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Abstract: Research into urban expansion patterns and their driving forces is of great signifi-
cance for urban agglomeration development planning and decision-making. In this paper, we
reveal the multi-dimensional characteristics of urban expansion patterns, based on the inten-
sity index of the urban expansion, the differentiation index of the urban expansion, the fractal
dimension index, the land urbanization rate, and the center of gravity model, by taking the
Beijing-Tianjin-Hebei (Jing-Jin-Ji) urban agglomeration as an example. We then build the
center of gravity-geographically and temporally weighted regression (GTWR) model by cou-
pling the center of gravity model with the GTWR model. Through the analysis of the temporal
and spatial patterns and by using the center of gravity-GTWR model, we analyze the driving
forces of the urban land expansion and summarize the dominant development modes and
core driving forces of the Jing-Jin-Ji urban agglomeration. The results show that: 1) Between
1990 and 2015, the expansion intensity of the Jing-din-Ji urban agglomeration showed a
down-up-down trend, and the peak period was in 2005-2010. Before 2005, high-speed de-
velopment took place in Beijing, Tianjin, Baoding, and Langfang; after 2005, rapid develop-
ment was seen in Xingtai and Handan. 2) Although the barycenter of cities in the Jing-Jin-Ji
urban agglomeration has shown a divergent trend, the local interaction between cities has
been enhanced, and the driving forces of urban land expansion have shown a characteristic
of spatial spillover. 3) The spatial development mode of the Jing-Jin-Ji urban agglomeration
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has changed from a dual-core development mode to a multi-core development mode, which
is made up of three functional cores: the transportation core in the northern part, the eco-
nomic development core in the central part, and the investment core in the southern part. The
synergistic development between each functional core has led to the multi-core development
mode. 4) The center of gravity-GTWR model combines the analysis of spatial and temporal
nonstationarity with urban spatial interaction, and analyzes the urban land expansion as a
space-time dynamic system. The results of this study show that the model is a feasible ap-
proach in the analysis of the driving forces of urban land expansion.

Keywords: urban land expansion; driving forces; center of gravity; geographically and temporally weighted
regression; Jing-Jin-Ji

1 Introduction

Since 1978, and especially in the early 1990s when China reformed the land-use system, the
pace of urban construction in China has accelerated. In 1990, the average urbanization rate
of China was 26.41%, and in 2015 it reached 56.10%. The rapid urbanization pace and in-
dustrialization process has spurred urban development into an advanced stage, and the re-
gional connection has become increasingly close. Urban agglomeration has gradually be-
come the key focus of geographical research. The analysis of the urban expansion patterns
and driving forces has gradually become a research hotspot (Fang, 2014). As for the research
content, scholars have undertaken both empirical and theoretical research on the urban ex-
pansion patterns of urban agglomeration (Lu et al., 2015; Fang et al., 2017), from the as-
pects of society (Xie et al., 2012; Yao et al., 2015), economy (Peng et al., 2013; Li et al.,
2014; Li et al., 2017), ecology (Pineda Jaimes et al., 2010; Cui et al., 2015; Fang et al.,
2016), and population (Yang et al., 2014; Liu et al., 2016). In terms of the research methods,
scholars have mainly adopted the regression analysis method (Aguayo ef al., 2007; Song et
al., 2008; Xie et al., 2008; Hamdy et al., 2016; Silva et al., 2017), the correlation analysis
method (Tan et al., 2005; Andreoni et al., 2013; Salvati et al., 2016; Li et al., 2017), and the
principal component analysis method (Sun et al., 2011; Son et al., 2012; Mubareka et al.,
2014) to analyze the driving forces of urban expansion patterns. With the development of
geographical information science and system dynamics, many geographers have begun to
attach importance to the influence of spatial factors. Researchers have emphasized the spa-
tial heterogeneity and systematic expression of urban land expansion, and have proposed
spatial system analysis models such as the geographically weighted regression model and
the system dynamics models that couple multiple elements (Pineda Jaimes ef al., 2010; Gao
et al., 2012; Shafizadeh-Moghadam et al., 2015; Zhao et al., 2015; Xu et al., 2016;
Hernandez-Flores et al., 2017; Mustafa et al., 2017). These models have been used to study
the driving forces of urban land expansion by combining qualitative and quantitative meth-
ods.

However, there are still some inadequacies in the present studies: 1) the analysis of the
driving forces of urban expansion patterns has been limited to the analysis of the speed and
area of expansion, and multi-dimensional analyses are rare. The related research into urban
agglomeration has been concentrated on the overall level, and research into the core driving
forces has rarely been seen under the background of the overall policy of urban agglomera-
tion. 2) The spatial interaction between the cities within urban agglomerations has led to the
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fact that the urban land expansion of urban agglomerations is different from that of single
cities (Griffith et al., 1982). Since 1957, when the American geoscientist E. L. Ullman for-
mally proposed spatial interaction theory (Ullman ef al., 1957), urban spatial interaction has
been the focus of regional research. However, as the urban agglomeration has gradually be-
come a new regional unit for research, the existing research has only analyzed the develop-
ment and evolution (Guan et al., 2012; Kuang et al., 2016), the planning (Liu ef al., 2012),
and the spatial structure (Guo et al., 2017; Wang et al., 2018) of urban land use. Research
into the driving forces of urban land expansion has been limited to the factors of
socio-economy and spatial distance. There has also been a lack of consideration of the re-
gional links within urban agglomerations and the spatial interaction between urban land use
within the urban agglomerations. 3) Geographic spatio-temporal data have strong spa-
tio-temporal nonstationarity. Spatio-temporal nonstationarity refers to the fact that, in spatial
regression analysis, changes in geographical location or time can cause changes in the rela-
tionship or structure between variables (Yang, 2016). Urban land expansion is a spatial and
temporal nonstationary process, and different urban land uses at different periods of time
affect each other. The driving forces of urban land expansion at different periods of time are
not the same (Wu et al., 2013). The current spatial analysis methods usually only consider
spatial heterogeneity, ignoring the unbalanced effects of the temporal dimension. With the
advent of the era of geographic spatio-temporal big data, the assumption of spatio-temporal
consistency has been unable to meet the analysis requirements of complex spatio-temporal
data.

