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Abstract: China’s urbanization is going into a fast developtretage. This paper focuses
on the recent evolution of an urbanized area — Qutiee southern part of Jiangsu
province in the Yangtze River Delta in China — bgams of complementary approaches,
especially different fractal and autocorrelatiorasw@ges. The research shows that Sunan’s
urban clusters are becoming more and more homogearwai compact and are growing
up along the important transportation axes. Theckimg discussion of the findings
establishes the links between the morphology chmidprawl and recent socio-economic
changes in China.
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1. Introduction

China’s urbanization is going into a fast developtr&age, and its urbanization level has already
reached 43.9% in 2006. Sunan, the southern patiaofjsu province in the Yangtze River Delta in
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China, with an area of about 9,200%iis one of the developed areas with the most ragienization
growth in China. It is located on the south banktled Yangtze River (YR), near the core of the
Yangtze River Delta (YRD) (Figure 1).

Sunan’s urbanization mode is typical of Chineseanrmation trends. Its rate of urbanization had
already reached 67% in 2006. In the initial staigéhe “reform and opening-up period” the number of
cities in Sunan has risen from three to eight, agnehich there are three big cities (Changzhou, \Wuxi
Suzhou) with a population of more than 5 milliomwnconsidered satellite cities of the extended
metropolitan region (EMR) of Shanghai [1]. There dive other cities (Jiangyin, Zhangjiagang,
Changshu, Kunshan, Taicang) with a population ofemthan 0.4 million and 205 towns with a
population between 10 thousand and 0.4 million.

Within cities, the urban mass distributions in space never uniform because of differences in land
prices and accessibility, for example. Nevertheldss fragmented distribution within a certain spa
is not purely random, since fractal objects aracstired following a central organization principle,
self-similarity throughout the spatial scales, whis a property especially useful for urban geolyyap
studies. However, it is possible to neglect thelpabrk of intra-urban patterns and their difference
when we consider the scale of the whole agglonmrati order to examine the overall sprawl process
and patterns in several time periods. A sprawliatggon usually shows a highly irregular form, sit
necessary to find some suitable approaches toibdedbis pattern, via fractal investigation andtspa
autocorrelation in this case.

Fractal properties can be related to some impoddsan morphology features: self-similarity in
clustering and fragmentation of spatial patterndii¢érent scales, hierarchy, sinuosity of bordeursd
non-linear dynamics. Therefore, some aspects arugrowth are in complete agreement with the
fractal description of towns [2] and the fractagjenerally quite suitable for describing urbangyatt [3].
Basic work on fractal investigation of urban pattehas been done since the 1980s, especially by Bat
and Longley [4] as well as by Frankhauser [5]. Moeeent publications have deepened the
methodological applications and confirmed its iagr[6-9]. A comparative analysis had been done
among some European cities based on fractal measnte [3], which validated the potential of
fractal approach.

In the Sunan region, as Figure 1 shows, theramsjar urban cluster [10], a group of towns located
closely to each other and connected by strong ssmmoomic linkages. Towns with closer proximity
interact more frequently, but vary within theirfdifent urban size hierarchy. Urban built-up ardsms\s
the extent of urban spaces to a certain extentsaritie built-up areas could characterize the alpati
autocorrelation property, which may uncover the anrbspatial pattern. Accordingly, spatial
autocorrelation measures including Moran |, Getid-G [11], indicating the probability of similar
elements being located closely to each other, cbeldised to quantitatively measure urban sprawl
pattern. They have been used widely in epidemiolfid], regional economy [13, 14], floating
population [15], criminology [16, 17] and regiorgciety and politics [18, 19]. From the perspective
of physics, urban aggregations, such as citieognded by satellite towns and commercial areas or
larger merged megacities, can be described asaspaads of clusters that can be mapped on a two-
dimensional surface.
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Figure 1. Location of the study area in China.

Jinan 1 /&
Shandong N
: AR
N il 0 100 km
o # .Z/wng:h L
1
s Henan
1
s M 1 1 R
Rty e 1
= 3! ghai
S 5 - -
* Beijing W o, ’
IS whins )
¢ Shanghai 'O./
—— main rivers o )
I main lakes L i Jiang
0 1 ,0001{1'[1 ) / e Province boundary East China Sea
» § T on Main rivers Yangtze Delta
// I Moain lakes Study area

== Railway
Island in Yangtze River

I City and town

I River and lake

[ IProvince boundary

This paper focuses on clusters of the developed €@yeilt-up area with the following special
definition), and aims to uncover urban sprawl patta this developed area of China, via quantigativ
analysis. No attempt has been made to discrimibateveen various types of buildings in the
developed clusters. Section 2 gives the acquisdfoobject data and the introduction about the ystud
area. Section 3 presents the methodology incluftiagtal dimensions and spatial autocorrelation
measure indices, i.e. global and local Moran Ibglaand local Getis-Ord G. Section 4 presents the
results. And some interesting discussions are givedection 5, linking these measures to changes in
Chinese urbanization in recent decades.

