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ABSTRACT: Urban sprawl aSects the sustainable development of theds@tonomy and society. Conerming urban
sprawl trends and proposing countermeasures have receivedcsighattention. Cities are self-organizing systems
with dissipative attributes, and city development is acconmpéutoy urban entropy changes. Urban entropy change
reveals the essence of urban sprawl; thus, it can be used taraeglsan sprawl and better understand its phenomena.
However, the literature on entropy change in urban sprawl aese is limited to qualitative descriptions, and no
convenient or eSective quantitative metrics exist. is studyidges entropy changes and urban form metrics, analyzing
the driving forces in Beijing as a demonstration case. e maiontributions and results are as follows: (O) A new method
was constructed to conerm compact or sprawling urban form devatept. (0) is research shows that the essence
of urban sprawl is urban form distortions in an urban self-organg system resulting from dominant driving forces.
(¢) isresearch also shows that urban development with gerlesarawl characteristics is accompanied by temporally
ene-grained compact urban development, and the empiricaliltssshow that the urban development state paradigm
was neither sprawl nor compact. In future urban management wibris necessary to regularly monitor changes in
various driving factors to prevent urban entropy increases fanmulate or adjust urban development plans based on
eSective assessments. is study contributes by developingw ngiversal analysis tool and exploring the urban sprawl
mechanism, with potential application scenarios that canxtereled to any city or region worldwide.
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O Introduction

In today's world, urban sprawl has become a worldwide phenomemparticularly in the process
of urbanization [2¥]. To date, urban sprawl lacks a uniform deenition but is gedgrainderstood as a
low-density land use model involving a population shiY te tuburbs, the expansion of built-up land
in a disorderly and fragmented manner, and the adverse igpac natural resources and the ecological
environment [ £A].

Global urbanization continues to advance, and the urban sprawhpmenon continues to inten-
sify [OyOJoBy 0y vy, approximately &—% of the world's population lni# in urban areas, and China's urban
population will reach 6 million [(. From 0yy— to 0yO—, China's urban population increased:a%ocy.
while the urban built-up areaincreased by ¥.AQ%China's urbanization deepens owing to the urban form
as an outcome of urbanizatiof: erefore, urban landscapes tend to be homogeneous and fagited,
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accompanied by serious demographic and environmental prob[@¥: Itis imperative to solve the problem
of urban sprawl.

A city is an enormous self-organizing system with dissipatimperties metabolized through entropy
changes(@]. e metabolic function must act on the urban form, known as urbaform dependencedt.
erefore, monitoring urban form changes can help detect urbamtropy changes. In this study, urban
entropy is conceptualized as the degree of spatial disorddrinvan urban system, drawing on prin-
ciples from thermodynamics and information theory. It quard® the complexity and irregularity of
urban land-use conegurations. Higher urban entropy typically itetes more fragmented and scattered
developmentbcommonly associated with sprawlBwhereas lowdropy rezects compact and orderly
spatial structures. is deenition enables entropy to functionsaa theoretical and computational bridge
between urban self-organization processes and observabfghoiogical dynamics.

In the present literature, entropy change theory is mosthediso quantitatively describe urban
equilibrium attributes. However, it is limited to descriptivemanations (seé ).because there
remains a lack of quantitative methods to bridge entropyrgeand urban sprawl. is study attempts to
address this aspect, with Beijing chosen as the case city.

0.0 Urban Sprawl Metrics

Urban sprawl metrics vary by study content, researcher habitsvalue orientations, and country.
erefore, no unanimous conclusions can be drawn. In the earlages, urban sprawl research relied on
single morphological indicators such as population densityit-up area or built-up density, and landscape
metrics [O&0y]. However, a follow-up study found that low density is not ars&tial or inevitable
characteristic of urban sprawl in developing countries suchlard; India, and Mexicod(: e limitations
of either built-up area or built-up density cannot describe urdarm changes, and landscape metrics have
di>culty rezecting internal urban spatial diSerences pd.

As research has progressed, scholars have begun to usemdigttbr methods to evaluate the degree
of urban sprawl O+6() Galster et al. pioneered research on urban sprawl basedgbih @mensions:
land use density, continuity, concentration, and aggregatioi [Yue et al. used the comprehensive sprawl
index, economic e>ciency, spatial form, and population densiyassess the urban sprawl degree of Oya key
cities in China [J. Moreover, Jiang used Oc indices to study the urban sprawijindom three aspects:
urban sprawl form, urban sprawl e>ciency, and urban sprawl impEgdt Yang et al. used seven indices to
quantify and study the spatiotemporal patterns of urban spfaem OA— to 0yOg in Beijing[Hu et al.
studied the close connection between urban-land expansiorfanadand loss using six indices, including
urban expansion intensityof]. Jiang et al. employed kernel density estimation (KDE) atiger indices to
investigate the diSerences in the internal composite structuméng) urban built-up land sprawlj ]. Bhatta
et al. discussed the ambiguity of the sprawl concept and revieasdus measurement techniques based
on remote sensing dataf]. However, causality and correlation among diSerent meteabgays exist; these
diSerent metrics may oYen result in contradictory conclusipns.

