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Abstract: As the traditional methods and technical means
cannot meet the quantitative research needs of the urban land
use patterns, quantitative research methods for the urban land
use pattern are established via the GIS ( geographic
information system ) technique combined with the related
theories and models. Taking the city of Nanjing as an
example, a spatial database of urban land use and other
environmental and socio-economic data is constructed. A
multiple linear regression model is developed to determine the
statistically significant factors affecting the residential land use
distributions. To explain the spatial variations of urban land
use patterns, the geographically weighted regression ( GWR)
is employed to establish spatial associations between these
significant factors and the distribution of urban residential land
use. The results demonstrate that the GWR can provide an
effective approach to the exploration of the urban land use
spatial patterns and also provide useful spatial information for
planning residential development and other types of urban land
use.
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ities have been at the centre of economic growth, so-
Ccial and political interchange, technological advances
and cultural production. They represent and support most
of human activity. Urban spatial structure is highly com-
plex and varies considerably from city to city. However,
most urban land is devoted to residential use. The spatial
pattern of residential land use contributes to the city’s
size, shape, and distributions of other types of land use,
and determines the relationships of people, transport,
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neighbourhoods, economic activities and the environ-
ment. Therefore, the study of urban residential land use
is essential in urban planning.

Urban studies has a long history, evolving from the
school of human ecology in the 1920s to the schools of
location theory, social behaviour and political economy in
the 1970s and 1980s. Many studies have been done on
the physical, social, economic and political space of ur-
ban areas, focusing on the understanding of urban land
use structures and their dynamic changes as well as the
drivers of the changes''""’. However, the research on ur-
ban residential land uses has been largely limited to de-
scriptive analysis of land use spatial distribution and its
determinants ""'"*’. Some quantitative analysis and mod-
ellings have been conducted to simulate and predict urban
land use change and urban growth. For example, celluar
automata (CA) simulation is a popular method for mod-
elling urban land use change based on local land use tran-
sition rules "*"7'. However, CA itself does not involve
the identification and examination of the factors that drive
land use change, and thus it does not provide insight into
the urban development process.

In recent years, regression models have been widely
used for quantitative analysis of urban land use change
18200 They assume that independ-
ent variables have no multicollinearity and no correlation.

and its driving forces

The regression coefficients are global. Therefore, con-
ventional regression does not take into account spatial var-
iations of parameters, and the results will not fully reflect
the true nature of the spatial pattern of urban land use and
influencing factors. In order to overcome the limitations
with conventional regression analysis, this research ap-
plied the geographically weighted regression ( GWR )
technique to understand the spatial pattern of urban resi-
dential land use and the underlying factors. GWR esti-
mates a regression equation for each location, where
weights are assigned to the observations surrounding the
location™’. 1Tt is essentially a regression analysis with
spatially varying or local parameters, and therefore can
reveal spatially varying relationships between the distribu-
tion of urban residential land use and the factors that may
affect the distribution. Nanjing, the capital city of Jiang-
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su Province, China, is used as a case study.
1 Methodology

In this research, GIS was used to construct a spatial da-
tabase of urban land use and other urban environmental
and socio-economic data. It first developed a multiple lin-
ear regression model to determine the statistically signifi-
cant factors affecting the urban residential land use distri-
and then applied the GWR technique to establish
spatial associations between these significant factors and
the distribution of urban residential land use; and to ex-
plain the spatial variations in the urban residential land
use pattern and their underlying driving forces. The re-
sults from multiple regression and GWR were also com-
pared.

butions,

1.1 Study area

Nanjing was once the capital of six dynasties in Chi-
nese history, and is now the capital city of Jiangsu Prov-
ince. It is one of the most important political, economic,
and cultural centres in the Yangtze Delta, one of the lar-
gest economic zones of China *'. The Nanjing munici-
pality covers over 6 500 km’, including eleven urban dis-
tricts and two rural counties. It has an urban population
of over 5.25 million according to the 2010 Chinese Cen-
sus. We limit our study to within the city as shown in

Fig. 1, where most of the residential land use is located.
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Fig.1 Grid cells in the study area