2. Data

Measures of area coverage and spatial distribaierindispensable to describe the morphology of
an urban area adequately [20]. First of all, wednteedefine urban area and what kind of data to be
employed. The definition of “urban area” is coneasial since different countries have different ngea
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to define “urban” and “urban area” [21]. In pringp“urban area” includes all the land use typed th
serve the urban function. However, how to clasgigy urban land use types is often problematic and
subjective. It is common that many cities havedaageas of water bodies (e.g. lakes and riversrapss
through), green lands (e.g. hills and green infuastire). Additionally, a large number of industry
development zones or economic and technical denetapzones may have been established close to a
city or town, which increases the difficulties iefthing the urban area. In order to focus on thmanr
cluster sprawl but not the inner urban structure,de&fined the urban area according to the following
criteria: (a) if the open space, including watedies and green lands, is completely surrounded by
other urban land use types (e.g. residential, indlignd commercial etc.), it is designated asidoan
area and deemed contained within the urban boundbjyif an industry development zone or
economic and technical development zone is versecto a city or town, its boundary, containing the
built-up areas and non built-up areas surroundedhkybuilt-up area, is merged into the urban
boundary.

Satellite images offer the historical footprint wfban sprawls at certain times, which make the
sources of the data derivations comparable [22jdkat MSS/TM/ETM images are characterized by
medium spatial resolution (about 30 m), affordadode of good quality, easy to access, therefore they
are employed mainly in this research. The profesdicemote sensing images package, ERDAS 8.5, is
utilized for image processing. ArcGIS 9.0, one bé tmost popular and powerful GIS software
package, is employed for editing the raw clasdificadata and the subsequent calculation on spatial
indicators. The two level product images, acquirespectively in 1984 (August 4), 1991 (July 23),
2000 (May 4), and 2005 (May 3), were selected &eth igeometrically rectified with 41~45 control
points to the topographic map (scale: 1:50,000espt: Krasovsky 1940, projection: Gauss-Kruger)
by using the nearest neighbor method. RMS error §EMwas maintained less than 0.5 pixel. Some
image enhancement approaches, e.g. LUT stretcheatute enhancement, were used to sharpen the
different object boundaries. Then visual interpgietawas employed to extract urban boundaaythe
following procedures:

(@) taking the 1:50,000 scale topographic map froml®®0s as reference, the urban boundaries

were digitized based on the 1984 Landsat MSS inflaigeire 2a);

(b) taking the boundaries in 1984 as reference, thedemes in 1991 were digitized based on
the Landsat TM image in 1991 (Figure 2b);

(c) taking the boundaries in 1991 as reference, thademies in 2000 were drawn out based on
the Landsat ETM image in 2000 (Figure 2c);

(d) taking the boundaries in 2000 as reference, thaedemes in 2005 were outlined on the basis
of the 23 m spatial resolution IRS-P6 multi-spdatreage acquired on May 3, 2005 (Figure
2d).

(e) Finally, for the analysis of fractal dimension, timban area for each town was exported into
a black and white color 4,724 x 4,724 pixel bmge f(leach pixel 250 m x 250 m),
respectively, representing the urban area and nosmLareas.
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Figure 2. The urban morphology of Sunan in different periods.

L L
. .. .. (3)Aug. 4, 1984 . L+ () July 23,1991
. ’ u '..‘ N 5 - * "‘t‘, . Q’
r . < PO -
A ' '..‘t NS LR AR | *i:
~ [ s Tty : A L -y
4 jk s ' % i il . ‘; ". N .t N , “‘
. . ) B - n ry Ll . . ‘e Q, - ‘o i’ » ‘g-l,
Coa . P : o™ - v o
" ““b“- - -1* . : h L 4 “i’r- v - .i‘ \dt -r‘ ts
: : *. et A -0 T
N .o b - - L. 'y * - ’
i’ ' » L . 1 »
v . N . \4’,“‘ - - 11" \
st N A IS ‘ L}
. voaa A . « <2 o X
A L * ! “ W -t h !
i P 1 A e "y
0 20 Km * . - 0 20 Km S
. . - » " ¥
. .
! ]
-
., ~» 1< (c) May 4, 2000 . - g (d) May 3, 2005
L] ” " 13 L] L] & &i. * &
N «vd E] AN . ¥ Ny
PR AT Ao’ A
" i LAY ": .."h-r A& F
it R
P ~ .
. » ‘(..,'p 413.“1*:" JER . _"*'1‘ .
. ""‘F"'f*‘i".; NP ¢ 1% . ws A
~ LY L & PR PR % -~ ﬁ“
4 [ a 4 AR 4 rl *
vty N -y, . . LR ™

» ¥,
1 » " .
0 20Km s 2 ' 0 20Km
L1 o PR L
. 1 o A4
# #

3. Methodology
3.1 Fractal dimension

Fractal geometry has become popular through thé& wbrthe mathematician Mandelbrot [23].
Fractal dimension measures are a good instrumerat ffpobal comparison of the morphology of cities
[2]. In this section, we give more details aboutctals through description of how to determine the
fractal dimension, including radius dimension, etation dimension, and boundary dimension. The
first three dimensions attribute to the countingthod, which was implemented by Fractalyse
developed by Gilles Vuidel. The fourth can be cllted by the regression function in a statistics
software package.

The counting method goes step by step in an iteradrinciple. In each iterative step, the method
involves counting the number of black pixels comea in a counting window. From one step to the
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next, the size of the counting window is enlargieddoing so, we atrtificially change the level of
analysis of the image. Thus, for each method we haw elements varying according to the counting
step (iterative step): (a) the number of countedneints (which is roughly the number of black pixels
present in the windowN); and (b) the size of either the counting windavite reference elemeni)(
Then, we obtain a series of points that can beesgmted on a Cartesian graph. The Y-axis correspond
to the number of counted elemeny &nd the X-axis corresponds to the size of thentting window

or that of the reference elementwith ¢ increasing from step to step. Mathematically, sbeées of
points is a curve (named the empirical curve). bt stage is to fit this empirical curve with amet
one, the estimated curve. If the empirical cunio¥es a fractal law, the estimated curve has thenfo

of a power law (parabolic or hyperbolic), abdepresents the fractal dimension [24].