0.0 Entropy Methods Progress in Urban Sprawl Research

Entropy change is a substantive characteristic of larg@sghnizing systems}- Owing to urban form
dependencyDf, entropy change in a city must be accompanied by urban form chalBgdging entropy and
urban form changes provides an avenue for researchers to uaddrghe urban sprawl phenomena. Dietzel
et al. divided urban development into compact and spraw! stated described it as a process of dynamic
oscillations between the two states under the action of mleltippiving forces pAcy]. Wang et al. developed
the entropy change formula( in )@o qualitatively elaborate the game process among diSerent
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urban development driving forces. Additionally, they suggddghat comprehensive action could lead to
urban structural changes that include urban fornis]{ Shannon's entropy provided a new approach for
measuring urban sprawt[pand was considered a gate connecting entropy change and urbatogenent;
however, its limitation in describing the degree of spatigansion is obvious{d. Based on binary entropy,
Chen et al. developed the spatial expansion degree ind&X&Eneasure urban sprawl degrees, which has
an evident advantage over other commonly used measurgsHowever, the SEDI building process does
not consider the relationship between urban entropy changeaaban form measurements.

O.¢ Research Framework

is paper aimsto construct a new analytical framework that bridg the entropy theory and urban mor-
phological metrics, to better understand urban sprawl. Byrediteg the SEDI with entropy-based dynamics,
we provide a novel tool that enables both spatial patternngjerzation and driving force interpretation.
Although many researchers have investigated urban sprawgiesitropy-based approachesofcc], our
study oSers three distinct innovations beyond existing work

O. Aformalized entropy framework is proposed, linking thedynamic entropy principles with morpho-
logical transformations through the SEDI. is transition frm descriptive entropy to a dynamic causal
model enables explicit representation of cyclical sprawdimaaisms.

0. e Boosted Regression Tree algorithm is introduced to cagwemporal shiYs in the relative inZuences
of socioeconomic and geographical factors. is approach movegdnd static correlations and allows
identiecation of stage-specisc dominant factors across theaurlevolution timeline.

¢. Anew interpretation of morphological dynamics is proposeahphasizing the cyclicality of urban form.
Based on resned spatiotemporal entropy trajectories, thasis reveals a recurrent dcompacttsprawl+
compact® pattern, providing a more granular alternative toldbtomous evolutionary models.

e remainder of this paper is organized as follows. builds the entropic model and introduces
SEDI. details the study area, data, and preprocessing proceddsasi presents the spiral
trends of urban development in Beijing and analyzes the dontiimeauencing factors: rezects on
the implications of the endings and the utility of the entrapapproach: summarizes key insights
and provides future directions.

e specisc aims of this study are threefold. First, we aim to cansct a novel entropy-based quantitative
modelDSEDIDbthat bridges urban morphological metrics witheéitmodynamic entropy to better charac-
terize the spatial structure of urban sprawl. Second, we segdptg machine learning techniques BRT, to
disentangle and quantify the stage-speciec driving forcdsrimeurban expansion. ird, we endeavor to
explore the dynamic evolution of urban form in Beijing from ©@#£0-6yoy, highlighting the shiY between
sprawl and compact phases and revealing the cyclical natundoah spatial restructuring.

0 Methods

In a self-organizing system, positive incentive factors leathtmopy accumulation and negative entropy
reduction, and the game results cause city development ZuochgfD]. Simultaneously, negatively oriented
city development, including urban sprawl, is attributed to matches among various driving factors]|

us, the above theory provides a basis for bridging entropiange and urban spending degree. To satisfy
the former, the entropy change formula is erst developedipfeed by the introduction of the SEDDB[].
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0.0 Developing the Entropy Change Formula

We develop an entropy change formul@][to discuss the game process among the diSerent urban
development driving forces.

ds dp dy, ©O)

ds is the surplus entropy, and,, is the entropy change caused by the positive driving fadioas can
stimulate a city's development, such as measures that reduce the spbaw! degree. us, it has a negative
value. Similarlyd, represents the positive entropy change produced by the negaitiving factors. When
ds is greater than zero, this indicates that the negative dgvarctors hold a dominant position in urban
development, andice versaWhends is zero, the two driving forces mentioned above are in the reglg
stage, and the city maintains balanced development.

0.0 Introducing the Spatial Expansion Degree Index (SEDI)

e SEDI[ o isintroduced as follows:

»
WAi’it. (‘)I’Ai’ii. N
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wheren is the number of subzones amd ;:. represents the straight-line distance between two poirasi{e
point is located in the geometric center of each subzone irsthdy area)W "i, i*+ is the two-point weight,
which can be calculated as follows:

Wi, ite B7Qite"pi pise, (¢)

wherep; or p;: is the proportion of the built-up land area in thieth or i*-th subzone to the built-up land
area in the entire are®"i, i*+ denotes the binary entropy function used to measure the aresgcwation
at each pointB™i, i*« is calculated as follows:
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When the situation of ylogy is met, the value oB"i, i*e is set to zero. e values of the index range
fromy to O; the greater the value, the greater the expansgnede a city.