In view of this, in this paper, we build the center of gravity-geographically and temporally
weighted regression (GTWR) model by coupling the center of gravity model with the
GTWR model (Huang ef al., 2010). The spatio-temporal barycenter transfer distance calcu-
lated by the center of gravity model reflects the interaction between the cities within the ur-
ban agglomeration. The GTWR model introduces the temporal dimension, not only taking
the characteristics of time and space as the influencing factors of regression analysis, but
also considering the spatio-temporal nonstationary characteristics of urban land expansion.
Through these methods, we analyze the urban land-use expansion as a spatio-temporal
change system, which allows us to scientifically establish the spatio-temporal evolution of
urban land use in the process of urbanization and enhances our ability to analyze the driving
forces of the spatio-temporal evolution of urban land use.

2 Research methods
2.1 Analysis index of expansion pattern

2.1.1 Intensity index of urban expansion

The intensity index of urban expansion indicates the stage change rate of the urban land area
of each spatial unit, which can directly reflect the change range and speed of the urban land
area of each spatial unit. Through the calculation of the intensity index of the urban expan-
sion of each city within the urban agglomeration, we can study the development speed and
condition of the cities within the urban agglomeration. After standardization, the speed of
the urban land expansion in different stages can be compared (Guan et al., 2012). The cal-
culation formula is:
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UER =2i ~Yi (1)

where UER, indicates the intensity index of urban expansion, and U and U represent

the urban land-use area of spatial unit at i times ¢, and #,, respectively. Af indicates the dura-
tion of the research.

2.1.2 The differentiation index of urban expansion

The differentiation index of urban expansion is the ratio of the change rate of urban expan-
sion in a spatial unit to the change rate of urban expansion in the whole research area. Its
essence is the ratio of the dynamic degree of urban land use in each research unit to the dy-
namic degree of urban land use in the whole study area. It allows the speed of the urban land
expansion of different spatial research units to be compared. On the other hand, the spatial
distribution of the index values can also reflect the synergistic development trend of urban
agglomeration (Guan et al., 2012). The calculation formula is:

1,
Xu'!

t t
2 1
U —u;

UEDI, = )
u —u" | xul

where UEDI,; indicates the differentiation index of the urban expansion, and u! and u?

represent the urban land-use area of spatial unit i at times ¢, and t,, respectively. u" and
u represent the urban land-use area in the research region at times ¢, and #,, respectively.
2.1.3 The land urbanization rate

The land urbanization rate is the ratio of urban construction land to urban-rural construction
land in the process of urbanization, and it measures the level of land urbanization. The study
of land urbanization is a combination of urbanization and land-use change. In this paper, we
reveal the rules of the urban expansion patterns and study the change of the urbanization
level from the spatial view (i.e. the land urbanization), under the background of urban land
expansion. We analyze the spatio-temporal evolution trends of urban land expansion and the
variation in the urbanization rate, and further analyze the driving forces of these trends and
variations (Li et al., 2012; Bao, 2014).

2.1.4 The fractal dimension index

The fractal dimension index comes from the concept of geometry. Its purpose is to study the
characteristics of irregular geometry. Currently, most geographical researchers use the fractal
dimension index to draw the characteristics of geographical objects, in combination with the
characteristics of the geographical phenomena. The fractal dimension index is an important
index (Ye et al., 2001) for the analysis of the spatial morphology of geographical objects.
Using the fractal dimension index to study the state of urban development is a commonly
used approach. In the view of dissipative structure theory, the orderly and unordered states
of human activities coexist in the process of urban development. With the expansion and
development of a city, the urban structure becomes more and more complex, and the fractal
dimension index of the urban form grows larger (Li, 2005). Therefore, the change of the
fractal dimension index can reflect the stage, state, and trend of urban development. Re-
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search into the fractal dimension index of urban agglomeration can be used to analyze the

mutual influence of urban phase changes and the synergistic trend of the urban agglomera-

tion development state. The calculation formula is:
21n(0.25P”)

it hl(Ail) (3)

where D,, indicates the fractal dimension index, and P, is the perimeter of the built-up area of

spatial unit i in year ¢. 4, is the built-up area of spatial unit i at year ¢.

2.2 Center of gravity-GTWR model

The “center of gravity” is a physical concept. In geography, it indicates the spatial balance
point of a certain area, and is often used in the study of urban evolution and the change of
land-use types. The barycentric coordinate system is an index that can be used to describe
the spatial distribution of geographical objects, and it can clearly and objectively reflect the
changing spatial and temporal trajectory of the regional geographical objects (Wang, 2005).
In the study of urban agglomeration, the temporal barycenter transfer of urban land is the
manifestation of integrated synergetic development of urban agglomeration, showing the
characteristics of local or overall transfer, agglomeration, and decentralization. The center of
gravity model is used as an important research method to study the spatial distribution of
geographical objects, and it is often used to study urban evolution and urban interaction. In
the study of urban agglomeration, the transfer of spatial barycenter is an important means to
study the characteristics of the concentration and decentralization of cities within an urban
agglomeration.