1.2 Multiple linear regression model

The multiple linear regression attempts to model the re-
lationship between two or more explanatory or independ-
ent variables.
gression equation can be expressed as

A general form of the multiple linear re-

k

Y =B + ZB_/'XU te&;

=

where i denotes the i-th observation; x; is the j-th inde-
pendent variable; y, is the dependent variable; k denotes
the number of independent variables; B, and B; represent
the intercept and coefficients, respectively; and g, is an
error term. The values of the parameters 3;(j =0, 1,

k) can be found by solving

B=(X'X)'X"Y

1 x, X1k Vi
X= 1 x%l xlk Y= Y
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where B is the vector of B,, B,, B,, ***, B., to be esti-
mated; X is a matrix of observations on the independent
Y is the vector composed of observations on
the dependent variable; n is the sample size or number of
observations.

A multiple linear regression model can be constructed
step by step through automatic selection of independent
variables based on the t-statistics of their estimated coeffi-

variables ;

cients'™’, which is called stepwise regression. It is often
achieved either by testing one independent variable at a
time and including it in the regression model if it is statis-
tically significant, or by including all potential independ-
ent variables in the model and removing those that are not
statistically significant. This study used stepwise regres-
sion to identify the statistically significant factors determi-

ning the spatial pattern of urban residential land use.
1.3 Geographically weighted regression model

With multiple regression, B,, 8,, B,, ***, B, are con-
sidered to be constant over space. However, in geograph-
these parameters may themselves be func-

tions of geographical locations, as geographical phenome-

ical analysis,

na such as urban land uses and their determinants are dif-
ferent across space. The relationships between the distri-
bution of urban residential land use and particular social,
economic or environmental factors determining the distri-
bution may vary from location to location. GWR extends
traditional “global” multiple regression analysis by pro-
ducing a set of local parameter estimates for each relation-
ship at every data point or location in a region, and there-
fore can effectively model the spatial variations of the re-
lationships between geographically distributed phenome-
na. With GWR, a regression equation is estimated for ev-
ery particular location, where weights are calculated for
observations surrounding that location. A GWR model
can be written as

¥ = Bouy,v) + ZBk(ui’Ui)xik + &
T

where (u,,v;) is the coordinates of location i; B, (u,,v,;)
is the intercept; B;(u,,v,) is the locally estimated coeffi-
cient for independent variable j at location i,

cates that the parameter is specific to location i;

which indi-
and g,
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denotes error at location i. 3,(”,-,",-) (j=0,1, - k)
is derived by solving

B(u,,v,) = (X'W(u, v)X) ' X'W(u,,v,)Y

i i

w, 0 - 0
0 w, = 0
W= . .
0 : :
0 0 - w,
BoCuy,vy) B (u,,v) Bi(u,,v,)
_ Bo(uy,vy) B (uy,v,) Bi(u,,v,)
B= : : :
Bo(u,,v,) B (u,,v,) Bi(u,,v,)

where n is the number of observations and w; denotes the
weight of the observed data at location j for location i.
The weights can be determined by several methods, but
the most commonly used method uses the Gaussian func-
tion as expressed below ' ;

Wij — e( -1/2)(d/b)*

where d;; denotes the distance between location i and loca-
tion j, and b is the distance threshold, also known as the
the bandwidth.

The bandwidth may be chosen by minimizing the

Akaike information criteria ( AIC) score ', given as
B a n+tr(S)
AIC, =2nIn(8) +nln(27) +n{n i }

1.4 Rasterization of GWR parameters

The map of each independent variable was rasterized
into a raster data layer. The cost distance method was se-
lected to calculate the independent variable values, and
the method needs source data and a cost surface. The
source data was an independent variable, and the cost sur-
face was created by calculating the impedance value in
European space distance.

In this research, the study area is divided into a set of
grid cells, as shown in Fig. 1. Each cell covers an area of
600 m x 600 m. Each cell is identified with its centroid
whose Cartesian map coordinates are known. In addition,
each cell is associated with the values of the dependent
and independent variables, such as population and acces-
sibility to transport. GWR formulates a separate regres-
sion equation for every grid cell incorporating the depend-
ent and independent variables. The use of grid cells in-
stead of natural plots delineated by roads is because the
size of the plots varies significantly from 38 995 794.5 to
72.4 m’ in the study area, which may lead to the loss of
details or distortion of the spatial variations of the GWR
parameters. As the average size of the natural plots is a-
round 360 000 m’, the cell size of 600 m is used.