0.¢ Bridge Entropy Change and Urban Sprawl Measurement

Due to SEDIds, d,, andd, being a state parameter, we conduct the time paramtete¥([i, j], wherei
andj represent the start and stop dates, respectiely(Obecomes:

ds‘i,j- dp*i’j. dn‘i,j-: (p)

e greater the value of SEDI, the greater the urban sprawl degréus, we take the change value of
SEDI as positive i -)erefore, the bridging entropy change and SEDI are expredss follows:

dsij. dgij dnijo SEDY . SED}  SEDI, (=)
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where is a positive constant. Whedly; ;. is less than zero, the city is compact. Whiyn;) equals zero,
the compact city is in a state of equilibrium development. Wiikn ;. is greater than zero, an urban
spawn emerges.

From and Jdg i j. can be completely characterized by the slopes (trend linésuin) In
other words, the magnitude of the positive slope represéwsitban sprawl degree in a city. When analyzing
the driving forces of urban development, due to the dominantdestietermining urban development in a
city, we only discuss the dominant driving factors in the cage ci

equilibrium development sprawl development sprawl reduction

M ( compact)

1d4s

( compact) % (sprawl)

1a4s

trend line

artificial line
of SEDI values

t

Figure O:Relationship between urban development ald ;.

In practical terms, entropy in an urban context can be intetpteas the level of spatial disorder in land
use patterns. A city with a compact and continuous structure tendsave lower entropy, while one that
is sprawling and fragmented reZects higher entropy. e SEHex, which measures the degree of spatial
expansion and dispersion, captures this variation. ereéma higher SEDI value indicates a more disordered
urban form and thus corresponds to a larger entropy change. isderstanding provides an intuitive link
between the thermodynamic concept of entropy and the spatiaadycs of urban sprawl.

0.¥ Analysis Methods for Urban Expansion Drivers
0.¥.0 e Landscape Expansion Index (LEI) for Urban ExparRatern Identiecation

To quantitatively describe the spatial expansion morphglofbuilt-up land, the LEI is employed to
identify its expansion patterns.

A Ay R
LEI Oyy y | A
yy A A (A)

Aq represents the overlapping area between the buser zone t(setlistance of O m) of the newly
added built-up land patches and the original built-up land.n@astingly, Ay represents the overlapping
area between the buSer zone and the non-built-up land. Accordirtipe LEI value, the expansion patterns
can be classieed into three types: Leapfrog (LEl), Edge-expansion ({@LEI B y), and Inelling (y @
LEI BOyy).

0.¥.0 Gradient Belt Analysis

e landscape gradient analysis method can eSectively reZzdghamic changes in urban landscape
patterns. is study adopts the gradient belt analysis metho@kihg Tiananmen Square in the city center
of Beijing as the origin, Oa equidistant radial gradientsbaie established outward, with a distance of

km between each gradient belt. is is used to study the variati patterns of built-up land along the
urbanization gradient. Meanwhile, Fragstats ¥.0 was utiiaealculate the landscape pattern indices within
each gradient belt.
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0.¥.¢ Machine Learning Methods

Machine learning methods can eSectively address the shwiittgs of conventional logistic regression
by accounting for non-linear relationships. is study uses the bsted regression tree (BRT) method for
driver analysis. e BRT method is a self-learning approachsieal on classiecation and regression trees,
integrating a boosting algorithm and the classiecation neggpion tree method, signiecantly improving
prediction accuracy and result stability. During computatiarseries of new training datasets are obtained
using a resampling method to randomly extract data from trening dataset. A classiecation regression
tree is constructed for each new training dataset to analyzertpact of independent variables on dependent
variables. Subsequently, the remaining data is cross-tedidiar the results, and the average of the generated
multiple regression trees is used as the output.

e impact of the driving factors is quantieed primarily through two methods: (O) e relative impact
of each independent variable on built-up land expansion aB®ISthe contribution of each independent
variable to the explained variation of the dependent vddatvith the sum of the relative impacts of the
independent variables being Oyy%); and (0) the relatiomsHipeen a particular independent variable and
SEDI when other independent variables are held constantefare, in this study, the BRT method was uti-
lized, using the @gbm° package in R language (version ¥.¢anatyze the inZuence of multiple geographical,
social, and economic factors on the landscape pattern of bpilkaad. Following the recommendation of
Elith et al. ¥, the learning rate is set to y.yyO.

¢ Study Case and Materials
¢.O Study Area

Beijing is the capital and political, economic, and cultural eewf China. As-ig. oshows, Beijing has
Oa districts under its jurisdiction with a total area of Oé,éﬁéé;'uare kilometers, and its central coordinates
are O®&E and ¢A a*N. Beijing is the only city in the world that has successfully bddtoth the Summer
and the Winter Olympic Games. In 0y00, Beijing, with a permairpopulation of 90.—¥ million, achieved a
nominal GDP of ¥.04 trillion yuan, and a per capita regional @®Ay,yyy yuar []. Beijing has been rated
as a world-class city by the Globalization and World Citiegi$tGroup and Network (GawWC). Moreover, it
ranks second in the human development index among Chinese ¢ltieited Nations report).