As an extension of the geographically weighted regression model, the geographically and
temporally weighted regression (GTWR) model is a spatio-temporal nonstationary regres-
sion model, where the core idea is to add the time factor to the geographically weighted re-
gression model. In this model, spatial and temporal coordinates are added to calculate the
space-time weight matrix. The traditional geographically weighted regression analysis does
not introduce the temporal dimension, and the spatial coordinate data of the analysis object
are fixed. However, the GTWR model requires that the analysis objects have different spa-
tial coordinates at different time stages, and more coordinate coincidences will make the
model’s result close to that of linear regression analysis, which focuses on the temporal di-
mension (Huang et al., 2010). We thus need to make the research unit have different spatial
coordinates at different times when applying the GTWR model to urban expansion analysis.
Therefore, the center of gravity model is combined with the GTWR model. The center of
gravity model provides the spatial coordinates at the relevant time, as required by the re-
search object, and then the GTWR model carries out the spatio-temporal weighted regres-
sion analysis based on these coordinates. The spatial barycenter transfer distance reveals the
interaction between the cities in the urban agglomeration, and the spatio-temporal weighted
regression analysis of the GTWR model reveals the changes in the driving forces of the ur-
ban agglomeration. These two aspects are mutually complementary, and the center of grav-
ity-GTWR model is more applicable than the individual models to the analysis of cities in
urban agglomerations. In the center of gravity-GTWR model, the spatio-temporal distance
between (X, y, t) and observation point 7 replaces the spatio-temporal distance between (x, y)
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and observation point i. (x, y) are the observation point i’s coordinates calculated by the
center of gravity model at time z. The specific model can be described mathematically as
follows:

Y= B (X0, T)+ Zﬂk()( YT ) Xy + 6 (4)

where Y, is the observed value; X/ ,Y/,T, are the spatio-temporal coordinates of sample point

i; By (X LY, ) is the regression constant of point i (i.e. the constant term in the spa-
tio-temporal geographically weighted regression model); S, (Xi’ Y! ,Ti) is the k-th regres-

sion coefficient of point i (i.e. the model function’s term weight of X;,Y/,T;); X, is the
value of independent variable X at point 7 (i.e. each quantitative indicator’s value in the spa-
tio-temporal graphically weighted regression model); &; is the residual error of the model

function; and X/,Y/ are the barycenter point’s longitude and latitude coordinates, respec-

tively, which are calculated as follows:
" (crxx,
X,-’=—Z’=1(,,lxt ) (5)
Zi=1ci
" (cixy,
pr - 2l ) ) (6)
Zl =11

where C; indicates the urban land-use area of spatial unit 7 at time #; and X,,Y, are the

geographic coordinates of the barycenter point of the built-up area of spatial unit i.

3 Research area and data
3.1 Research area

The Jing-Jin-Ji urban agglomeration is located in the north of the North China Plain, facing
Bohai Bay in the east and Taihang Mountains in the west. It is an important part of the
“capital economic circle”. It is composed of 13 cities, namely, Beijing, Tianjin, Shijiazhuang,
Baoding, Zhangjiakou, Chengde, Tangshan, Qinhuangdao, Cangzhou, Langfang, Hengshui,
Xingtai, and Handan, covering a total area of 216,485.2 km”. In the Jing-Jin-Ji urban ag-
glomeration, the natural environment is dominated by plain and mountainous areas. The
mountains are mainly concentrated to the north of Baoding, Zhangjiakou, and Chengde. The
plain area is large and flat, and the type of cultivated land in this area is mainly dry land ag-
riculture. The Jing-Jin-Ji urban agglomeration is an important part of the capital economic
circle of China, so it is of great significance to analyze the characteristics of the urban land
expansion patterns and their driving forces in this area.

3.2 Sources of data

The spatial data used in this research were the 30 x 30 m land-use grid data and the vector
data of the administrative division of the Jing-Jin-Ji urban agglomeration, covering the six
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periods of 1990, 1995, 2000, 2005, 2010, and 2015. This dataset is part of the 1:10,000,000
scale land-use status remote sensing monitoring database (using Landsat TM/ETM remote
sensing images as the main data source and produced by artificial visual interpretation) of
the Resources and Environmental Science Data Center of the Chinese Academy of Sciences.
This data set includes six first-degree types of cultivated land, woodland, grassland, water
area, urban and rural industrial and mining land, and unused land; and 25 second-degree
types (among which the urban and rural industrial and mining land is divided into urban land,
rural settlements, and another three types of construction land). We obtained the urban
land-use information and data of different types of land use for the six periods, and we then
established the urban land expansion changes over the 25 years (Figure 1). The socio-eco-
nomic data were obtained from China’s Urban Statistical Yearbooks of 1990-2015, and the
Statistical Yearbooks of Beijing, Tianjin, and Hebei.
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Figure 1 Urban land expansion in the Jing-Jin-Ji urban agglomeration

3.3 Model data preprocessing

The GTWR model is a regression method combining temporal and spatial factors, which can
analyze the driving forces of the spatial and temporal evolution in a certain period of time.
The index value of the urban land expansion patterns was used as the dependent variable to
analyze the driving forces of the spatio-temporal evolution of the urban land expansion of
the Jing-Jin-Ji urban agglomeration. The research indices were divided into two categories:
1) staged indices, i.e., the intensity index of the urban expansion and the differentiation in-
dex of the urban expansion; and 2) continuity indices, i.e., the fractal dimension indices of
urban land use and urban land urbanization rate. For the staged indices, the independent
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variable adopted the incremental change value between the early stage and the end stage,
and the temporal node adopted the end-stage time point. For the continuity indices, the in-
dependent variable adopted the factor value of the year, and the temporal node adopted the
index year. Using ArcGIS 10.2, attributes were added to the object points (13 cities in five
phases or periods of six years) with spatio-temporal coordinates, and the characteristic index
values were assigned to the attribute fields of the corresponding spatio-temporal object
points.