N=cPor N=¢gP® (1)

Generally speaking, the image is not a pure fractalnot a continuous function but a discrete and
finite one, so it is only possible to approximdte fractal law. Therefore, we do not estimate diyec
the fractal law as equation (1) but a generalizatibit as follows,

N=as® +c (2)
where,a is called the “pre-factor of shape”. It gives athetic indication of the local deviations from
the estimated fractal law. In the case of a mathiealdractal structur@ should be equal to 1. In some
casesa is equal to 0.5 or 3. If its value goes over 1®eyond 0.1 the fractality of the structure under
study is not confirmed [2F corresponds to the point of origin on the Y-axis.

The distinction between different types of urbattgras was first discussed in Frankhauser [5] and
Batty and Longley [4]. Batty and Xie [25] and SH26] did some research on comparative analysis. In
this paper, a non-linear regression is used to #pdroximately the power law which best fits the
empirical curve. The quality of the estimation isaqgtified using a correlation coefficient: if the
correlation coefficient (an output of Fractalyse)ess than 0.999, the computed fractal dimenson i
considered to have a poor adjustment to the theateurve, if it is inferior to 0.9999 we have aagl
adjustment, if it is in the range between 0.9998 A:®00000 we have an excellent adjustment. If the
fit between the two curves (empirical and estimairéds) is bad, two conclusions are possible: either
the pattern under the study is not of a fractalirgaor it is of a multi-fractal nature. In orderrteeasure
the morphological evolution of the urban area oh&uwe used all of the three methodological
approaches mentioned above to provide complememisights on the fractality of the urban patterns
from different views, which have different geograjath meanings. Additionally, the curve of scaling
behaviora(e), highlighting the presence of a constant valu¢hef parametes. and of increasing or
decreasing trends of the represented curve amndiatiche characterization of the ranges of theusdi
in which the fractal dimension is constant withad correlation coefficient, will help us identitiye
threshold at which the urban cluster morphology ctegnge from one point to another. Three methods
are employed:

a. Radius method

This method refers to a specific point known ascienting centre and gives the law of distribution
of the occupied sites around this point. The radiosension ;) indicates that the attenuation features
of spatial distribution departing from the centértloe analysis window to its peripher, may not
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exceed the value of 2 in theory. D is less than 2, it shows that spatial distributanthe town
attenuates in density from the center to its penphf D, is equal to 2, it shows the spatial distribution
of town system element is uniform to the directadadius. In real world patterns the local valoés
the scaling exponent, as represented by the clrseating behaviour, may indeed exceed two, which
could be explained in detail in Frankhauser [27].this study, we choose the counting centers,
respectively, at the Sunan’s baricenter (310, 383)angzhou (113, 229), Wuxi (253, 322), and
Suzhou (388, 441), where mass is concentrated tandensity is not basically augmented when
increasing distance from the counting centre.

b. Correlation method

Each point of the image is surrounded with a sswlilared window. The number of occupied points
inside each window is enumerated. This allows tleamnumber of points per window of that given
size to be calculated. The same operation is apfdiewindows of increasing sizes. In principlasit
possible to choose any shape for the window, ssatirale, hexagon, etc. However, since pixels are
square-like, the choice of a square helps to avoichding errors. The correlation dimensidd)(
shows uniformity degree of urban distribution iceatain area; and it gives a detailed result aboait
distribution of occupied points. Generally; is in the range of 0 to 2. B is more close to 2, it shows
all of towns distribute more uniformly over spaead if D; is more close to 0, it shows one premier
city has been formed.

c. Boundary method (or area-perimeter method)

If those urban surfaces are simple geometricalotdjeheir borders would be characterized by the
dimension 1 and their surfaces by the dimensioAlthough the observable relation between borders
and surfaces is regular, the ratio surface to Worsleabout 1.05 [2, 5], which contradicted with
Euclidean geometry but corresponds to fractal géiyn&enerally for each of urban polygons, its
perimeterP is related to the are®aof the same polygon by the basic fractal relatim§28]:

P = kAP/2 (3)
whereD is the fractal area-perimeter dimensi@n)( k is the constant of proportionality. Equatic®) (
can be transformed logarithmically:

InA=D£><InP+c 4)

wherec is the intercept (constant) for linear regressife employed ARCGIS 9.0 fok andP; and

the statistic software SPSS 11.0 was employedefgression to acquire the value@f Similarly, the
quality of the estimation is quantified using aretation coefficient. In generdl, is in the range of 1

to 2. But recent investigations showed that theasibn might be more complex. Indeed for urban
patterns often intermediate situations are obseraed no significant relation has been detected
between the fractal dimension of surfad®s,f) and the dimension of boundaruung when
comparing town sections [24]. However, from a tle¢ical point of view, for Sierpinski carpets and
Fournier dusts there exists indeed the relabami =Dpoung but for teragons it may shovidy,; =2 and

1< Dbound <2 [29]-
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3.2 Compactness index

We employ the indicator compactness derived froamdscape metrics” to quantitatively measure
the urban form. Compactness not only measures dkeh shape for the individual patch, but also
considers the dispersion degree of the landscape cdmpactness inde£l) defined by Li and Yeh
[30] is:

Y.Rip Y2JSimip,
~ N
where§ andp; are the area and perimeter of patch (here, urtea),g P; is the perimeter of a circle
with the area of§ andN the total number of patches. According to thigrdedn, the compact patch
with the round shape will have the high value. Timimize the bias caused by the numerous small
compact patches rather than the large complex anesd Yeh [30] also revised compactness index
as follows:

Cl= ()

> 2Js/nip,
r=0 =) (6)

3.3 Sprawl intensity

In addition to static analysis of urban forms byractal dimension at some time and dynamic
analysis by the evolution of the fractal dimensiamghe course of time, it is necessary to select a
dynamic index for showing the urban and urban elugrowths more directly. So we employ the
sprawl intensity indexSll) as the following:

sii=—A 100 (7)

A xAt

where A, (in n?) is the total area within the administrative toboundary, ands (in mé/year) the
urban sprawl area of each of the towns along somextobn or directions in its corresponding
administrative boundary during the period tidse(in years). In China, the town is the most basic
administrative unit, whose boundary is usually redrgr split partially or wholly according to its
economic development at that time. The boundary nohaye the same in different periods. Here, we
take the administrative boundaries in 1991 for Haesic calculation and analysis unit for their
convenient comparisons in the course of time.

3.4 Spatial autocorrelation

Some standard global and new local spatial statisitncluding the Moran | [31], Getis-Ord G [32],
and Local Indicators of Spatial Association (LIS&B], can be employed to detect the sprawl pattern
of urban cluster [34]. They start from the assuoptif a randomized distribution of spatial pattedn.
the spatial pattern or form for the spatial depewcdeis derived from the data only without pre-
conceived theoretical notion. In this study, thebgl and local Moran | were carried out by GeoDa
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0.9.5-i (Beta) developed by Luc Anselin; and thebgl and local G statistics were calculated by
Spatial Statistics Tools in ArcGIS 9.0.

a. Global Moranl

The Moranl is defined by
2w (% = 9)(x; = %)

i j#

n
D O

(8)
wheren is the number of observationg,andx denote the observed value (of sprawl intensitthia
study) at location andj, respectivelyxis the average of thex§ over the n locations,w; is a
symmetric binary spatial weight matrirXn) defined as 1 if locationis contiguous to locatiopor
locationi andj are within a certain distanceand O otherwise, an, is the sum of all the elements
from wj;.

The value of Moran ranges from -1 to 1. The Mordnis positive when the observed value of
locations within a certain distance or their comtigs locations tend to be similar, negative whay th
tend to be dissimilar, and approximately zero when observed values are arranged randomly and
independently over space.

b. Global Getis-Ords
The Getis-Ords is defined by
ZWij (d)xX;
2. 2%, (9)

where the symbols have the same meaning as inieqy8j. For ease of interpretation, a standardized
form of G(d) can be defined as:

Z(G) =

G(d) = )

G- E(G)

Nar(G) (10)

whereE(G) is mathematical expectation &f andVar(G) variance ofG. If G is more tharE(G) and
Z(G) is significant, the observations are clustereddbgtively large values; G is less tharkE(G) and
Z(G) is significant, the observations are clustereddbgtively small values; and @ is close tcE(G),
the observations are randomly distributed overepac

Each of the two statistics mentioned above onlggia single value to show a whole spatial pattern
for observations, so we cannot know about the alpadiriance at each of locations. Additionally, the
global statistics is on the hypothesis of the mathtecal expectation and variance of all the
observations being a constant; however in facs, itnpossible for satisfying the hypothesis esgicia
when the data volume is enormous. In a global abpatitocorrelation samples, there may be randomly
distributed observations in local locations; origlobal randomly distributed observations, thesgy m
be a local spatial correlation pattern. So it isywyeecessary to employ local statistics to identifg
local spatial pattern.
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c. Local Moranl

The local Moran statistic for each observatiosm defined as:

I =>wWZZ, (11)

where the observatioigandZ; are in standardized form (with mean of zero anihwae of one). The
spatial weightw; are in row-standardized form. Sh,is a product ofZ; and the average of the
observations in the surrounding locations. The evafil;, unlike that of global Moram, is tightly
related with the observations, and not confinethéorange of -1 to 1.

With a significant level (such gsvalue less than 0.05), a positivend a positive; indicate that a
high observation value at locatidnis associated with relatively high values at itsreunding
locations, viz. high-high value cluster (HH); a piog |; and a minusZ indicates that a low
observation value at locations associated with relatively low values at itsraunding locations, viz.
low-low value cluster (LL); a minuls and a positivg; indicates that the observation value at locaiion
is much more than those at its surrounding locatieiz. high-low value cluster (HL); and a miniys
and a minusz indicate that the observation value at locatiors much less than those at its
surrounding locations, viz. low-high value clude).

d. Local Getis-Orda

The global Getis-Orés may not easily distinguish the presence of negatpatial association from
spatial clustering, which is often defined as eithigh-rate or low-rate spatial clustering. ThelglbG
has not been evaluated extensively, especialliof@value clustering. It is critical to interpreidal G
according to the degree of the glofa[35]. The localG (includingG; andG;") is to test the deviation
of a local pattern from the average values of okiems. The spatial statist@®(d) andG; (d) can be
defined as:

> w, (d)x > w, (@)
G(d)=" G (d)=———— (12)

2% Zjlxi

IBE:!
where the symbols are the same as before. Forigasgretation, a standardized form@{d) in Ord

and Getis [36] can be defined as:
G - E(Gi G -E(G’

JVar(G) 260 Nar(G)) (13)

whereE(G)) is mathematical expectation 6f andVar(G)) is the variance; anB(G;") is mathematical
expectation ofs;” and VarG,) is the variance.