115°300°E H600°E 116°300° H7O0E N7°300°E

Figure 0: Location of the study area (source: Ministry of Natural ResourtéssoPeople's Republic of China)
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¢.0 Data Source and Data Processing

With a resolution of ¢y m, the land use data (OA—y, OAAYy @AY, 0yOy, oy , and dyoy) (Data
in Supplementary Materials) used in this study were sourceah fitte Resource and Environment Science
and Data Centerdd]. Its classiecation system includes arable land, forestlgnaissland, water body, unused
land, and built-up land. In this study, no strict distinctiorebween urban and rural areas exists, thereby
allowing us to cover the entire city of Beijing. Built-up lan@indes urban areas (+eld grid code O inthe map
layers in Supplementary Materials), rural residential areald grid code 0), as well as road and factory
areas (eld grid code ¢). To express the dynamic changes iri-bpiland over time, we divided built-up
land into newly developed and past built-up land. e reclassd land use types are shown fifig. ¢
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¥a— Revue Internationale de G"omatique. 0y0 ;¢¥

§ @205 ol § 2020 o Legend

Arable land

v I rorestland
Grassland

Water body

- Newly built-up land
Built-up land in the past

Unused land
s : _ % L RSN &= City Boundary
¢ % £\ oy £ REPVT Q\‘ E-v‘ z — == District Boundary
H " L A R " X klcetes [%

TES00E TSTOE 6T00E LTOCE 1T TE300E 16TOE 800 NTEOE [T R

Figure ¢: e land use in OA—y, OAAy, OAA , oyyy, oyy , oyOy, oyO dwmntiodkacilitate the expression of the
district names, we used the acronyms in the map, detailediasvia DCBDongcheng, FSBFangshan, XCbXicheng,
TZbTongzhou, CYPChaoyang, SYPShuiyi, FTDFengtai, CPBChangpif8HSPShijingshan, DXPbDaxing, HDD
Haidian, HRbHuairou, MTGbMentougou, PGbPinggu, MYPMiyun, and Y®Yanqing (axh)

e selected years were chosen to ensure decadal consistentyediect signiscant urban development
phases. ese years also coincide with stable and comparablienakland-use datasets provided by o»cial
statistical sources, allowing for consistent cross-period @apn.

To calculate the SEDI values of Beijing in OA—y, OAAy YoAZYyowyOy, oyO , and dyoy, land-use
types were classieed as built-up and non-built-up land. e ArcGIPro ¢.y soYware, obtained from ESRI
(Environmental Systems Research Institute, Inc., Redl&@®sUUSA), was used for data processing. Owing
to the high computational costs, procedures were developedpoove the calculation e>ciency (Codes in
Supplementary Materials).

Considering previous studiesic-}and data availability for Beijing City, this study explottbe drivers
of urban expansion from three main aspects: geography, ecgnand society. Geographical indicators
include elevation and slope; economic indicators include tigta light index and real estate transaction
area; and social indicators include population quantity arigtahce from the city center. Real estate
transaction data were obtained from the Beijing governmsatistics, whereas other spatial data were
sourced from the Resource and Environment Science and Data Cefer [

¥ Results and Driving Force Analysis
¥.0 General Trend Description

Fig. ¥shows the resulting values of the SEDI of OA—y, OAAY, %y 09yOy, oyO , and oyoy. e
overall trend of the resulting values appears to be a spimatsire in which urban development follows the
law of compact (OA—y+OAAy)-sprawl (OAAY+OAA )-compggticraw! (Oyyy+oyO )-compact (0yO +
oyoy). According to the slope magnitudefity. ¥% we can infer the urban development in Beijing with sprawl
trends from OA—y+0yoy. e overall urban development charistics can be described as follows: the sprawl
during the entire period and the compact and sprawl are altBvea in subphases.
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Figure ¥: e resulting values of SEDI

¥.0.0 Compact Stage: OA—y+OAAy

At the outset of Chinas reform and opening up, the nascentestd the labor, capital, and other
production factor markets at the national level slowed theaurdevelopment process. As showriig. cgb,
the newly developed land presented a punctiform scatter itk area on the urban exterior and had not
yet formed relatively large parcels. erefore, the natioredonomic and social background led to a compact
city at this stage.

¥.0.0 Sprawl Stage: OAAy+OAA
In the second stage, urban development exhibited obviousmpres shown inFig. chc, the spatial
expansion form manifested as strip development along thamdenter, and the latter presented punctiform

scatter in the suburbs concentrated in the Shunyi, Changpingg$#sam, Tongzhou, and Daxing districts.
e main driving forces causing these changes were analyzeabo\fs:

Policy driven. In OAAg, Beijing built 0¥ satellite citiessaretiges. ese large projects caused the radial
spread of built-up land along the transportation route beéneéhe main and satellite cities.

Research has shown that the growth of built-up land during gesod was highly positively correlated
with GDP [¢4], with economic pull being the most important and fundamentaiving factor. Economic
development has pushed migrants into Beijing, and the ineaéagopulation has led to the creation of
housing markets and urban infrastructure. e acreage of the cetitirban area was not suscient to support
the rapid growth in demand, resulting in Beijing's urban dieyenent spreading to the suburbs.