3.3.1 Selection of the driving factors

According to the existing research literature and statistical yearbooks, the driving factors
were selected from 22 types of statistical data, including population, economy, transporta-
tion, science and education, culture, and health. The choice of driving factors is shown in
Table 1.

Table 1 The driving factors of urban expansion

Index Variable Unit Index Variable Unit
Population X1 10* people ngizﬁl g;rlcultural out- X12  10%yuan
Number of year-end X2 10" people Railway freight volume ~ X13 10" tons
social workers
GDP X3 10% yuan Road freight volume X14  10* tons
gilfvt;ﬁlslte industrial out- X4 10° yuan g:;iivzay passenger XI5 10* people
(S)Ef:lidjgu;ndustrlal X5 10° yuan t}rlall%gz/ay passenger X16  10* people
Ezflt::ry industrial output X6 10° yuan tCi;)slleges and universi- X171
Il;lcgrelitl fixed asset invest- X7 10% yuan iﬁg:ﬁ; and university X138 10* people
TOt?ll retail sales of X8 10® yuan Primary school students X19  10* people
social consumer goods
Financial revenue X9 10 yuan Hospital X20 1
Financial expenditure X10  10° yuan Health technicians X21 10 people
Gross industrial output XI11 10® yuan Hospital beds X22  10* beds

value

3.3.2 Preprocessing of independent variables

To check and exclude the multiple collinearity of the data, we first used the correlation
analysis (Cai et al., 2006) method to determine the correlation of the driving factor data,
checking the correlation between the factors, and the results showed that most of the se-
lected factors were remarkably correlative. We then adopted principal component analysis to
extract the principal components of the 22 driving factors, and obtained the principal com-
ponent load matrix and the component score coefficient matrix. The principle of principal
component analysis (Han et al., 2012) is to use an orthogonal transformation to convert a set
of observations of possibly correlated variables into a set of values of linearly uncorrelated
variables. We then reduced the dimension of the multidimensional variable system, so that it
could be converted into a low-dimension variable system with a higher precision. According
to the size of the absolute value of the principal component corresponding factor in the prin-
cipal component load matrix, the dominant factor affecting the principal component could be



WANG Haijun et al.: Urban expansion patterns and their driving forces based on the center of gravity-GTWR model 305

determined. The parameter value’s positive and negative properties represent the factor’s
positive or negative effect on the principal component. According to the value of each prin-
cipal component factor index in the component score coefficient matrix, the principal com-
ponent comprehensive score of each sample was calculated by a regression method (Song et
al., 2008). Through the above process, the multiple collinearity between factors was elimi-
nated. The principal component comprehensive score was used as the sample independent
variable, and then assigned to the attribute field of the corresponding spatio-temporal object
point through ArcGIS 10.2. Through this process, we completed the preprocessing of the
model data. The dominant driving factors established through the principal component
analysis are shown in Table 2.

Table 2 The dominant factors of principal components of driving factors

Category Principal component Composition of principal component The dominant direction
Staged index F1 X3, X8, X9 Economy
F2 X7,X10 Investment development
F3 X1, X19, X21 Population and education
F4 X4,X12 The first industry
F5 X16, X1 Population flow
F6 X20 Medical and health
F7 X15 Transportation
Continuity F1 X3, X11, X18, X22 Socio-economic development

index F2 X7,X10 Investment development
F3 X4, X12 The first industry
F4 X13,X16 Transportation

4 Results analysis
4.1 Characteristics of the urban expansion patterns

4.1.1 Intensity characteristics of the urban land expansion

Through ArcGIS 10.2, we used the vector map of the Jing-Jin-Ji urban agglomeration ad-
ministrative division to extract each city’s urban land-use data for the six periods, obtaining
the urban land area of each city and the urban agglomeration, which allowed us to calculate
the expansion of the urban land use of each city.

The intensity index is shown in Table 3. Over the study period, the Jing-Jin-Ji urban ag-
glomeration land area has increased steadily, and the expansion intensity has shown a trend
of “down-up-down”. In the 2005-2010 period, the expansion intensity of the urban land
peaked. Although changes in the regional expansion intensity index are consistent, most of
the urban expansion intensity trends converge to the trend of the whole region. However,
there are differences between the cities at the different stages. The expansion intensity of the
cities in 1990-1995 is clearly different, and again in 2005-2010, reflecting the different de-
velopment speeds and states of the different cities in the region. In 2010-2015, these differ-
ences between cities narrowed, suggesting that the urban agglomeration has gradually de-
veloped in a synergistic direction.
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Table 3 The intensity index of the urban expansion in the Jing-Jin-Ji urban agglomeration