The grid cell value of each independent variable was
calculated in the following way, the values of the inde-
pendent variable were extracted from the raster data layer

at the centroid of a grid cell and other 10 randomly select-
ed locations within the grid cell. Finally, the average of
these values was calculated and assigned to that cell, re-
presenting the cell value of the independent variable. This
process was repeated for every independent variable and
for each grid cell in the study area.

The dependent variable is residential land use. The grid
cell value of the dependent variable was calculated as the
proportion of residential land use in the cell, which was
captured by the 2007 Nanjing land use map with the grid
cells. Xuanwu Lake and Zijin Mountain are excluded
from modelling because they are two important and pro-
tected natural areas (see Fig.1).

2 Results

2.1 Factors affecting the residential land use pattern
and their significance

Generally speaking, residential areas should be located
with good natural conditions. The topographic, geolog-
ical and hydrological conditions should be suitable for the
construction of residential houses. A good residential area
should avoid flooding, earthquake, landslides and other
natural hazards to minimize the construction costs, and
should have nice natural surroundings. Transport network
is one of the major factors determining the urban struc-
ture, the urban form and the pattern of residential land
use evolves with the development and expansion of the
transport network 7
the accommodation of residents, residential areas should
have easy access to urban infrastructure, employment,
heath care, educational and recreational opportunities,
and should be compatible with the functional structure of
the existing urban area. Urban sprawl mostly occurs along
the natural and artificial corridors. The growth and distri-
bution of population also affects the pattern of residential
land use development.

There were sixteen major factors driving the spatial dis-

', In addition , in order to facilitate

tribution of residential land use in Nanjing, which include
slope, aspect, elevation, water resources, mountain re-
sources, railway stations, metro stations, main roads,
secondary roads, minor roads, cultural and entertainment
facilities, sports facilities, health facilities, education and
scientific research facilities, population, and existing resi-
dential land use. Nanjing has a single commercial and
business centre, and the largest supermarket chain, Sug-
uo, has retail outlets almost evenly distributed in the city.
Therefore, commercial facilities are not a major factor af-
fecting the distribution of residential land use, which are
excluded from the analysis. Nanjing Railway Station is at
the same location as the Nanjing metro station. Thus,
train stations are removed from the analysis. As a result,
fifteen factors are used in regression analysis. Tab. 1 lists
the results of stepwise regression. With stepwise regres-
sion at a significance level of 0. 05, if a coefficient’s P-
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value is less than 0. 05 and its VIF ( variance inflation
factor) is less than 7.5, the corresponding independent

variable will be statistically significant. According to
Tab. 1, nine factors are statistically significant.

Tab.1 Coefficients of the factors affecting the distribution of residential land use

Variable Coefficient Std error t-statistic Probability VIF

Intercept 0.250 3.967 0

Present residential land use -4.930x10° -0.387 -13.079 0 1.727
Population -2.259 x10 77 -0.710 -3.020 0.003 1.080
Elevation -1.361 x10°° 0.082 3.272 0.001 1.236
Health facilities 7.239 x10 ¢ 0.120 3.660 0 2.119
Education and research facilities -9.756 x10~° -0.126 -4.082 0 1.883
Minor road -1.301 x10° -0.134 -3.909 0 2.316
Recreation 4.418 x10°¢ 0.103 2.746 0. 006 2.784
Secondary road 6.590 x 10 ~¢ 0.074 2.456 0.003 1.808
Metro station 3.829 x10 ¢ 0.062 2.928 0.004 1.111

2.2 GWR analysis of the significant factors

The GWR analysis was conducted in ArcGIS, the Ker-
nel type was set as ADAPTIVE, and the bandwidth meth-
od as AIC. The outputs of the GWR analysis were written
into a statistical report, which include the observed and
estimated values of the dependent variable, residual, R-
squared, AIC and bandwidth. The results indicated that
the AIC value for the GWR analysis was —2 386.479,
which is smaller than the AIC value for the multiple re-
— 2 081. 338. Therefore, the GWR
model provided a better fit to the observed data than the
multiple regression model.

