting
zones or the relationship between commuting zones and
urban spatial structure. Only the following studies were
conducted on urban spatial structure from the perspective
of commuting zones. Niu et al. (2014) delineated
commuting zones of Shanghai based on the number of
commuters working in its urban downtown area during
daytime and nighttime using cellular data. With these
commuting zones as the scope closely connected with
Shanghai’s downtown area, the spatial scope of the city
proper of Shanghai was re-defined and zoned. Guo et al.
(2019) further studied the relationship between
commuting zones and their component elements and the
relations between commuting zones, metropolitan spatial
structure, and spatial performance. Given that these
studies are mostly set in metropolitan cities, such as
Shanghai and Beijing, this study takes Nanjing as an
example to address this gap. This study also employs mobile
phone signaling data to identify the spatial structure of
commuting centers and commuting zones in Nanjing from
the perspective of human activities. Furthermore, this
study analyzes the correlation between intrinsic composi-
tion and the spatial structure of the city at the two-tier
scale of “commuting centersecommuting zones”. Specif-
ically, this study will answer the following questions: how
jobs are distributed and which areas have the highest
employment density. The commuting centers can be iden-
tified, and the differences in land use, transportation, and
level and distribution of job-housing factors between every
center can be understood based on the answers.

2.2. Relevant concepts

Commute refers to the regular travel between two places,
including going to work, going to school, and other travel
activities. Several types of commute are available, both
temporally and spatially. For example, some people work
only in the afternoon, while others work only at night. Some
individuals may work for 2 days and rest on the third day. To
simplify the study, the commute here is defined as commute
on an 8 h workday to a fixed place of stay, which is the most
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common prevalent type of commute (Ding et al., 2019).
Commuting centers are areas formed in people’s commute
travel, which have a higher density of employment activities
and cover a larger area. Commuting centers function as
important nodes in the urban commuting network (Ding
et al., 2019). Commuting zones are defined (Guo et al.,
2016; Lu et al., 2020) as sets of spatial scope for the pur-
pose of completing specific commute travel, with
commuting centers as the core. Moreover, commuting zones
are identified mainly to evaluate the intensity of connection
between urban employment centers and their surrounding
areas in terms of commute and transportation.

Commuting zones are not only areas with high intensity
of urban land use and high concentration of urban factors
but also areas with the most prominent intensity and de-
mand of urban activities. The study of urban commuting
zones, the assessment of the spatial concentration level and
hierarchical differences of different factors in these zones,
and the establishment of the distribution of every occupa-
tional center in a city are critical to guiding the develop-
ment and regulation of planning of urban spatial structures.
3. Research design

3.1. Data sources and cleaning

This study collected cellular signal data for 2 weeks during
November 2015 (including ten weekdays and two weekends).
Each piece of signal data contains an anonymous user num-
ber, a time stamp, and a base station number among other
information. An average of 100 million users’ signal data are
generated every day and collected in the city proper, totaling
approximately 1.4 billion records. The positions of these
users are identified through 46,000 base stations, making
such data relevant in the identification of commuting zones.

This study also uses multi-source data, including land
use data, POI data of service facilities, house price data,
bus and subway station data, bicycle sharing stand data,
and so on. Such a type of data is used for the analysis of the
internal characteristics of commuting zones.

3.2. Research approach

This study takes Nanjing as an example and identifies its
major commuting centers and commuting zones using
cellular data. Thereafter, this study analyzes and evaluates
the spatial structural characteristics of these commuting
zones from two dimensions, namely, commuting zones and
centers, in combination with multi-source data. The
research approach is specified as follows (Fig. 1):

(1) Cellular signal data were used to identify the
commuting population of the city according to the
daily commuting routine of urban residents. The
commuting population served as an indicator in the
density and local space auto-correlation analysis,
thus identifying commuting zones on a certain scale.

(2) The employed population ratio was used to identify
the commuting zones of Nanjing, with the commuting
centers as the core. Specifically, the ratio of
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commuting population traveling to the commuting
centers from other parts of the city was calculated.

(3) On this basis, multi-source data were used to analyze
the characteristics of the internal structures among
the urban spatial structure from two dimensions,
namely, commuting centers and zones. The specific
urban spatial factors involved include land use,
transportation, and commuting. The three indicators
used in the analysis of land use are degree of mixed
land use, service POI density, and house price infor-
mation. Two indicators, namely, transportation
accessibility and bicycle sharing trajectory, were
used in the analysis of the transportation element.
Two indicators, namely, average commuting distance
and degree of workehome separation, were used in
the analysis from the commuting perspective. In this
part of the study, the calculation unit for all in-
dicators, except for the two indicators of POI and
sharing bicycle trajectory, shall be Thiessen polygons.