¥.0.¢c Compact Stage: OAA +oyyy

As shown inFig. ¢gd, the urban development at this stage is evidently compactéukiempty area of
the central city and along the perimeter of the original buifidand area, mainly concentrated in Changping,
Chaoyang, Fengtai, Tongzhou, and Daxing. During this periogirgebegan to implement the aSordable
housing system. Huilongguan, Tiantongyuan, and other aSordhblesing residential areas are typical of
this period. ASordable housing was located close to periamrbreas.
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¥.0.¥ Sprawl Stage: oyyy+oyO
e sprawl degree was the most severe at this stage. Newly lopeel land was distributed as scatter and
leapfrog outside the urban areas (fréwy. cdtg). e main driving forces were as follows:

Event driven. During this period, the 0yy— Olympics eventspatidy were the driving forces behind
the large amount of newly developed land. Under the 2New BgjjGreat Olympics® concept and the unised
scientisc planning by the government, the urban constructiomldsyout were orderly and reasonable, which
made Beijing a typical compact city. During this process, the uibfrastructure, ecological environment,
transportation capacity, and modernization level of the dtgniecantly improved. In oyOo, Tongzhou
District was approved as the Beijing Municipal Administrati@enter, focusing on the evacuation and
transfer of Beijing's administrative institutions and redd service departments.

¥.0. Compact Stage: 0yO +0yoy
Depopulation pulls. Improvements at the overall economic arizhn levels attracted more people, with

the permanent population rapidly increasing from oyyy+ay®y. shows that the permanent population
curve of Beijing from OAP— to 0yO was upward and downwardyiedrto 0yoy.

25 r

permanent population
(million)

O D X 0PN DI >SS QO © & O Vv X b & O
ST FFFFF TS g S

Figure : Permanent population of Beijing (sourced from the BeijingiStecal Yearbookl{ttps://nj.tjj.beijing.gov.cn/
nj/main/oyo¥-iinj/zk/indexeh.htrpaccessed on 0A June 0y0 ))

¥.0 Driver Analysis

In the preceding sections, the SEDI provided a detailed atvesl of the phased urban development
characteristics of compactness-spread-compactness, amdpornding descriptions were provided for each
developmental stage. To further elucidate the urban developmethanisms of each stage, this study
delves into spatial expansion patterns, comprehensivestzape pattern indices of gradient belts, and
various driving factors inzuencing urban expansion. Simuétansly, it reveals the degree of response of the
SEDI to various driving factors, aiming to explore the rolenefv quantitative entropic methods in urban
expansion research.

¥.0.0 Urban Expansion Patterns from OA—y to oyoy

e built-up land area continuously increased from O¢cAAIm OA—y to ¢cb¥¥&imoyoy, representing
a total expansion of O¢¥¥ kKnand a growth of Oab. %. ree expansion modes (leapfrog, edge i)
were observed across seven study periods (OA—y+OAAR, WY +ORY, Oyyy+oyy , oyy +0y0Oy, oyOy+
oyO , and oyO +0yoy), with inll expansion being predomin@ya— Ky followed by edge expansion
(Oy¥y krf) and leapfrog expansion being the least (0¢&kms illustrated in~ig. 4 the growth of Beijing's


https://nj.tjj.beijing.gov.cn/nj/main/2024-tjnj/zk/indexeh.htm,

Revue Internationale de G’omatique. 0y0 ;G¥ ¥pO

urban area s primarily characterized by the inell and edgpamsion modes. Signiscant occurrences of both
inell and edge sprawls were observed during the periods G+and oyOy+oyO , while leapfrog urban
sprawl appeared more prominently. With an equal expansigheparticle area, leapfrogging urban particles
at greater distances contributed to higher overall entropgt S&EDI valuesdd. According toFig. ¥ the
quantitative entropy of the city overall also showed a simifaward trend from oyyy to oyO , corresponding

to a period of severe disorderly development during 0yyy+dagnonstrating the SEDI's eSective capacity
to reveal changes in urban expansion patterns.

Water

B Leapfiog
I Edge-expansion
I Infilling

I Old patches
l:] City Boundary

0510 20 30 40
W Kilometers

Figure &: Spatial distribution of sprawl modes of built-up land in Begj from OA—y to dyoy

¥.0.0 Gradient Belt Landscape Index Analysis

Landscape pattern indices can comprehensively reZect thetatal composition and spatial conegura-
tion characteristics of urban expansion, making them impotiadicators for detecting gradient features of
urbanization and changes in processéq/| e SEDI, used with other landscape indices, is essentidbédter
depict spatial patterns and changes in urban sprawl at themaglevel. Drawing on relevant studieg3¥(],
this study selects several landscape indices, including ticeage of Landscape (PLAND), Mean Patch
Size (MPS), Edge Density (ED), Patch Density (PD), Lands8hppe Index (LSI), and Aggregation Index
(Al), to characterize the pattern of urban expansion througadient analysis.
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As illustrated in > the erst to third gradient belts represent the urban centezarthe fourth and
*Yh represent the outer urban area, the sixth to ninth represke suburban area, and the tenth to sixteenth
represent the exurban area. Among them, the sixth to sixtegratient belts can be collectively referred to
as the urban-suburban area.