1990-1995 1995-2000 2000-2005 2005-2010 2010-2015 1990-2015

Beijing 0.255 0.020 0.037 0.015 0.051 0.121
Tianjin 0.042 0.013 0.076 0.080 0.006 0.063
Shijiazhuang 0.129 0.046 0.016 0.235 0.009 0.158
Tangshan 0.143 0.008 0.034 0.084 0.056 0.112
Qinhuangdao 0.082 0.031 0.071 0.073 0.053 0.112
Handan 0.030 0.046 0.045 0.189 0.071 0.143
Xingtai 0.136 0.031 0.044 0.147 0.052 0.168
Baoding 0.179 0.061 0.041 0.060 0.028 0.136
Zhangjiakou 0.090 0.003 0.026 0.104 0.035 0.078
Chengde 0.125 0.006 0.014 0.147 0.024 0.099
Cangzhou 0.183 0.036 0.011 0.054 0.017 0.092
Langfang 0.305 0.022 0.062 0.138 0.031 0.247
Hengshui 0.123 0.073 0.031 0.104 0.046 0.151

4.1.2 Differentiation characteristic of the urban land expansion

We respectively calculated the urban expansion differentiation indices of each city at the city
level, using the natural breakpoint classification method to divide the development state into
five grades: slow, low speed, medium speed, rapid speed, and high-speed development.
From an overall point of view, the speed of the urban development in the southern part of
Jing-Jin-Ji has been higher than that in the northern region. Over the study period, the center
of the rapid development of the whole region has gradually moved from the north to the
south. Compared with the changes in the overall regional development, the cities have
shown different stages of high-speed or low-speed development, and the urban development
in different cities of the urban agglomeration has been different. However, high-speed de-
velopment cities have spatial spillover effects, and the barycenter transfer of the high-speed
development cities can be affected by the high-speed development of the cities in the last
stage. The differentiation index of urban expansion shows that the development gap between
the cities in the Jing-Jin-Ji urban agglomeration is still obvious (Figure 2).

4.1.3 Morphological characteristics of the urban land expansion

In general, the fractal dimension index is between 1 and 2. The larger the fractal dimension
index, the more complex the urban morphology. When the index is less than 1.5, the city’s
morphology is relatively regular and complete, and when it is greater than 1.5, the urban
morphology is more complex. Over the past 25 years, the fractal dimension indices of Bei-
jing and Tianjin have been obviously higher than those of other areas in the Jing-Jin-Ji urban
agglomeration. The fractal dimension indices of each city in the Jing-Jin-Ji urban agglom-
eration are all below 1.5, reflecting that the urban morphology of each city is regular and
complete. After 25 years of development, the fractal dimension index of cities in the
Jing-Jin-Ji urban agglomeration has increased to a greater or lesser degree, among which the
fractal dimension index of Handan has increased by 0.104, and Beijing has witnessed the
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Figure 2 The spatial characteristics of the urban expansion differentiation index in the Jing-Jin-Ji urban
agglomeration
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smallest change in the fractal dimension index. It is known that, over the 25 years, the urban
morphology of Handan has changed dramatically, while that of Beijing has remained rela-
tively stable. On the whole, the changes of the fractal dimension indices of the southern cit-
ies in the Jing-Jin-Ji urban agglomeration have been greater than those of the northern cities,
among which the changes in the fractal dimension indices of Handan, Xingtai, and Baoding
in the south are more obvious, and the northern cities have tended to remain unchanged. The
changes of the fractal dimension index reflect the stage, state, and trend of the urban devel-
opment. Therefore, the limited changes in the fractal dimension index of the Jing-Jin-Ji ur-
ban agglomeration reflect that its urban expansion morphology has remained relatively sta-
ble. However, the difference between cities is obvious (Table 4).

4.1.4 Characteristics of the land urbanization

In the Jing-Jin-Ji urban agglomeration, apart from Chengde and Zhangjiakou, whose land
urbanization rate in 2010 decreased, the other cities over the last 25 years (1990-2015) have
maintained a trend of growth in the land urbanization rate. The urbanization of Beijing and
Tianjin is more prominent, and their land urbanization rates are at a high level. The overall
land urbanization rate of the whole area has increased gradually, and the growth rate in-
creased somewhat after 2005, indicating that the urbanization speed of the Jing-Jin-Ji urban
agglomeration has accelerated since 2005. The overall trend of the urbanization rate is con-
sistent, showing that the development trends of the cities in the agglomeration are consistent.
Both Beijing and Tianjin are in the extended development stage, and the high land urbaniza-
tion rate in Beijing and Tianjin shows that there are still gaps between cities in the agglom-
eration (Table 5).
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Table 4 The fractal dimension index of cities in the Jing-Jin-Ji urban agglomeration

1990 1995 2000 2005 2010 2015
Beijing 1.252 1.245 1.250 1.257 1.267 1.251
Tianjin 1.236 1.242 1.244 1.267 1.263 1.263
Shijiazhuang 1.208 1.184 1.196 1.204 1.193 1.198
Tangshan 1.165 1.202 1.202 1.199 1.188 1.177
Qinhuangdao 1.193 1.204 1.204 1.189 1.196 1.206
Handan 1.137 1.141 1.137 1.130 1.243 1.241
Xingtai 1.135 1.124 1.126 1.167 1.192 1.186
Baoding 1.141 1.200 1.189 1.210 1.192 1.185
Zhangjiakou 1.163 1.175 1.179 1.174 1.163 1.195
Chengde 1.209 1.220 1.221 1.221 1.267 1.267
Cangzhou 1.155 1.132 1.147 1.150 1.163 1.159
Langfang 1.124 1.146 1.133 1.145 1.140 1.164
Hengshui 1.158 1.124 1.142 1.164 1.166 1.181