(4) This study summarized the operational rules of the
urban spatial structures and existing problems with
these structures based on the findings acquired from
the above analyses of internal urban spatial factors
from the two dimensions. Moreover, this study further
proposes optimization strategies for the operations of
metropolitan spatial structures.
3.3. Identification of place of residence and
employment

Based on the above-mentioned research approach, this
study identified the place of residence and employment of
cellphone users through their cellular signal data. The
identification process is as follows. The cellular signal data
of two consecutive weeks were first cleaned for redundant
data, and the trajectory sequence data were marked out.
The frequency with which a cellphone user appeared in the
same place was calculated, whereby the user’s travel tra-
jectory was mapped out. The user’s places of residence and
employment were identified based on the results. The spe-
cific identification process was borrowed from previous
studies (Yan et al., 2018). Finally, the data of one particular
weekday was selected as the data source, which means that
the places of employment of around 1.7 million users and
residence of approximately 3.33 million users were identi-
fied out of the 100 million users. Approximately 1.18 million
users with employment and residence locations identified
were selected as the principal commuting population in this
study. The identification results are shown in Fig. 2.

To verify the accuracy of the above-mentioned identi-
fication method, the Spearman’s correlation coefficient
was used to test the linear correlation between the cellular
signal data and the permanent resident population, as
shown by the population census. According to the calcula-
tion, the two factors were positively correlated, with the
correlation coefficient being 0.84. The result is more
satisfactory compared with the findings of similar studies.
The accuracy in identifying the place of employment could
not be verified at the current stage due to the unavailability
of the original economic census data to the public.



Fig. 1 Framework of this study.
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3.4. Identification of commuting zones

The commuting zone in this study refers to the sets of
spatial scopes for the purpose of completing specific
commute travel, with commuting centers as the core. The
commuting centers should be first determined before
identifying the commuting zones (Fig. 3). The specific
process is as follows:

(1) Identification of Commuting Centers

First, kernel density estimation was used to calculate
the population density. With 800 m taken as the search
radius,i density calculations were carried out according to
the number of users connected to each base station (Niu
et al., 2014). Thus, the users’ spatial distribution density
results were acquired and plotted using a 200 m � 200 m
grid.

Next, local G statistics (Getis-Orid Gi*) for local spatial
autocorrelation analysis was used to conduct a spatial
clustering analysis in terms of density. The areas with a
significance level of 5% and a Z value of over 1.96 were
taken as the high-value clustering zones.

Finally, the Jenks natural break classification system was
used to classify the population density into five ranks, thus
obtaining the spatial distribution density of the commuting
population. The commuting centers were determined in
view of the density and total volume of the commuting
population through the local spatial autocorrelation
i Spatial distribution characteristic of base stations in cities: In
the city center, the coverage of base stations is 500 m in radius. In
and beyond suburban areas, the coverages of base stations are
500e1000 and above 1000 m in radius. Considering the coverage of
base stations in cities (500e1000 m in radius) and the average
distance between base stations, the 800 m search radius is taken as
the final basis for the calculations in this study.
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analysis. Referring first to Shanghai and Wuhan and the
definition of employment centers (the employment density
of such a center in Shanghai shall exceed 12,700 em-
ployees/km2, and that in Wuhan shall exceed 10,700 em-
ployees/km2) and considering the population scale of
Nanjing, this study identified five commuting centers with
an employment density of over 10,000 people/km.2

Finally, these commuting centers were ranked from
strong to weak according to their strength and sphere
of influence: XinjiekoueHunan Road > Hongwu Road-
eChaotiangongeShuangtang > Mochou Lake > Dongshan
> Jiangpu.

(2) Identification of the Commuting Zones based on the
Commuting Centers

This study adopted theemployedpopulation ratiomethod
by drawing on the definition criterion of metropolitan areas
in Japan (Wei and Zhao, 2005). According to this criterion, if
more than 10% of theworkers and students over the age of 15
from a permanent residence cityetownevillage (equivalent
to a town in China) of a city commute to the downtown area
forwork and school, then that cityetownevillage fallswithin
the city’s metropolitan area. Specifically, regions of such
cityetownevillage comprise the scope the city’s metropol-
itan area. In Japan, metropolitan areas are determined
based on commuting workers and students, indicating that
metropolitan areas are also commuting zones or areas. Given
that this method has been used by other scholars in China to
ii In terms of calculation for the degree of mixed land use, with
the Thiessen polygon derived from each base station as the
calculation unit, the land use type within an area in the original
formula is replaced with the total number of land use types within
the coverage of a base station in this study. The closer the degree
of mixed land use is to one in value, the more diversely used the
land within the coverage of a certain base station is.



Fig. 3 Identification of commuting zones and centers.

Fig. 2 Identification of residential and employment location and internal commuting network.

Y. He, X. Wu and L. Wang
identify commuting zones of Shanghai (Ding et al., 2019), this
study applied the same method to identify the commuting
zones of Nanjing. The specific process is as follows. The ratio
of people commuting from a surrounding street to the
aforementioned street to the total population of the sur-
rounding street was calculated, with the street in which a
commuting center is located as the center. Streets with a
commuting population ratio greater than 10%were selected,
Fig. 4 Degree of mixed land use in the commuting zones.
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and commuting zones were delineated based on the bound-
aries of these streets. Finally, all commuting zones ofNanjing
were mapped out.