A significant and positive(G;) or Z(G;") indicates that the locatidnis surrounded by relatively
large values, whereas a significant and negafif®) or Z(G') indicates that the location is
surrounded by relatively small values, so the loGalstatistics can be used to identify spatial
agglomerative patterns with high-value clustersoarvalue clusters. Having shown the methodology
of this study, we now turn to the results of thalgsis.
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4. Results
4.1 General situation

In the period from 1984 to 2000, the urban areaimeclinearly larger and larger from about 230
km? in 1984 to 750 krin 2000; then it suddenly sped up exponentiallabout 2,800 kfmin 2005
(Figure 3a), with 900 kfmcovered by various development zones includingistny development
zones and economic and technical development zd@hestotal urban area of the Sunan zone in 1991
is 2.33 times that of 1984, in 2000 it is 1.57 tanleat of 1991 and 3.64 times that of 1984, in 2005
is 3.41 times that of 2000, 5.34 times that of 18@H 12.42 times that of 1984. The relationship
between the total urban area and the total urbpnlation agrees greatly with a positive exponential
function (Figure 3b). And the urban area growthmigch faster than the urban population growth,
which means that the urban growth is land-enclosed.

Figure 3. The total urban areas in different years and thlationship with the
corresponding total urban population.
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4.2  Homogeneity and compactness

The global fractal radius dimension (GFRD) centatthe baricenter (310, 335), with a maximum
effective circle radius range of 1 to 619 pixelstaining almost all the towns, shows on the whbé t
the repartition of urban areas has become more gensmus over time except in 1991 with a value
below 1 (Figure 4a), revealing that the spatiabaigation is like a Fournier's dust in 1991. A dami
tendency with big and many oscillations (meaninffedent reliable local dimensions with many
estimated intervals) is illustrated by scaling betacurves in 1984, 1991 and 2000 (Figure 5a),
reveals similar heterogeneous spatial organizaifomrban surfaces, and a strong dilution existed in
the radius range of 150 to 230 pixels. With urbprawl, the curve in 2005 was obviously different
from the others; it reveals more a homogenousibligion and is more compact, especially in the
radius range of 1 to 400 pixels.
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GFRD centered at Suzhou (388, 441), with a maxineff@ctive radius circle range of 1 to 441
pixels containing Wuxi, Kunshan, Taicang and Chaogsmplies to a certain extent homogenization
of spatial organization of the urban area fromdéster to its periphery over time from 1984 to 2005
(Figure 4b); however, the value in 1991 was evigentore than the others, which shows more
homogeneity. But from the view of different estiedtintervals (Figure 5b), the scaling behavior
curves in 1984, 1991 and 2000 illustrate a sinmiland towards urban sprawl, indicating the similar
spatial organization around Suzhou along the raftus center to periphery and a similar dilution
radius range of about 50 to 170 pixels, far awaynfiWuxi and Kunshan, with a high correlation
coefficient more than 0.99; however, in 2005, thetidn radius range were extended to about 140-240
pixels, just reaching the outline of Wuxi and Kuashwith a local fractal radius dimension (LFRD) of
0.0011 and a correlation coefficient of 0.999120.

Figure 4. Global fractal radius dimensions and their coroesiing correlation
coefficients centered at: (a) barycenter, (b) Suzlf®) Wuxi, and (d) Changzhou; left y-
axis and solid black rectangle for dimension (disienless), right y-axis and hollow
white rectangle for correlation coefficient (dimemgess) x-axis for time (in year).
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GFRD centered at Wuxi (253, 322), with a maximufedative circle radius range of 1 to 505 pixels
containing Suzhou, Changzhou, Jiangyin, Zhangjiggard Changshu, shows more homogeneity than
that centered at Suzhou in the four years, espedmll984, 2000 and 2005 (Figure 4c), implying a
different spatial organization of urban areas fittwa centers of Suzhou and Wuxi from their respectiv
peripheries. It is worth noting that the GFRD irD@0vas almost equal to that in 2005 and obviously
more than that in 1991, revealing that the urbaawpprocess is becoming more and more metrical,
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and at present is relatively stable. Scaling bedrasurves uncover there is a similar tendency with
increasinge (Figure 5c¢): in 1984, 1991 and 2000 existed atidituradius range of about 50 to 160
pixels, far way from Suzhou and Changzhou, withRRD of less than 1 and a high correlation
coefficient more than 0.99, however in 2005, whieltame a dense and narrowing radius range of 125
to 200 pixels, just reaching the outline of Suzltemd Changzhou, with a LFRD of 1.489 and a
correlation coefficient of 0.999411.

Figure 5. Scaling behavior in the five years, respectiventered at: (a) baricenter, (b)
Suzhou, (c) Wuxi, and (d) Changzhou; y-axisdqdimensionless)-axis fore (in pixel).
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When the center is transformed into Changzhou (228) with a maximum effective radius circle
range of 1 to 225 pixels, there are higher and driglalues of GFRD but all less than 1 over time
(Figure 4d), showing evident heterogeneity and Rieuis dust characteristics in each of the fourgea
Maybe this is due to its fringe location in the whetudy area. Scaling behavior curves show theat th
outline is extending towards its surrounding, aadises the dilution radius range up to nearly reach
the outlines of Jiangyin and Wuxi.