2.2.1 Elevation

The variation of elevation in the study area is generally

small except the Zijin Mountain and the surrounding area.

gression analysis,

Fig.2 shows the distribution of the coefficients of eleva-
tion obtained from the GWR analysis, and residential
land use has a strong positive correlation relationship with
elevation in the middle and southwest of the study area,
but a negative correlation relationship occurs in the north-

e
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Fig.2 Elevation

east of the area where the residential land use decreases as
the elevation increases.

The positive relationship with elevation is weakens
gradually from the central area to the north. That is be-
cause the north is by the Yangtze River and largely occu-
pied by industrial land use. Residential land in the north
is only used by workers in nearby factories, and is not as
clustered as in the central area. Therefore, the signifi-
cance of elevation on residential land use shows a decrea-
sing trend towards the north.

2.2.2 Metro stations

The GWR parameter estimated for the factor of metro

station is mapped in Fig. 3.
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Fig.3 Metro stations

From the map, it can be seen that the existence of met-
ro stations is positively related to residential land use.
Residential land use tends to be distributed closer to metro
stations, particularly, in the central and eastern part.
Metro stations have a weak relationship with residential
land use in the area north to Zijin Mountain, but a strong
relationship in the area south to the mountain. This is be-
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cause the metro line is far from the area north to Zijin
Mountain. Across the study area, the impact of metro
stations decreases from the centre to the north and south.
2.2.3 Secondary roads

There are often more secondary roads than other classes
of roads in an urban area. Together with main roads,
they form the urban transport networks. Compared with
main roads, secondary roads do not have strict require-
ments for the distance between road intersections. They
have smoother traffic flows than minor roads and are suit-
able for entry to residential areas.

As shown in Fig. 4, residential land uses have a strong
positive correlation relationship with secondary roads in
the south, a weak positive relationship in the southwest,
and a strong negative relationship in the east. Secondary
roads have a positive relationship with residential land use
in the north near the Yangtze River, where industrial land
use dominates. The density of secondary roads is sparse
and there is not much residential land. However, they
have a very strong positive correlation relationship with
residential land use in the south, where the Dongshan ur-
ban sub-centre is located with a high concentration of res-
idential land use and high density of secondary roads.
The southern part of the study area is a new development
zone. There is a moderate density of secondary roads and
less residential land use, which leads to a negative corre-
lation relationship between secondary roads and residential
land use.

Parameter estimate/10 =%
E9-0.09 to —0.02
72 -0.01 to 0.00

0.01 to 0.10

B 0.11to 0.18

(75 0.19 to 0.29

Fig.4 Secondary roads

2.2.4 Minor roads

Minor roads are at the lowest level of urban road classi-
fication. The GWR parameter estimated for the factor of
minor roads are shown in Fig. 5.

01000 5000m
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Fig.5 Minor roads

It is evident that minor roads have a strong positive
correlation relationship with residential land use in the
central west, from which the influence of minor roads de-
creases outwards. In the north and southeast, the factor
and residential land use demonstrated a negative correla-
tion relationship. The central west is the CBD of Nanjing
with evenly distributed residential land and dense minor
road networks, and therefore, shows the strong positive
influence of minor roads. The northern and south-eastern
areas are occupied by the Xianlin University Town and in-
dustrial land use, with a medium density of minor roads
and a sparse distribution of residential land use, and thus
minor roads are negatively correlated with residential land
use.

2.2.5 Present residential land use

As shown in Fig. 6, the present residential land use is
strongly positively correlated with the distribution of resi-
dential land use.