4. Analysis of urban spatial structural
characteristics based on the identification of
commuting zones

The internal components of a commuting zone include land
use, transportation environment, commuting, and socio-
economic factors. To prevent wide time differences be-
tween other multi-source data and mobile phone signaling
data, which would easily increase the analysis bias, the
time difference between the two sources should not
exceed 3 years (e.g., point of Interest and housing price
information data used in this study were sourced from
2017, and land use mix, transport accessibility, and bicycle
sharing data were obtained from 2018). Land use factors
are measured using the three indicators of degree, namely,
mixed land use, service POI density, and house price in-
formation. Transportation environmental factors are
measured using the two indicators of transportation
Fig. 5 Service facility POI density in the commuting zones.
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accessibility and bicycle sharing trajectory. Socio-economic
factors are measured using the two indicators of
jobehousing ratio and house price. Commuting factors are
measured using the two indicators, namely, average
commuting distance and degree of workehome separation.
All the analyses were conducted from two dimensions,
namely, commuting centers and zones. In this study, the
calculation units for all indicators were Thiessen polygons,
except for the two indicators of POI and sharing bicycle
trajectory.

4.1. Characteristics of the land use factor

The land use factor was analyzed mainly by the three in-
dicators of degree of mixed land use, service facility den-
sity, and house price from the two dimensions. The degree
of mixed land use was calculated using a formula (Guo
et al., 2019) from a previous study as followsii:

HZ�
X
i

Pi � lnðPiÞ=lnðIÞ;

where Pi refers to the ratio of i type of land use in the area,
and i refers to the total number of land use types in the
area. The value range of H is 0e1. The closer H is to one,
the more diverse the land use is.

Service facility POI density was calculated through
kernel density estimation, typically with an 800 m search
radius (Chen et al., 2016; Shi et al., 2017).

The spatial distribution rules concerning the housing
price information were acquired using the Jenks natural
break classification method. The dual-scale analysis results
of the three indicators are shown in the diagrams and tables
below.

(1) Characteristics of the land use factors in the
commuting zones

In the commuting zones (Fig. 4), mixed land use is
characterized by “monocentric clustering”, that is, a high
degree of mixed land use is typically observed in the central
areas of the commuting zones, specifically Xinjiekou,
Hunan Road, and Hongwu Road. The median-value areas
are connected to each other inside the commuting zones,
covering a great area. The low-value areas are small in area
and scattered in the north of the commuting zones (the
high value is greater than 0.53, the median value is
0.43e0.53, and the low value is less than 0.43).
Fig. 6 Distribution of house price information in the
commuting zones.
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In the commuting zone (Fig. 5), service facility POI
density presents the characteristic of “circular mono-
centric clustering”. Areas with a high service facility
density include the traditional downtown area with Xin-
jiekou as the center, Dongshan in the south, and Jiangpu in
the northwest. The areas with a median service facility
density are huge in size and located in the fringes of the
downtown area. Meanwhile, the areas with a low service
facility density are small in size and mostly concentrated in
Jiangpu in the northwest (the high value is greater than
0.1365, the median value is 0.0648e0.1365, and the low
value is less than 0.0648).

In the commuting zones (Fig. 6), house prices present a
“polycentric clustering” distribution. High prices (more
than RMB 30,000/m2) are mainly concentrated in the main
urban area. The median-value areas are large in size and
connected to each other on the periphery of the main urban
area and around the commuting zones. The low-price areas
are small in size and scattered in the west (the high value is
greater than RMB 33,333/m2, the median value is RMB
21,775e33,333/m2, and the low value is less than RMB
21,775/m2).

(2) Characteristics of the land use factors in the
commuting centers

The characteristics of mixed land use of the five
commuting centers (XinjiekoueHunan Road, Hongwu
RoadeChaotiangongeShuangtang Road, Mochou Lake,
Dongshan, and Jiangpu) are shown in Tables 1e3.
4.2. Characteristics of the transportation
environmental factors

A dual-scale analysis of the transportation environmental
factors was conducted relying mainly on the two indicators
of transportation accessibility and shared bicycle trajec-
tory. Of the two indicators, transportation accessibility
provided an overall evaluation of accessibility in three as-
pects: bus, subway, and road network on the basis of the
available data. Bus accessibility was obtained by calcu-
lating the 500 m coverage of a bus stop, subway accessi-
bility was determined by calculating the 800 m coverage of
a subway station, and road accessibility was calculated by
calculating the 1 km coverage of a road (Wei and Zhao,
2005). The total weight of the three factors was taken as
the transportation accessibilityiii and calculated according
to the following formula.
iii Transportation accessibility is an overall assessment of acces-
sibility by bus, subway, and road networks. Accessibility by bus is
calculated with the coverage of bus stations being 500 m in radius,
by calculating the ratio between the 500 m coverage area of a bus
station and the area of a commuting zone. Accessibility by subway
is calculated with the coverage of subway stations being 800 m in
radius by calculating the ratio between the 800 m coverage area of
a subway station and the area of a commuting zone. Accessibility
by road is calculated with the coverage of road being 1000 m in
radius by calculating the ratio between the 1000 m coverage area
of a road and the area of a commuting zone. The total of the three
values is the transportation accessibility.