In 1984, the global fractal correlation dimensi@+CD) was close to 1 (Figure 6a) and there were
also big fluctuations of dimensions from about 0t69..43 for different estimation intervals (i.bet
local fractal correlation dimension, LFCD) (Figuse), showing heterogeneous spatial organization
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like Fournier’ dust especially in theranges of 23 to 58, 58 to 69, 69 to 86, 118 to a3 130 to 154
pixels because of LFCD less than 1 with correlatioafficients more than 0.999. This corresponds to
the towns which are distant from each other. GFGiDevhigher (less than 1.3) in 1991 and 2000 but
keep similar values for different estimation intssand the largest difference was in 1991 thakthe
were still some LFCD less than 1 withranges of 28 to 90 and 112 to 126 pixels. Thetdtac
correlation dimension in 2005 was highest (more th) in the different estimation intervals, which
means the urban area has become more homogeneous.

Figure 6. (a) Fractal correlation dimension, left y-axis asalid black rectangle for
dimension (dimensionless), right y-axis and holleviite rectangle for correlation
coefficient (dimensionless), x-axes for time (irag)e (b) the scaling behavior, y-axis for
a (dimensionlessk-axis fore (in pixel).
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Figure 7 illustrates thaZl’ became higher and higher over time from 1984 @b2@ reveals on the
whole that the connection between towns is moremaare compacted, which validates the analysis
from fractal dimension. Different from the implicat of the fractal dimensions and the revised
compactness indices, i.e. the urban surface begomuore and more homogenous and compact, the
comparison of fractal boundary dimensions showthenwhole that the outlines of urbanized surfaces
are unstable and irregular (Figure 8). It revedishy that urban outline is to some extent out-odey
from 1984 to 2005, it may due to the lack of a oardus urban planning schema over a long time even
though there has been some urban planning durimg sime periods.

Figure 7. The revised compactness indicesFigure 8. The fractal boundary dimensions.
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4.3 Sprawl pattern

Means ofSlI of all the towns are 0.54 during the periods frd@84 to 1991, 0.34 from 1991 to
2000 and 3.65 from 2000 to 2005 respectively, shgwihat the sprawl intensity increased sharply in
the new century and is about 6.8 times that ininft@l stage of reform and opening-up period, iafte
going through a transitional stage from 1991 to®00

The sprawl is clustered to a certain extent onathele in each of the three periods, revealed by the
global Moran | of SllI, the spatial weights of which were constructededdasn contiguities,
respectively, from polygon boundary fileb £ 0.427 in 1984-1991, 0.176 in 1991- 2000, 0.294 i
2000-2005), from the average nearest neighbors avithreshold distance of 5,000 m (the nearest
neighbor observed mean distance is about 4,91Glnylated in ARCGIS 9.0) and from the nearest
neighbors with a threshold distance of 10,000 nbi@d). On the whole, the clustered degree is the
highest during the period of 1984-1991, followed2®00-2005, and the lowest in 1991-2000, which
show that: (a) in 1984-1991, urban sprawl intensi@g very heterogeneous and the prominent sprawl
might happen only around several towns or citib};if 1991-2000, urban sprawl intensity became a
little homogeneous; and (c) in 2000-2005, the togresw heterogeneously again, but the prominent
sprawl happened around more towns or cities.

Table 1. Globall of Sll whose spatial weights are constructed based digadres from
the nearest neighbors.

Threshold distance = 5,000 m Threshold distance D000 m
1984- 1991- 2000- 1984- 1991- 2000-
1991 2000 2005 1991 2000 2005

[(d) 1.620 0.200 0.456 0.707 0.167 0.222
E(d) -0.005 -0.005 -0.005 -0.005 -0.005 -0.005
Z Score 15.317 1.878 4.165 18.517 4.363 5.666

However, the clustered patterns indicating urbamawspwere different, which were confirmed by
the local Moranl of Sll. The local Moran scatter maps oBll show that (Figure 9): (a) There are
obvious HH, HL, LH and LL clusters with similar df@ distribution, but different sizes in the three
periods; some towns around Changzhou, Wuxi and &uwrlere classified into the HH cluster in each
of the three periods and some towns along the YanBiver were always in the HH cluster region;
additionally, HH cluster regions were graduallynsBormed from the city cores to the suburbs during
the periods from 1984-1991 to 2000-2005. (b) In4t2891, HH clusters were focused on towns
associated with the three cities of Changzhou, Vil Suzhou and several towns

Along the Yangtze River, around which several Hustérs existed, the majority of towns were
classified into the LL cluster. It reveals that ambfast growth was mainly centralized in the thvap
cities during this period. (c) In 1991-2000, HH stlers were extended in spatial distribution; there
were more and more HH cluster towns along the YanRiver, and towns subjected to Kunshan were
classified as HH cluster but as LL cluster in 19891. (d) In 2000-2005, the HH clusters were
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contiguously joined into a zonal region from Wuxtihrough Suzhou and Kunshan, to Taicang;
additionally, the suburbs were in HH cluster likeli991-2000. (e) Wholly and generally, HH cluster
was point-pattern at the initial stage, and thay there transformed into the periphery or enlaigéal

a large region but still point-pattern; with rapgidleveloping economy, more HH clusters emerged and
some of them were joined together into a zonabregi

Figure 9. Moran | scatter map.

1984-1991
- High-high cluster (HH)
- High-low cluster (HL)
- Low-low cluster (LL)
I:l Low-high cluster (LH)
Urban outlines n 1991

1991-2000
- High-high cluster (HH)
- High-low cluster (HL)
- Low-low cluster (LL)
|:| Low-high cluster (LH)

Urban outlines i 2000




Sensor008 8 6387

Figure 9. Cont.
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In order to uncover different clustered patterngerdeeply and formally, the hot/cold spot analysis
technique was employed to calculate the globalsg3@td G values. The global Getis-Of@ value,
together with théc value andZ score (Table 2), show that the cluster revealethéylobal Moran is
a high cluster, which is more significant in 198381 than in the other two periods. So the hot spot
urban sprawl was highly concentrated in 1984-19@it], was gradually dispersed. In order to uncover
the spatial distribution of the hot spots and thensformation, the local Getis-Of@ values were
calculated as well.