Figure b: Setting of gradient bands in the study area

#lustrates the developmental status of diSerent landsdagices. e PLAND in Beijing shows a
decreasing trend from the city center towards the outskirtdidating a gradual decrease in the dominance of
built-up land further away from the city center. e MPS of built-updnd in Beijing exhibits a sharp decrease
along the gradient belts, with a nearly &lis-like® declinetween the second and third gradient belts aYer
oyy . is rezects the extreme imbalance in regional developmtdevels and the evident disorderly urban
development aYer oyy .

PD represents the aggregation degree of built-up land. BaefmieYer OAAy, two distinct patterns have
existed, with peak values in the third and fourth gradient sajppearing primarily before OAA . is reZects
the emergence of large-scale development aYer OAA ang@ssigexpansion of dispersed patches. ED is
used to characterize the complexity of the edge patches alyamn 2n° shaped trend was observed over the
years, with peak values shiYing from the third gradient bethie OA—ys to the *Yh to seventh gradient belts,
thereaYer, indicating a transition from compact developttemlisorderly expansion, with complex patches
moving outward.
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Figure —: e results of landscape indices on each gradient band

LSI rezects the regularity of built-up land patches. e indexiues in the outskirts were similar across
the years, with greater irregularity observed in the urbaradrem OA—y to OAAy, followed by a decrease
in subsequent years, indicating the eSectiveness of integ@anning and development in the urban area.
Al values indicate a stronger spatial correlation betweentupgilland patches. AYer OAAy, the Al values
showed an upward trend across all gradient belts, indicatmgverall improvement in the regional integrity
of Beijing, with increased connectivity between various urblrtks, particularly aYer 0yO , presenting a
trend towards compact development.

In summary, the six landscape indices explain changes in Bsijimban expansion patterns to varying
degrees. e development characteristics of the city aYer ogligered signiecantly from those before oyyy;
however, an alternation between fragmentation and regeddion was evident throughout the development
process, with a spiral rise in regularization development. issconsistent with the dcompact-sprawl!® urban
expansion pattern rezected in the SEDI for various years.

¥.0.¢ e Relative InZuence of Each Driving Factor on Urbarp&msion and SEDI

Owing to China's initial stages of reform and opening up befthe 0Ost century, the national-level
production factor market has not yet fully developed. Coesidg the characteristics of Beijing's urban
development around 0yyy and data availability, this studyraiily focuses on the driving forces behind
urban expansion and SEDI during the 0Ost century, speciscaliy &9yy to oydy. e RMSE for the
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calculations for each of the sve years ranged from y.yy—Qo4y.indicating a small RMSE that eSectively
explains the variations in urban expansion and SEDi. Adepicts the relative inZuence of geographic,
social, and economic factors on Urban expansion and SEDI.

Figure A: Relative inzuence of geographic, social, and economic factors

rough an in-depth analysis of the driving forces behind urban eapsion and SEDI evolution, this
study reveals that geographical factors generally exentedreatest relative inZuence on urban expansion
(0¥.—A%+¥¢.Pc%), followed by social factors (00.0¥%+CA.d—ednamic factors (0y.¥a%+cb.a0%).
Regarding SEDI evolution, social (¥¥. %+Aa¥.¥c%) and ecojarhigo@¥a.A¥%) factors far outweighed
geographical factors (P.pP%+0 .0A%). ese factors changesportance with city development, with
economic factors showing a declining trend in their impact obam expansion.

Related urban studies indicate that rapid economic growth sigmitly alters urban patterns¥4.
is study conerms this point while revealing the distinct phasspecisc nature of economic inZuence. At
the beginning of the 6Ost century, the eSects of various faotourban expansion were similar. However,
aYer oyyy, with the acceleration of Beijing's urbanization aamgid economic development, the inZuence
of various factors diverged signiecantly. From 0yyy to oyf@§tors, such as slope and economic indicators
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represented by the nighttime light index, exhibited a high&uence. Subsequently, from oyOy to oyoy,
social factors, such as population, replaced the dominance iigiindtime light index in inZuencing urban
expansion. is rezects the phase-specisc decline in urbaninat following the slowdown in economic
growth in 0yOy, leading to further planning and control meastioe urban expansion.

Regarding the SEDI changes, the alternating spiral pattérpopulation and elevation impacted
SEDI. Overall, aYer the transitional period of the erst deéeaf the 0Ost century, the population largely
explained the built-up land expansion (00.0%+04.0¢%) and SERien (0 .ycY%:+ ¢.ya%) for each year.
is indicates that population is the primary driving force beimd the current urban expansion in Beijing. As
the economic, political, and cultural center of China, Beijing Baperienced a signiecant inzux of migrants
for a long time. With the population increase, the housing yaded by cities has become increasingly
insu>cient to meet housing needs, leading to signiecant urbatpansion. Without proper urban planning,
disorderly expansion is inevitable in the urbanization presdeading to the growth of SEDI along with the
expansion of built-up land patches during the urban constructioocess. Moreover, the spatial expansion
of urban sprawl in the middle and later stages of urban developmes inZuenced more by complex
socioeconomic factors than that by geographical factors. ewlpopulation growth from oyO to dyoy led
to a shiY in the pattern, driving the compact development dfiBg's urban area.