Table 1 Degree of mixed land use of the commuting centers.

Commuting Center Characteristics of mixed land use of the commuting centers

Xinjiekou commuting center presents a “contiguous patch distribution pattern” in
terms of the degree of mixed land use. The areas with a high degree of mixed land
use cover almost the entire commuting center, with areas of a low degree of
mixed land use being narrow and small and mainly scattered in the north.

Hongwu Road commuting center presents a “contiguous patch distribution
pattern” in terms of the degree of mixed land use. The areas with a high degree of
mixed land use are large in size and connected to each other in the southeast.
Meanwhile, the areas with a low degree of mixed land use are relatively small in
size and located in the southwest.

Mochou Road commuting center presents a “dot-based distribution pattern” in
terms of the degree of mixed land use. The areas with a high degree of mixed land
use are narrow and small in size and mainly scattered in the east. Meanwhile, the
areas with a low degree of mixed land use are relatively large in size and
connected to each other in patches.

Dongshan commuting center presents a “scarcely dotted distribution pattern” in
terms of the degree of mixed land use. The areas with a high degree of mixed land
use are narrow and small in size and located in the east. Meanwhile, the areas
with a low degree of mixed land use are relatively large in size and connected to
each other in patches in the northwest.

Jiangpu commuting center presents a “scattered polycentric distribution pattern”
in terms of the degree of mixed land use. The areas with a high degree of mixed
land use are narrow and small in size and mainly concentrated in the southeast.
Meanwhile, the areas with a low degree of mixed land use are relatively large in
size and connected to each other in patches in the northwest.

Y. He, X. Wu and L. Wang
Transportation accessibility Z 1/3 � (fraction of 500 m
bus coverage) þ 1/3 � (fraction of 800 m rail
coverage) þ 1/3 � (fraction of 1000 m road coverage).

The analysis of bicycle sharing trajectory relied on the
simulation and estimation of the traveling trajectory. First,
the sharing bicycle data were obtained, which consisted of
a unique individual-wise code, the coordinates of the
starting and end points of an individual ride, bike riding
speed, and so on. Thereafter, the coordinates of the
starting and end points are inputted in the open-source
platform Amap, through whose route planning function the
bike riding trajectory was simulated in combination with
the road network data. Given the universal application of
the route planning function of Amap for bike riders, this
simulated path was taken as the actual traveling trajectory
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of a user. Finally, the traveling trajectories of all sharing
bicycle users obtained in the same manner were subjected
to a density analysis. The specific analysis results are shown
in the following diagrams and tables.

(1) Characteristics of the transportation environmental
factors in the commuting zones

In the commuting zones (Fig. 7), transportation accessi-
bility is characterized by a “circular monocentric clustering
pattern”. The areas with a high transportation accessibility
are mainly concentrated in the traditional downtown area,
specifically areas around Xinjiekou, Hunan Road, and Hon-
gwu Road. Meanwhile, the areas with a low transportation
accessibility are mainly located in the fringes of commuting



Table 2 Service facility POI density diagrams of the commuting centers.

Commuting Center Characteristics of service facility POI density diagrams of the commuting centers

Xinjiekou commuting center presents a “relatively agglomerated polycentric

linkage distribution pattern” in terms of service facility POI. The areas with a high
density are mostly concentrated in the south and sometimes scattered in the north.
Meanwhile, the areas with a low density are located in the middle.

Hongwu Road commuting center presents a “scarcely dotted distribution pattern”
in terms of service facility POI. The areas with a high density are relatively small in
size and mostly concentrated in the middle and north. Meanwhile, the areas with a
low density are relatively large in size and connected to each other in patches in the
east, west, and south.

Mochou Road presents a “contiguous patch distribution pattern” in terms of service
facility POI. The areas with a high density are relatively large in size and connected
to each other in patches in the west and middle. Meanwhile, the areas with a low
density are relatively small in size and mainly concentrated in the east and south.

Dongshan commuting center presents a “scarcely dotted distribution pattern” in
terms of service facility POI. The areas with a high density are narrow and small in
size and mainly concentrated in the middle. Meanwhile, the areas with a low degree
of mixed land use are relatively large in size and connected to each other in patches.

Jiangpu commuting center presents a “polycentric clustering pattern” in terms of
service facility POI. The areas with a high density are relatively large in size and
mainly concentrated in the middle. Meanwhile, the areas with a low degree of mixed
land use are relatively large in size and mainly concentrated in the south.
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zones. Specifically, transportation accessibility declines as
the commuting zones stretch outward.