Table 5 The land urbanization rate of cities in the Jing-Jin-Ji urban agglomeration

1990 1995 2000 2005 2010 2015

Beijing 0.330 0.501 0.540 0.541 0.550 0.691
Tianjin 0.271 0.283 0.334 0.379 0.435 0.448
Shijiazhuang 0.158 0.204 0.247 0.257 0.355 0.371
Tangshan 0.089 0.149 0.152 0.168 0.187 0.240
Qinhuangdao 0.187 0.229 0.276 0.337 0.337 0.426
Handan 0.143 0.163 0.154 0.176 0.255 0.346
Xingtai 0.082 0.117 0.128 0.150 0.173 0.218
Baoding 0.083 0.128 0.165 0.190 0.170 0.194
Zhangjiakou 0.120 0.157 0.170 0.186 0.172 0.201
Chengde 0.195 0.262 0.318 0.327 0.221 0.248
Cangzhou 0.068 0.101 0.116 0.121 0.182 0.198
Langfang 0.084 0.153 0.192 0.235 0.322 0.372
Hengshui 0.068 0.117 0.128 0.145 0.184 0.227

4.1.5 Characteristics of the barycenter transfer of urban land use

During 1990-1995, the direction of the barycenter transfer of the urban expansion moved to
the central part of the region, i.e., Beijing and Baoding. As time passed, although the bary-
center of the urban land expansion has presented a divergent trend, and no longer shows ob-
vious overall tendency characteristics, the influence between cities has resulted in the ex-
pansion barycenters showing a local attraction tendency. The characteristics of the barycen-
ter transfer show that the specific functions of each city have become gradually prominent in
the development of the Jing-Jin-Ji urban agglomeration, and the interaction forces among
cities have been strengthened (Figure 3).

4.2 Analysis of the driving forces of urban land expansion in the urban
agglomeration

After processing the data by the method described above, and using the principal component
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Figure 3 The barycenter coordinate migration of cities in the Jing-Jin-Ji urban agglomeration
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variable as the independent variable, along with the characteristic index value as the de-
pendent variable, we obtained the spatio-temporal coordinates X, Y through barycenter
transfer calculation. The minimum step length unit of the time coordinate T value was a day.
By using the spatio-temporal weighted regression ArcGIS 10.2 plug-in produced by Huang
et al. (2010) adopting automatic optimization on the bandwidth of ArcGIS and setting the
spatio-temporal distance parameter ratio to 1, the influencing parameters of the driving fac-
tors in the model were obtained. The greater the parameter value, the greater the influence of
the dependent variable, and vice versa. The values of each characteristic index were ana-
lyzed and are shown in Figures 4-7, respectively, as the dependent variables, where the
color changes of the parameters in the figures mean that the darker the color, the greater the
representative value and the stronger the driving strength.

4.2.1 Analysis of the driving forces of urban intensity changes of land expansion

Cities whose urban land expansion intensity is affected by the same driving force in the
Jing-Jin-Ji urban agglomeration have the obvious characteristic of concentration, and this
characteristic has shown no obvious change over time. The expansion intensity of the south-
ern cities in the Jing-Jin-Ji urban agglomeration is strongly influenced by the driving forces
of F1 (economy) and F4 (the first industry), with Xingtai and Handan as the most out-
standing examples. The degree of influence gradually decreases from the south to the north
in the agglomeration. The northern cities are strongly influenced by the driving forces of F2
(investment development), F3 (population and education), F5 (population flow), and F7
(transportation), among which Zhangjiakou, Chengde, and Qinhuangdao are the most influ-
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Figure 4 The change of intensity of the urban expansion driving forces in the Jing-Jin-Ji urban agglomeration

enced cities. The degree of influence gradually decreases from north to south in the agglom-
eration. The cities in the west and south are more strongly influenced by the F6 (medical and
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health) driving force, while Tangshan and Qinhuangdao are less influenced by this driving
force at all stages. The driving force effects on urban expansion intensity changes in the
Jing-Jin-Ji urban agglomeration have changed very little over the last 25 years. The urban
expansion intensity has been influenced by the different location factors in the different cit-
ies. The southern cities are driven by the economy and the development of the first industry,
and the northern cities are driven by the investment, population, and transportation devel-
opment.

4.2.2 Analysis of the driving forces of differentiation changes of urban land expansion

The cities whose urban land expansion differentiation is affected by the same driving force
in the Jing-Jin-Ji urban agglomeration have shown obvious characteristics of shrinkage, ex-
pansion, or transfer as time has passed. The northern cities are strongly influenced by the F1
(economy), F3 (population and education), F5 (population mobility), and F7 (transportation).
With the passage of time, the driving force range of F1 and F5 has contracted to the north,
while the driving force range of F3 has extended to the south, and the driving force range of
F7 has remained basically unchanged. The cities strongly affected by the F2 (investment
development), F4 (first industry), and F6 (medical and health) have gradually shifted from
the south to the north over time. The trends of the influence distribution of each driving fac-
tor show that cities in the urban agglomeration are influenced by each other, because of their
geographical proximity, which is the embodiment of the urban spatial interaction force. The
concentration of the driving forces’ influence represents the function orientation and devel-
opment characteristics of the city.