The strength of the positive relationship decreased from
the southwest to the northeast. It indicated that the pres-
ent residential land use had an agglomeration function to
the pattern of residential land use in the study area. The
present residential land use is mainly concentrated in the
areas near the Xuanwu Lake, but the maximum value of
the parameter estimates does not appear in those areas.
On the other hand, the northeast region has a low concen-
tration of present residential land use, where the parame-
ter values estimated are small. Therefore, the distribution
of residential land use does not necessarily increase with
the increasing concentration of the present residential land
use.
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Fig.6 Present residential land use

2.2.6 Population

Theoretically, the population size and distribution are
closely related to the distribution of residential land use.
Fig. 7 indicated that the population was not related to the
residential land use distribution in most of the study are-
as. The area, northeast to Zijin Mountain, is the Jiangn-
ing District, a rapidly urbanised area, where residential
areas scatter. The southern part of the study area has a
small population, where industrial land dominates. The
two areas demonstrate a negative relationship between
population and residential land use.

01000 5000m
5002500
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Fig.7 Population

2.2.7 Health facilities
Health facilities are one of the essential public services

in China. Their distribution is associated with residential
land use.

As shown in Fig. 8, the strength of the association was
strongest in the southeast and gradually weakened out-
wards. The southeast area where health facilities are posi-
tively and strongly associated with residential land use is a
new development area with relatively high concentrations
of health facilities and residential land use. In the CBD
area, both health facilities and residential land use are dis-
tributed evenly, therefore, having a weak correlation re-
lationship.
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Fig.8 Health facilities

2.2.8 Education and research facilities

Education and research facilities ( including schools,
universities and research institutes) in Nanjing are often
accompanied by residential development. Fig. 9 reveals
that this factor had a significantly strong and positive cor-
relation relationship with residential land use in the south-
east of the study area, i.e. that closer to education and
research facilities there would be used for more residential
land use. But education and research facilities and resi-
dential land use show significant negative relationships in
the north where the Xianlin University Town is situated
with limited residential development, and in the south-
west where there is a high density of residential land use
and very few education and research institutions.
2.2.9 Recreation

Recreation facilities may include playgrounds, sport
grounds, parks, cinemas and theatres, libraries, etc.
Generally, recreational and residential land use shows a
positive correlation relationship over the study area. More
residential land use attracts more recreational facilities, as
illustrated in Fig. 10.
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Fig.10 Recreation

The area in the north facing the Yangtze River, part of
the city core, has a high value for this parameter. In this
area, the density of residential land use is high and there
are many recreational facilities in the scenic area of Mufu
Shan. The parameter is also significant in the south,
where many industries and some new university campuses
are located, but the density of residential land use is low
and there are few recreational facilities.

3 Conclusion

This research applied GWR to explore the distribution
in urban residential land use, and to explain the spatial
variations in urban land use patterns and their underlying

driving forces, taking Nanjing as a case study. The re-
sults demonstrate that the spatial statistic model is more
effective in analyzing the factors affecting the spatial dis-
tribution of residential land use than global multiple re-
gression analysis. Multiple regression analysis assumes
that there are no spatial variations in dependent and inde-
pendent variables. It provides global parameter estimates,
which cannot reveal the local variations and ignores the
existence of spatial autocorrelation. Therefore, multiple
regression analysis cannot characterize the spatial pattern
of urban land uses and its underlying driving factors.
GWR overcomes the limitations with multiple regression
analysis. It estimates parameter values with higher levels
of significance and smaller residuals, and describes the
spatial variations of all the regression variables.

In the case study, GWR was used to explore the spatial
patterns of urban residential land use in Nanjing. Nine
factors were determined through multiple linear regression
that affect the urban residential land use distribution with
statistical significance, including elevation, existing resi-
dential land use, metro stations, population, health facili-
ties, education and scientific research facilities, cultural
and entertainment facilities, secondary roads and minor
roads. The coefficients or parameter values for each of
the factors were estimated. The results are a set of coeffi-
cient maps. These maps depict the spatial variations of
the impacts of each of the nine significant factors on the
urban residential land use.

Residential land use plays an important role in urban
development. This paper quantitatively explored the rela-
tionships between the distribution of urban residential land
use and a number of environmental and socio-economic
factors, based on which the patterns and evolution of resi-
dential land use at different locations can be derived. The
research demonstrates that GWR modelling provides a
new approach to the exploration of urban land uses based
on geographical data and the modelling results can pro-
vide useful information for planning residential develop-
ment and other types of urban land use.
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