In the commuting zones (Fig. 8), sharing bicycle trajec-
tory is characterized by a “polycentric clustering
pattern”. The areas with a high density of bike riding tra-
jectory are mainly concentrated in four commuting cen-
ters, namely, Xinjiekou, Hongwu Road, Mochu Lake, and
Dongshan. Meanwhile, the areas with a low density of bike
riding trajectory are mainly located in the west of the
commuting zones.

(2) Characteristics of the transportation factors of the
commuting centers

The characteristics of the transportation factors of the
five commuting centers, namely, XinjiekoueHunan Road,
Hongwu RoadeChaotiangongeShuangtang Road, Mochou
Lake, Dongshan, and Jiangpu are shown in Tables 4 and 5.
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4.3. Characteristics of the commuting factors

The workehome spatial characteristics of the commuting
zones and centers are assessed using the two indicators of
average commuting distance and workehome deviation.

Commuting distance is obtained in the following
manner. After the commuting distance of the residents on
each Thiessen polygon (total distance between the place of
residence and place of work of all residents) was identified,
the average commuting distance of each polygon was
derived as per the total number of residents identified on
each polygon. The formula for calculating commuting dis-
tance d is as follows:

dZR,arcos½cos Y1,cos Y2,cosðX1�X2Þþ sin Y1, sin Y2�;

where R refers to radius of earth (6371.0 km); (X1, Y1)
indicate the longitude and latitude of the place of



Table 3 House price diagrams of the commuting centers.

Commuting Center Characteristic of house price diagrams of the commuting centers

Xinjiekou commuting center presents a “circular monocentric clustering

pattern” in terms of house price. The areas with high-value house prices (greater
than RMB 30,000/m2) are mainly concentrated in the middle. The other areas
boast mostly median-value (RMB 20,000e30,000/m2) house prices, with nearly no
low-value areas in this commuting center.

Hongwu Road commuting center presents a “dot-based distribution pattern” in
terms of house price. The areas with high-value house prices are relatively small
in size and mainly located in the west and north. Meanwhile, the areas with low-
value house prices are relatively great in size and connected to each other in
patches in the southwest.

Mochu Road commuting center presents a “polycentric clustering pattern” in
terms of house price. The areas with high-value house prices are relatively small
in size and mainly located in the middle. Meanwhile, the areas with median-value
house prices are greatest in size and connected in patches in the east. The areas
with low-value house prices are also large in size and mainly concentrated in the
west.

Dongshan commuting center presents a “scarcely dotted distribution pattern” in
terms of house price. Areas with high-value house prices are smallest in size and
scattered in the west. The areas with median-value house prices are relatively
small in size and connected in patches in the west. The areas with low-value
house prices are the largest in size and connected to each other in contiguous
patches in the middle.

Jiangpu commuting center presents a “scarcely dotted distribution pattern” in
terms of house price, with areas with high-value house prices scattered in middle
and those with median-value house prices mainly concentrated in the west. The
areas with low-value house prices are the largest in size and connected to each
other in contiguous patches.
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residence, respectively; (X2, Y2) indicate the longitude and
latitude of the workplace, respectively; X1 and X2 refer to
the longitude; and Y1 and Y2 represent the latitude.

The degree of workehome deviation index is calculated
by using a method proposed in a previous study (Guo et al.,
2019), and the specific formula is as followsiv:
SDZ

����
�

Employed population

Employed population in the zone

�
�
�
Residential popula

Residential p

iv In terms of calculations for the degree of work-home deviation
in the paper, with the Thiessen polygon derived from each base
station as the calculation unit, the degree of work-home deviation
equals the absolute value of the employed population to resident
population ratio minus one. This value indicates the match be-
tween the residential space and work space. The greater the value,
the worse the match.
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where the SD-value shows the degree of match between a
residential space and a work space. The greater SD-value is,
the worse the match.

(1) Characteristics of the commuting factors in the
commuting zones
tion in the zone

opulation

�
� 1

����;
In the commuting zones (Fig. 9), the average commuting
distance presents a “scarcely dotted distribution pattern”.
The high-value (greater than 15 km) areas are the smallest in
size and mainly scattered in the center and periphery of the
commuter zones. The median-value (5e15 km) areas are
relatively small in size and connected to each other in
patches. The low-value areas are the greatest in size and also
connected to each other in patches.



Fig. 7 Transportation accessibility of the commuting zones.
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In the commuting zones (Fig. 10), the degree of
workehome deviation presents a “scarcely dotted distri-
bution pattern”. The high-value (>1.0) areas are the
smallest in size and scattered in the northeast. The median-
value (0.3e0.5) areas are the greatest in size and mainly
concentrated in the middle of the commuting zones. The
low-value (<0.3) areas are scattered in the periphery of the
commuting zones.