4.2.3 Analysis of the driving forces of urban morphology changes

The cities whose urban morphology is affected by the same driving force in the Jing-Jin-Ji
urban agglomeration have shown obvious characteristics of concentration and transfer. In
1990, the development of society and economy (F1) had a strong influence on the change of
the southern cities’ morphology. As time went by, the range in which the cities are strongly
driven by F1 gradually moved northward, and then gradually concentrated in the central ar-
eas after 2005, which covers cities such as Beijing, Tianjin, and Langfang. Before 2005, the
investment development (F2) factor had a strong influence on the urban morphological
changes in the central cities such as Beijing, Tianjin, Baoding, and Langfang. After 2005,
cities whose morphology is strongly influenced by this factor have been mainly concentrated
in southern areas, such as Xingtai and Handan. In 1990, the first industry (F3) factor had a
strong influence on the morphological changes in the central and northern cities. With the
passage of time, the affected range gradually shifted to the south, and the overall impact de-
gree decreased year by year. In 2010 and after 2010, only Zhangjiakou and Xingtai were
influenced by this factor. In 1990, the development of transportation (F4) had a strong in-
fluence on the morphological changes in central cities such as Tianjin, Baoding, and Lang-
fang. With the passage of time, the urban range strongly affected by this factor has shown a
tendency to expand from the central area to the south. In 2015, only Zhangjiakou, Chengde,
and Qinhuangdao were less affected. Overall, the morphology of the Jing-Jin-Ji urban ag-
glomeration has been most influenced by the development of transportation.



312

Journal of Geographical Sciences

1990-1995 1995-2000 2000-2005 2005-2010 2010-2015

F2

F3

F4

F5

F6

F7

PR

R AR Jacdhthah o
R Al i R T
R e R A At b
R R B R . .

0 260 km

mm Strong W Relatively strong =l Medium Relatively weak Weak l—'

Figure 5 The change of the urban expansion differentiation driving forces in the Jing-Jin-Ji urban
agglomeration
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Figure 6 The change of the urban shape driving forces in the Jing-Jin-Ji urban agglomeration
4.2.4 Analysis of the driving forces of land urbanization

The changes of the driving forces of the land urbanization of the Jing-Jin-Ji urban agglom-
eration have shown obvious regularity in time and space. The level of land urbanization in
the southern cities has been strongly influenced by the F1 (socioeconomic development), F2
(investment development), and F3 (first industry). Handan and Xingtai have shown the
highest level of impact, of which the influence of F1 was unchanged before 2005, but then
gradually expanded from the south to the north over time. The influence range of F2 has
remained basically unchanged, and the influence range of F3 has gradually shrunk to the
south. The level of land urbanization in the central cities has been strongly influenced by the
F4 (transportation), with Beijing, Baoding, and Chengde as the most typical examples, as
their level has remained unchanged over the past 25 years. The driving forces of the land
urbanization of the Jing-Jin-Ji urban agglomeration have also shown obvious regional dif-
ferences. The urbanization stages of each city are different, and the difference between the
north and the south is more prominent. The driving force direction of urban land urbaniza-
tion is also distinct. Grasping the function of the city is the key to the development of the
Jing-Jin-Ji urban agglomeration.

4.3 Analysis of the functional core of urban agglomeration development

Through the above analysis, we have summarized the changes of the core driving forces of
the development of the Jing-Jin-Ji urban agglomeration. The results are shown in Table 6.
On this basis, we can summarize the functional core of the urban agglomeration develop-
ment. As a whole, population is the core factor promoting urban land expansion of the
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Figure 7 The change of the land urbanization driving forces in the Jing-Jin-Ji urban agglomeration

Jing-Jin-Ji urban agglomeration. Population growth increases the demand for construction
land, promotes social and economic development, and further improves the level of land
urbanization. Cities within the agglomeration have different social and economic develop-
ment levels, and they are at different development stages. One obvious characteristic is that
there are differences in the level of urban health care, and the higher the development level
of the city, the higher the level of its health care. Because of the changes of the function of
the city in the urban agglomeration development, the driving force of its urban development
morphology also changes. Under the guidance of the coordinated development of the
Jing-Jin-Ji urban agglomeration integration, the development links between the cities within
the agglomeration are becoming increasingly close. The gap between the intensity of urban
land expansion and the differentiation of urban land expansion with the level of land ur-
banization is gradually narrowing. The difference in the urban development morphology
highlights the different functional orientations of the cities in the urban agglomeration. Bei-
jing and Tianjin are no longer the only multi-functional cores of the agglomeration, and the
agglomeration features several core functional groups. Central cities such as Shijiazhuang,
Tangshan, Baoding, and Langfang have gradually taken on the spillover effects of the eco-
nomic development of Beijing and Tianjin, undertaking the task of economic development
of the urban agglomeration, and have become the economic core of the central urban ag-
glomeration. Moreover, Shijiazhuang has gradually become the transportation hub of the
urban agglomeration, due to the rapid development of the high-speed rail network in recent
years. Northern cities, such as Zhangjiakou, Chengde and Qinhuangdao, have undertaken
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the task of inputting resources into the development of the urban agglomeration, and have
gradually become the core of resource transportation in the northern part of the urban ag-
glomeration. Southern cities, such as Handan and Xingtai, have developed rapidly with the
support of government investment. These cities have strengthened their ties with the central
urban agglomeration, and have gradually become the core of investment and development in
the southern part of the urban agglomeration. In the future, the Jing-Jin-Ji urban agglomera-
tion should change from a dual-core development model to a multi-core development model,
giving full play to the advantages of each functional core and developing in coordination on
the basis of urban agglomeration integration.