¥.0.¥ Stage-Speciec Mechanisms in Urban Expansion Dysiamic

To further interpret the dynamic evolution of driving mechamns across diSerent stages, we classieed
the period from oyyy to 0yoy into two distinct phases. Fromygyto oyQy, Beijing's urban expansion
was predominantly shaped by economic and geographic indisasorch as the nighttime light index and
slope. is reZects a phase of infrastructure-led expansion, exd mega-events like the oyy— Olympics
catalyzed large-scale spatial restructuring. During thissstaidpan growth followed a policy-induced model
emphasizing rapid land conversion for construction and tramrggtion hubs ¢ ].

However, from 0yOy to 0yoy, the mechanism shiYed: socias®peeticularly population density and
administrative realignmentbbecame the principal drivergr lexample, the designation of Tongzhou as
Beijing's administrative sub-center triggered inell dev@hoent and structural compactness. Simultaneously,
land use regulation and market stabilization policies corised further economic-driven outward sprawl.
e declining inZuence of the nighttime light index and growingmpact of slope and elevation during this
period indicate spatial resistance due to land scareify{H.

Notably, these transitions were captured by correspondinguatons in the SEDI, which increased
signiecantly during the sprawl-dominated phase (0yyy+oy@pecting higher spatial disorder, and stabi-
lized or declined during the compact-driven phase (0yOy#pgonsistent with population-led structural
consolidation. is suggests that SEDI not only quantiees spaltdispersion but also indirectly encodes the
dominant mechanisms of expansion by responding sensitteediiY's in the spatial coneguration and actor
dominance. Recent studies emphasize that entropy-based metricalaable not only for pattern detection
but also for revealing latent systemic drivers of urban morplyglevolution f—¥A.

is stage-specisc evolution illustrates how urban sprawl is aguluct of not just static factors but a
dynamic interaction of shiYing policy regimes, market rasges, and ecological constraints. ese sndings
align with the urban agglomeration literature, which emplzasi how institutional change mediates the
spatiotemporal rhythm of expansion through a nonlinear, piégajectory [y, (.
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¥.0. e Relationship between SEDI and Geographic, Saaiel,Economic Factors

In-depth research was conducted on the marginal eSects of €pddiving factors on the SEDI to
further explore the role of the novel method used for uncovespgtial expansion patterns and the urban
sprawl phenomena.

According to ythe inzuence of distance from the city center and geographiofagelevation
a critical threshold that signiecantly divides the city's siphtexpansion capability, with rebounds in SEDI
values occurring in all years except 0yy and 0yOy. Across adl,ygarm served as the boundary inZuenced
by elevation. Conversely, diSerences were observed reggsttipe, where a sharp drop occurred around
degrees, separating into two distinct gradients, and anrited U-shaped variation was evident between b
to O0 degrees of slopes. is suggests that a slope of b degrelesanaedge boundary for urban expansion,
where urban construction patches may struggle to continue expandiith a slight increase beyond 00
degrees. is could be attributed SEDI zuctuations caused by fuyailt-up land, with the eSect becoming
more pronounced as the year approaches 0y0y. is indicates tbteptial of SEDI in the «eld of urbanzrural
integration research.

Figure Oy:Partial dependences of geographic, social, and economic fart@&DI
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Figure Oy:(Continued)
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Figure Oy:Partial dependences of geographic, social, and economic fact@EDI

Compared with geographic elements, the diSerences in sauibdeonomic factors in spatial expansion
were more pronounced. On the horizontal axis, the early popohatevels were relatively low, requiring
relatively small population changes to drive urban spatiplaesion or contraction. However, from oyOy to
0yoy, a larger population (over one million people) was neddaeach the marginal limit of SEDI growth,
thus demonstrating the diSerential impact of populatiorvéds at diSerent stages of urban development.
e eSect of the real estate transaction area on the SEDI albowsed signiecant diSerences over diSerent
periods, with considerable disparities in the maximum imphestel on the horizontal coordinate values
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(e.g., approximately y kiin oyoy and approximately Oy Krim 0yyy). is is partly due to non-market
factors such as government, public facilities, and agendgs¢ate transfers, which are largely inzuenced by
policies and administrative orders rather than market mecbians. e nighttime light index also exhibited
variability, as evidenced by the 2inverted U-shaped® collagisserved in 0yOy, which was not as prominent
in other years. e nighttime light index eSectively depicteeconomic activities {, c], thus suggesting that

L

the collapse may be associated with economic Zuctuations atrttee such as the 6yy— economic crisis.