(2) Characteristics of the commuting factors of the
commuter centers

The characteristics of the commuting factors of five
commuting centers, namely, Xinjiekou, Hongwu Road,
ChaotiangongeShuangtang Road, Mochou Lake, and
Jiangpu, are shown in Tables 6 and 7.

5. Conclusions and discussion

The analysis based on mobile phone signaling data essen-
tially examines the urban spatial structures from the
perspective of transport demand. Furthermore, the iden-
tification of commuting zones and the evaluation and
analysis of the components of the commuting zones can
Fig. 8 Sharing bicycle trav
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provide a reference for extensively understanding the
evolution of the internal spatial structure of a city,
revealing the driving mechanism of urban development and
the rational organization of urban structure. This study
aims to identify the commuting centers and zones in
Nanjing by using cellular data. Moreover, this study
analyzed the operational features of the internal spatial
structures of the city from two dimensions, namely,
commuting centers and zones, in combination with multi-
source data, to draw conclusions about their internal cau-
ses. The discussions and conclusions are specified as
follows.

5.1. Discussion: suggestions on how to optimize the
urban spatial structure of Nanjing

According to the research findings, in the operations of
Nanjing’s urban spatial structure, XinjiekoueHunan Road,
Hongwu RoadeChaotiangongeShuangtang, and Mochou
Lake commuting centers in the main city are highly clus-
tered in terms of land use and the transportation envi-
ronment, whereas the other commuting zones are not
significantly clustered or agglomerated. In particular, the
three major commuting centers of Dongshan and Jiangpu
in the sub-city present the lowest degree of clustering.
Moreover, the degrees of clustering in terms of all factors
decline with the increase in distance from Xinjiekou,
which was taken as the core, demonstrating the opera-
tional features of urban spaces of a monocentric city.
However, the spatial characteristics of the commuting
zones in terms of commuting factors present a completely
opposite distribution pattern, with commuting factors
scarcely scattered in the main city and relatively clus-
tered in the sub-city. Specifically, the areas located
farther away from the main urban area display a higher
degree of workehome separation and a greater
commuting distance. This situation compromises the
operating efficiency of the urban spaces to a certain
eling trajectory diagram.



Table 4 Transportation accessibility of the commuting centers.

Commuting Center Characteristics of transportation accessibility of the commuting centers

Xinjiekou commuting center is characterized by a “polycentric clustering pattern” in
terms of transportation accessibility. The areas with a high accessibility are mainly
concentrated in the middle. The median-value areas are connected to each other in
patches in the north, and low-value areas are scattered in the far north and south.

Hongwu Road commuting center is characterized by a “contiguous patch distribution

pattern” in terms of transportation accessibility. The areas with a high accessibility are
concentrated in the northwest and east. The median-value areas are mainly
concentrated in the west and south. Meanwhile, the low-value areas are scattered in the
south.

Mochou Road commuting center is characterized by a “dot-based distribution pattern”
in terms of transportation accessibility. The areas with a high accessibility are scattered
in the east. The median-value areas are clustered in the west and east with multiple
centers. Meanwhile, the low-value areas are clustered in the south and north with
multiple centers.

Dongshan commuting center is characterized by a “scarcely dotted distribution

pattern” in terms of transportation accessibility. The areas with a high accessibility are
scattered in the southeast. The median-value areas are relatively large in size and
connected to each other in patches in the north, while low-value areas are mainly
concentrated in the west.

Jiangpu commuting center is characterized by a “dot-based distribution pattern” in
terms of transportation accessibility. The areas with a high accessibility are scattered in
the middle. The median-value areas are clustered in the middle, south, and northeast
with multiple centers. Meanwhile, the low-value areas are scattered in the northwest.
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extent. Given this situation, suggestions concerning the
layout of the various spatial factors in the commuting
zones and centers are proposed as follows.

(1) From the land use factor, the entire commuting area
presents a monocentric clustering pattern in terms
of the degree of mixed land use and service facility
POI. Specifically, the three major commuting cen-
ters are highly clustered in terms of land use and
service facilities. Consequently, the three major
commuting centers have excessively-concentrated
resources and population and show an imbalance
between supply and demand. Meanwhile, the sub-
city only scarcely scatters land use factors and
302
lacks appeal to the employed population, making it
unable to relieve the spatial pressure of the main
city.

This imbalance is attributed to the development mode
of a monocentric urban spatial structure, which easily
results in the significantly different distribution of re-
sources from the main urban area to the periphery. Ac-
cording to the city’s overall plan, Nanjing is upholding a
spatial strategy for urban space development with the
downtown area as the core, while developing gradually to
sub-cities, such as Dongshan in the south, Xianlin in the
east and Pukou in Jiangbei. Given this plan, this study
suggests that the spatial layout of land use factors across



Table 5 Sharing bicycle trajectory of the commuter centers.