Table 6 The core driving forces of cities in the Jing-Jin-Ji urban agglomeration

Index | Intensity lefteige;tla— Urbanization The fractal dimension index
Year 1990-2015 1990 | 1995 | 2000 [ 200s | 2010 2015
]:D}T;l:ljlli/ Socio-economic development
Shijia- Socio-econo- Transpor-
J mic develop- Investment development P
zhuang tation
ment
Investment develop- . .
Tangshan Socio-economic development
ment
Qin- Socio-econo Transpor-
Investment development mic devel- SP
huangdao tation
opment
Socio-econo-
Handan Popula- | Medical and Socio-econo | mic develop- Investment development
t?on health mic devel- ment
. . opment . . The first
Xingtai Socio-economic development | . Investment development
industry
Socio-econom Investment
Baoding ic develop- Socio-economic development
development
ment
Zhang- Investment development The first -\ Transporta-
jiakou industry tion
. The first .
Chengde Transportation industry Transportation
Cangzhou/
Langfang/ Socio-economic development
Hengshui

5 Conclusions

Based on the land-use data of six periods (1990, 1995, 2000, 2005, 2010, 2015) of the
Jing-Jin-Ji urban agglomeration, this paper has summarized the spatio-temporal evolution
patterns of the urban land use, analyzed its expansion intensity, differentiation, morphology,
and urbanization characteristics, and further revealed their driving forces by the use of the
center of gravity-GTWR model. The main conclusions are as follows:

(1) Between 1990 and 2015, the expansion intensity of the Jing-Jin-Ji urban agglomera-
tion showed a down-up-down trend, confirming Xu et al.’s (2012) prediction that the expan-
sion intensity of the Jing-Jin-Ji urban agglomeration would decrease. Population has always
been the core driving force of the changes of expansion intensity. Before 2000, the intensity
of the urban land expansion declined, and the reason for this was that the development level
of the urbanization rate was low, according to the demographic statistics, which limits the
rapid development of urbanization. After 2000, the intensity of the expansion gradually in-
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creased, reaching a peak between 2005 and 2010. During this period, the rapid expansion of
urban land promoted population growth and the increase of the urban population, and the
improvement of the urbanization level promoted social and economic development, boosted
the demand for urban land, and further enhanced the expansion intensity. After the rapid ex-
pansion, the expansion intensity then showed a downward trend, and social and economic
development gradually moved into the new normal transition phase. The dependence of
economic development on land expansion was weakened, and industrial transformation and
intensive utilization played the dominant role.

(2) From 1990 to 2015, the development stages of the Jing-Jin-Ji urban agglomeration
have showed strong differences and spatial spillover characteristics with the high-speed de-
velopment center gradually shifting from north to south. Beijing, Tianjin, and other cities in
the northern part were the initial dual-core of the urban agglomeration, where the level of
development was higher than in the other cities. With the social and economic development
moving into a new stage, their speed of development gradually slowed down, while the other
cities gradually entered into a high-speed development stage, especially in the dual-core pe-
ripheral cities. The spatial spillover effect shifted this influence to the southern part, and the
development of the urban agglomeration gradually changed from dual-core to multi-core
mode. Population, investment, socio-economic development, and transportation have been
strong driving forces on the change of urban development morphology, which complies with
the research conclusions of Zhou et al. (2016) and Li et al. (2016). In this paper, we have
analyzed the driving forces of urban expansion variation from the process of spatio-temporal
evolution, which makes up for their insufficient consideration of the spatial heterogeneity
and spatio-temporal nonstationarity.

(3) At present, the development policy orientation of the Jing-Jin-Ji urban agglomeration
is of integrated and coordinated development. However, the different core driving forces of
the urban agglomeration restrict the improvement of the regional integration level. In order
to further enhance the validity and “scientificity” of regional decision-making and promote
the coordinated development of the region, the Jing-Jin-Ji urban agglomeration should
choose the right spatial development mode and give full play to the respective advantages of
the core driving forces of urban characteristics. Between 1990 and 2015, the spatial devel-
opment of the Jing-Jin-Ji urban agglomeration changed from a dual-core development mode
centered on Beijing and Tianjin to a multi-core development mode. With the comprehensive
development of the cities, three core groups have appeared in the urban agglomeration: the
northern resource transportation core, the central economic development core, and the
southern investment development core. Grasping the core driving forces of the different cit-
ies, adopting a multi-core functional coordinated development mode, and formulating a co-
ordinated development plan that could give full play to the characteristics and advantages of
the cities is of great significance to the integration and coordinated development of the
Jing-Jin-Ji urban agglomeration.

(4) In this paper, we used the center of gravity-GTWR model to analyze the urban expan-
sion patterns and their driving forces in the Jing-Jin-Ji urban agglomeration. This model in-
troduces urban spatial interaction through the use of spatio-temporal barycenter transfer, and
introduces the temporal dimension through the GTWR model. It not only considers the spa-
tio-temporal nonstationary characteristics by taking the characteristics of time and space as



WANG Haijun et al.: Urban expansion patterns and their driving forces based on the center of gravity-GTWR model 317

the influencing factors of the regression analysis, but also considers the urban spatial inter-
action. It combines the analysis of spatio-temporal nonstationarity with urban spatial inter-
action, and analyzes the urban land expansion as a space-time dynamic system. However,
there are still many shortcomings to be studied, such as the parameter ratio settings of the
temporal and spatial dimensions, the optimization of the model bandwidth, and the choice of
time step unit.
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