Table 2. Global G of Sll whose spatial weights are constructed based otigadies
from the nearest neighbors.

Threshold distance = 5000 m Threshold distance = @00 m
1984- 1991- 2000- 1984- 1991- 2000-
1991 2000 2005 1991 2000 2005

G(d) (x10% 9.234 2.165 1.517 19.57 7.300 5.689
E(d) (x10% 1.034 1.034 1.034 4.454 4.454 4.454
Z Score 17.053  3.475 2.441 19.084  5.229 3.668

5. Discussion

Urban form is a “pattern”, representing the spati@racteristics of the urban area at a certaia.tim
Urban form is also a “process”, indicating the sgathange over time. The pattern is the outcome of
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the process. And both the pattern and procesdasely linked to social, economic, cultural andesth
factors [37].

Figure 10. Spatial distribution of the local Getis-Ofét 1 denotes Huning railway, 2
Huning expressway, 3 Subei railway, 4 Xicheng espray, 5 Yanjiang expressway, and
6 Sujiahang expressway.
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Figure 10.Cont.
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Figure 10 shows from the sprawl intensity poinviefv that:

(@) In 1984-1991, there were four hot spots, which wenecentrated, respectively, at the four
cities, i.e. Changzhou, Wuxi, Suzhou and Jianglire former three are connected directly
by the Huning railway (from Nanjing to Shanghaidahe fourth lies along the Yangtze
River;

(b) In 1991-2000, the hot spots located at ChangzhaouJangyin, respectively, still existed
but dispersed into a big connected patch; the patt Iscated at Suzhou was enlarged and a
new one grew up at Kunshan; the one located at \Weoame weaker;

(c) In 2000-2005, the hot spot located at Changzhduesiisted, but was becoming weaker
and weaker, so did the big connected patch; thelamated at Wuxi was enhanced again;
noticeably, a zonal hot spot had grown up from Wthiiough Suzhou, to Kunshan along
Huning railway and Huning expressway; additionadlyjew one emerged at Taicang along
the Yangtze River;

(d) Wholly and generally, the hot spots of urban sprate concentric mainly at big cities in
the initial stage, where the urban sprawl were-gelferned and did not have strong
influence on each other; and then, the hot spaigugily spread to their surrounding towns,
or they were joined into other hot spots into a dampnected patch; with economic and
social development, the hot spots spread and disgarontinuously and some were joined
into a zonal region along the important transpateaxes.

During the last 25 years, China has gone througketisignificant development stages, each of
which pushed economic and social development, lagwl irbanization process was sped up to a great
extent. The first stage started in the early 198@stivated by the “reform and open door” policy of
Deng Xiaoping. The agricultural and state-ownednecsies dominated the national economy in the
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early days of this period; and then the industéebnomy and non-state economy, including the
collective economy and individual economy, were eleped rapidly due to the beneficial and
favourable government policies. The people in tlelysarea enjoyed a better standard of living than
those in most of the other areas of China.

In 1984, 14 cities, including Shanghaire opened up as “opening city in coastal areasl,some
regions, e.g. YRD and the Pearl River Delta, weneetbped as “special economic zones”. The Sunan
zone thus greatly benefited from the policy andthiree traditional and historical cities — Changzgho
Wuxi and Suzhou — were impelled to develop priorother cities and/or towns by this policy.
However, the development at this stage were gresdtcted and restricted by China’s economic
development direction of traditional long-standiipganning economy”, and the criteria to judge the
development was not made clear yet. The seconc stgted in 1992, was initiated by Deng
Xiaoping’s new lecture on the “reform and opening policy when he visited South China again.
China then started to establish a socialist magkenomy system with Chinese characteristics under
the slogan of “deepening reform and opening up’e Tdniteria determining the success of the
development were whether it would be beneficiallé@eloping socialist productive forces, whether it
helps enhancing the overall strength of the couatrgg whether it would increase people’s living
standards. Under this beneficial policy, more amteniowns began to speed up their development by
attracting foreign investment with the help of pednant geographical locations, preferential
investment policies including land use, duty ancereie, and a good pleasant investment environment
including infrastructure preparation, governmentvise and rich human resources. The industrial
economy became more and more important and promiimée latest stage started in 2000 when the
population entered the great 21st century, inididig the significant development targets set fer th
new century by the central government of China. fdreign investment was continuously surging
upwards but began to be controlled by the macragoandecision-making process. In this period, the
industrial economy has occupied the dominant mosiin the whole national economy and was
increasingly affected by the most economically d@yed city of Shanghai in China. Shanghais
creating more attraction to its surroundings. Tisighe reason why we divided the whole study period
of 1984 to 2005 into the three stages of 1984 &119991-2000 and 2000-2005.