Commuting Center Characteristics of sharing bicycle trajectory of the commuter centers

Xinjiekou commuting center is characterized by a “polycentric clustering pattern” in
terms of sharing bicycle trajectory. The areas with a high linear density (marked in red)
are mainly concentrated in the middle and south. Meanwhile, the median and low value
areas are scattered in the north.

Hongwu Road commuting center is characterized by a “polycentric clustering pattern”
in terms of sharing bicycle trajectory. The areas with a high density are concentrated in
the middle and north. Meanwhile, the median and low value areas are relatively small in
size and scattered in the west and east.

Mochou Road commuting center is characterized by a “circular polycentric clustering

pattern” in terms of sharing bicycle trajectory. The areas with a high density are
relatively large in size and connected to each other in patches in the in the middle and
west. Meanwhile, the median and low value areas are relatively small in size and
scattered in the southeast.

Dongshan commuting center presents a “dual-core clustering pattern” in terms of
sharing bicycle trajectory. The high-value areas are located respectively in the west and
southeast. Meanwhile, the median and low value areas are relatively large in size and
mainly concentrated in the north and south.

Jiangpu commuting center presents a “monocentric clustering pattern” in terms of
sharing bicycle trajectory. The high-value areas are small in size and mainly
concentrated in the north. Meanwhile, the median value areas are large in size and
connected to each other in patches. Moreover, the low value areas are relatively large in
size and scattered in the fringes.
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the entire commuting area be adjusted from the current
“monocentric clustering” pattern to a “polycentric clus-
tering” pattern. The degree of mixed land use and service
facility density in the three commuting centers of the sub-
cities (Dongshan and Jiangpu) shall be enhanced, and a
differentiated mode of mixed land use shall be imple-
mented in the main city and sub-cities. In the main city,
proximal distribution of commerce, public services, of-
fices, and residential buildings shall be promoted, thus
facilitating a polycentric clustering mode. In the sub-
cities, commerce, residential areas, and public services
shall be proximally distributed, while industry, residential
areas, and commerce shall be separated from each other,
laying them out in groups.
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(2) According to the analysis of the transportation envi-
ronmental factors, significant differences could be
observed across the commuting zones in terms of
transportation accessibility. The areas with a high
level of transportation accessibility are mainly
located in the downtown area, while sub-cities are
relatively poorly accessible. On the one hand, this
situation results in a low transportation connectivity
between the main city and sub-cities, hence the
strong spatiotemporal limitations to residents’ travel
across the main city and sub-cities. On the other
hand, residents of the sub-cities are also faced with
spatiotemporal restrictions even when traveling in-
side the area, hence a low traveling efficiency.



Fig. 9 Average commuting distance of the commuting zones.

Fig. 10 Degree of work-home deviation of the commuting
zones.
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The primary cause for these differences lie is that
buses, subway, sharing bicycles, and road network are
densely allocated in the main city, but far less so in the
sub-cities. Moreover, subway lines and roads connecting
the main city to sub-cities are also low in density. Ac-
cording to Nanjing’s transportation plan, it will build an
urban transportation framework “led by rail transits and
guided by two expressways” in the future. Four passenger
flow corridors of rail transits have been formed in the main
city based on this plan and viewed from the commuting
zones as a whole. Accordingly, the connection between
buses, bicycles, and motor vehicles and the rail transit
stations must be enhanced by setting up bus stations, bi-
cycle, and car parking lots around the rail transit stations.
As regards the sub-cities, more efforts should be exerted
into increasing the number of bus routes than that of roads.
This study also suggests that rail transits and expressways
between the main city and the sub-cities must be con-
structed to ensure that the transportation connection be-
tween the main city and sub-cities could be enhanced. A
land use layout with rail transits as the focus shall be built
in the main city, given the clustering of commercial, busi-
ness, and residential buildings here. Meanwhile, rail transit
stations shall be closely connected to buses and bicycles to
satisfy residents’ needs for seamless transfer in their
travels to work and other destinations. As regards the sub-
cities that focus more on industry rather than residence or
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commerce, bus routes between land used for different
purposes shall be opened, and bicycle parking lots shall be
set up around bus stations to ensure that a public trans-
portation network oriented toward buses and supported by
bicycles could be formed to satisfy residents’ need for
short-distance travel. In addition, the number of urban
roads shall be moderately increased to facilitate residents’
long-distance travel.

5.2. Conclusions: rules of urban spatial structure
based on the identification of the commuting zones

(1) The commuting zones of Nanjing are found to be
distributed in a pattern featuring “five major
commuting centers”dwith XinjiekoueHunan Road,
Hongwu RoadeChaotiangongeShuangtang as the
core, and Mochou Lake as the main commuting areas,
and Dongshan and Jiangpu among the commuting
zones.

(2) The following specific findings have been obtained in
the analysis of the characteristics of internal urban
spatial structures from the two dimensions of
commuting zones and commuting centers using multi-
source data. From the land use factors, the degree of
mixed land use and service facility POI presents an
overall “monocentric clustering” pattern in the
commuting zones. A declining trend could be
observed in the diversity of land use and service fa-
cility POI as the scope of the commuting zones
stretches outward. Meanwhile, house price distribu-
tion presents a “polycentric clustering” pattern.
From the five major commuting centers, the degree
of mixed land use is found to be distributed either in a
“contiguous patch”, “contiguous patch distribution
pattern”, or “scarcely dotted” pattern. Service fa-
cility POI density presents a “polycentric clustering”
distribution pattern, and house prices demonstrate
either a “polycentric clustering” or a “scarcely
dotted” distribution pattern.

(3) From the transportation factors, transportation
accessibility in the commuting zones presents a



Table 6 Average commuting distance of the commuting centers.

Commuting Center Characteristics of average commuting distance of the commuting centers

Xinjiekou commuting center presents a “contiguous patch distribution pattern” in terms of
average commuting distance. The high-value areas are small in size and scattered in the
periphery. The median-value areas are relatively large in size and connected to each other in
patches in the middle. The low-value areas are relatively small in size and concentrated in
the east and west.

Hongwu Road commuting center presents a “scarcely dotted distribution pattern” in terms
of average commuting distance. The high-value and low-value areas are narrow and small in
size and scattered in the periphery. Meanwhile, the median-value areas are the greatest in
size and connected to each other in patches.

Mochou Road commuting center presents a “scarcely dotted distribution pattern” in terms
of average commuting distance. The high-value areas are narrow and small in size and
scattered in the periphery. The median-value areas are relatively large in size and mainly
concentrated in the north. Meanwhile, the low-value areas are also relatively large in size
and connected to each other in patches.

Dongshan commuting center presents a “polycentric distribution pattern” in terms of
average commuting distance. The high-value areas are narrow and small in size and mainly
scattered in the east and west. The median-value areas are scattered in the middle, while
low-value areas are narrow and small in size and scattered in the middle.

Jiangpu commuting center presents a “dual-core clustering pattern” in terms of average
commuting distance. The high-value areas are relatively large in size and connected to each
other in patches in the north and south. The median-value areas are scattered in the middle,
while low-value areas are concentrated mainly in the northwest.
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“circular monocentric clustering” pattern. Trans-
portation accessibility declines as the scope of the
commuting zones stretches outward. Bicycle sharing
trajectory presents a “dual-core clustering” pattern,
with a high trajectory density mostly concentrated in
the center of the commuting zones. From the five
major commuting centers, the transportation acces-
sibility presents either a “polycentric clustering” or a
“scarcely dotted” distribution pattern, while the bi-
cycle trajectory demonstrate a “polycentric clus-
tering pattern” in terms of density.

(4) From the commuting factors, the commuting zones
present a “scarcely dotted distribution pattern” in
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terms of average commuting distance. The areas with
a great commuting distance scarcely dot the middle
and periphery of the commuting zones, while the
other areas have either a median or short commuting
distance. The degree of workehome deviation in the
commuting zones also displays a “scarcely dotted
distribution pattern”, with areas featuring
workehome deviation scattered in the northeast and
other areas manifesting workehome balance. From
the five major commuting centers, the average
commuting distance and the degree of workehome
deviation present either a “polycentric clustering” or
“scarcely dotted” distribution pattern.



Table 7 Degree of workehome deviation of the commuting center.

Commuting Center Characteristics of workehome deviation of the commuting center

Xinjiekou commuting center presents a “scarcely dotted distribution pattern” in
terms of the degree of workehome separation. The high-value areas are scattered
in the periphery. The median-value areas are the greatest in size, covering almost
the entire commuting center, while the low-value areas are narrow and small in
size and mainly concentrated in the north.

Hongwu Road commuting center presents a “dual-core clustering pattern” in
terms of the degree of workehome separation. The high-value areas are scattered
in the west and east. The median-value areas are the greatest in size and
connected to each other in patches in the south, west and north. Meanwhile, the
low-value areas are relatively small in size and mainly concentrated in the middle.

Mochou Road commuting center presents a “scarcely dotted distribution

pattern” in terms of the degree of workehome separation. The high-value areas
are narrow and small in size and scattered in the periphery. The median-value
areas are relatively great in size and mainly concentrated in the east and west
with multiple centers. Meanwhile, the low-value areas are scattered in the middle
and in the south.

Dongshan commuting center presents a “monocentric clustering pattern” in
terms of the degree of workehome deviation. The high-value areas are mainly
concentrated in the middle. The median-value areas are relatively great in size
and connected to each other in patches in the middle and north. Meanwhile, the
low-value areas are mainly concentrated in the west and south.

Jiangpu commuting center presents a “monocentric clustering pattern” in terms
of the degree of workehome deviation. The high-value areas are mainly
concentrated in the north. The median-value areas are relatively great in size,
covering almost the entire commuting center. Meanwhile, the low-value areas are
scattered in the northwest.
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