Wonget al [38] and Shen [39] argued that Chinese urbamngtiattern since reform and opening-
up is distinguished by dual-track urbanization, iséate-sponsored urbanization and spontaneous
urbanization; the former increases non-agriculpopulation and the latter contributes to small town
based urbanization and migration of floating popaia Both tracks contribute significantly to the
transformation of the spatial pattern of urban@at[38]. In spatial terms, urbanization behaves as
urban growth or sprawl, which is related closelythe developmental level and mode. In turn, the
development determines the pattern of urban spi@ite 1992, in the study area, a large number of
industrial development zones and/or economic amtinieal development zones, most of which
adjoined urban areas closely, were rapidly appgaaimd growing. This is the main direct cause for
why the urban area increased rapidly in the deweslggrea of China, including Sunan zone, within a
short period. Although some developments kept avrayn the urban areas at their initial
establishment stages and some gaps existed, tengap infilled along the connecting routes to the
urban area quickly in a short time. Additionallyjthwthe rapid development of the economy and
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increase in income, wealthy people can afford peivaotor vehicles and the public traffic moved
farther away from the inner town, which makes isgble for people to live in suburban areas as in
most developed countries, e.g. U.S. or Australiais Tis also one of the factors of urban sprawl.
Thirdly, more people are migrating from villagescites for more employment opportunities; some of
them possess the right of permanent residenceessith of the reform of the strict resident registon
system. They choose to live in suburbs farther afn@y the midtown because of lower income. The
suburb is becoming an interlaced place, for wegtthgple, employees and peasants to live in, which
speeds up the urban sprawl. Fourthly, when thenuceater is sprawling gradually from the center to
periphery, it fuses the surrounding towns and/tlages (i.e. rural-urban transformation), which, in
turn, increases the area of the urban sprawl hoa $me. Thus the sprawl reduces the spatialrasht
between rural and urban areas. It is probableth@atirban form is also affected to a certain exignt
information-based variables, e.g. telephone, braadpinternet, etc. [40, 41], but there are diffiere
viewpoints on the modes of influence of these factRegardless of what reasons, it is a fact in our
research that all of the towns sprawl outward teirtibboundaries, making it possible for them to
become more compact and homogenous. Different tdware different geographical characteristics,
human environments and different material investnpaiicies, which results in differential urban
growth. The important transportation axes, i.e. iHgmailway and Huning expressway from Nanjing
to Shanghai, play an important role in the coursarban sprawl, which reveals the urban sprawl is
selective to the direction. So the urban sprawtgpatcan be summarized as follows:

(a) Some big cities benefiting from the preferentialigoin the reform and opening-up
environment firstly began to grow up at the inisége, but their sprawls were unconnected
to each other (Figure 11);

(b) With the development of economy and the establisitroé suitable policies, more and
more urban sprawls fused with their surroundingr®windustrial development zones or
economic and technical development zones and ottlee are more attractions to each
other between different cities by more strengthgnifunctions of the important
transportation axes or more explicit economic cam@ntarities including city functions
(Figure 11b);

(c) The transportation axes are increasingly imporiargconomic development and regional
cities are establishing more explicit functionalisions. Gradually, some cities and/or
towns were joined together and began to be fusedairbig city group or an urban cluster
(Figure 11c).

We have shown that fractal dimension measures g@od instrument for measurement of urban
morphology. This research is very helpful to prevalcase to obtain a clear classification of thiei
in different parts of the world, just as in the egfation in Tannier and Pumain [2]. However, the
results obtained by fractal analysis are highlyeshejent on the generalization methods of the maps
representing the urban surfaces that are usedéomeasurement of fractal dimension. So it is very
important to accurately define “urban area” as aiapobject and carefully delineate the bounddry o
the urban; however, this is difficult and therenis universal consensus [41]. Almost every study
employs its own criteria to delineate the studyaafeven for the same study area, applying different



Sensor008 8 6392

methods, distinct conclusions could be drawn. Aldtowe clearly defined the urban area, we did not
base this definition on the jurisdiction of thaestbut in the view of the real situation of China.

Urban sprawl intensity is used to normalize theaarlsprawl area for the next comparison and
analysis. Using spatial autocorrelation measusemiattempt to uncover the urban process over time i
quantification, and it has proved to be practical applicable. Especially it is very useful to dttide
hot/cold spot transformation and then to reveahartluster pattern.

Figure 11.Urban sprawl patterns in the developed area of&ht different stages since
reform and opening-up: from an individual city tbig urban group or an urban cluster.
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6. Conclusions

Urban research is very important and significanamy country, especially in a developing country
such as China. One of the research means is tditgiaely measure the urban morphology and
process. We also reveal the practicability of fbhalimension measures for homogeneity and
compactness just as some literatures show. Thereliite is that the methods in this research are
applied to analyze the evolution of urban clustdrrot of inner urban area. Scaling behavior mdy he
detect the change of the threshold range. Thealrdohension and its incidental scaling behavioy ma
complement each other for homogeneity and compsstriSprawl intensity is a good normalized index
for different urban sprawls and also is a baseetea urban cluster pattern by spatial autocorcglat
measure, which is very practical and applicabl&lioyan scatter map and hot/cold spot detection.

Since the implementation of economic reform andnomeup in China, the total urban area in
Sunan zone has enlarged about 12-fold and the umb@mphology is becoming more and more
homogeneous and compact. The cities sprawl outwhgiis surroundings, especially along important
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transportation axes (e.g. railway, expressway)duygtly, the cities stretching along the important
transportation axes are attracted to each othebaomime much closer across space. Just as thesproce
mentioned above, a big urban group, named by Sarghurban group, is growing up in Sunan zone
especially since 2000. The natural sprawl indugedrbincrease in urban population is much less than
the industry-induced sprawl. Especially since 20@{jd expansion of industrial development zones
and/or economic and technical development zondggisnain reason for the rapid urban sprawl. Sunan
zone has a high level of spontaneous urbanizatidnwee expect even greater urban sprawl in future
years.
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