Discussion

Previous studies on urban sprawl have primarily employedeeittntropy-based metrics or mor-
phological indices to detect expansion patterns, but oYek lategrative modeling frameworks. For
instance, Kumardc] applied Shannon entropy to assess sprawl dynamics in Tumkdia)while Ben¥]
explored migration-driven sprawl in Gaziantep, Turkey. Batlidies oSer valuable insights but remain
conened to descriptive characterizations. Similarly, recewiews such as Tavares]examined the socio-
environmental consequences of sprawl in Brazilian cities bdihdt incorporate entropy into a structured
model of underlying mechanisms.

By contrast, our study not only introduces the SEDI to quantifyrepy, but also incorporates phase-
speciec driver analysis via boosted regression trees. is mtative approach allows us to link spatial
disorder with dominant social, economic, and geographic forcdsatent urbanization stages, establishing
a dynamic feedback mechanism between entropy, urban morglgobnd drivers. is approach shiYs the
analytical focus from static spatial descriptions to a strustiimechanism-oriented framework capable of
capturing stage-specisc interactions between urban entroyphology, and driving factors.

.0 New Method Bridges Urban Morphological Analysis and Eommental Behavior Research

Urban morphology (form) research has always followed two apphes: (O) an approach based on
spatial scale and emphasizes the procedural way of urban mimgphdrom urban components to urban
wholeness f]; and (0) based on temporal scale and emphasizes the emolptocess of urban form
under driving factors such as political, social, economic, andrptay processes, and other environmental
behaviors [P]. By bridging the mathematical relationship between urbasrphology and the factors driving
urban development, our new method successfully connects the tproaghes.

.0 Urban Sprawl Is the Morphological Distortion of an Urbaiself-Organizing System

Urban sprawl presents diSerent characteristics in diSergties at diSerent stages, driven by diSerent
policy, social, market, and terrain factors [ A], and is characterized by the process of entropy change
under the action of driving factors. Cooperation and comgetitamong driving forces are the source of the
%ebb and Zow® of urban forms. Urban sprawl or compaction at dé&a stages results from the cumulative
eSects of entropy change. us, urban sprawl is an unhealthy untfarm or a morphological distortion of
an urban self-organizing system.

.¢ Outside of the Research Paradigm of Urban Developmeither Sprawl or Compact

Urban form is an outcome of urbanizatiorC[l. Batty argued that urban form is a function of urban
spatial growth and time evolution, a concept that is reZectethe dynamic process of urban center to urban
periphery development}y]. Beijing's urban sprawl is evident, and falls within the @digm of either sprawl
or contact developmentocto ]. However, this is rarely discussed outside of researchectsit
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As described in the Results section, urban sprawl in Beijifgbits periodic characteristics over
time. shows that only the trend line oscillates within the zone boeahdby two lines between the
two highest peaks or the two lowest valleys and that city deweémt must appear with sprawl features.
Simultaneously as in the Results sectiéry. OShows that urban development in the general sprawl
characteristics is simultaneously accompanied by temporalgrained urban compact development, as
evident in the OA—y+OAAy and OAA +oyyy periods.

Figure OQuUrban sprawl trend map

ese periodic features suggest that urban form does not evolueai strictly linear trajectory but
oscillates within alternating sprawl and compact phases. urthér validate and enrich this cyclical
understanding, future research may employ higher-frequeang4use data. Such data could help identify
transient shiYsBsuch as inell bursts or sudden regulatory resgesDthat are not visible in decadal trends,
thereby reening the granularity and interpretability of éfobserved sprawltcompaction rhythms.

¥ Conclusions and Suggestions

Evidently, urban sprawl has aSected the world's sustainabtshomic and social development and
has become the subject of many debates. A city is a self-orggrégstem with a dissipative function
accompanied by entropy change, which is widely accepted in¢tieat urban development circles. Entropy
change theory has been used as a qualitative tool in urbamwspeaearch; unfortunately, no successful
quantitative tool exists. us, building a method that bridgeentropy changes and urban sprawl metrics
should open a new window to understanding urban sprawl. In gtigly, a new method was successfully
developed and used to demonstrate urban changes in Beijing.

Research has shown that the new method can completely conerrarugpraw! trends and analyze
urban form changes by dominant driving factors. is method conbutes to the conclusion that urban
sprawl is a form of distortion of an urban self-organizing systdn addition, combined with example
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veriscation, the new method is useful in leaving the reshgraradigm of either sprawl or a compact state
in urban development.

An empirical study on Beijing shows that the city-form changeears to be a sprawl trend from
OA—y+0yoy at a coarse temporal granularity. Evidentheribdipity at sne temporal granularity follows
the law of compact-sprawl-compact-sprawl-compact. In-depfearch was conducted through the spatial
identiecation of urban expansion patterns, comparative gs# of the gradient band landscape, and driving
force analysis using machine-learning methods, thus conerntivigcharacteristics of each developmental
stage. Further exploration was performed using the emer§EDI method. e driving factors of city form
change include important events, politics, economy, popoifegirowth, and market pull. e development
and change of the urban form in Beijing result from cooperatamnd games among the diSerent driving
factors. Moreover, the extent of urban sprawl is more inzuenlsgdomplex socioeconomic factors than
geographical factors in the later stages of urbanizatiorkdgment.

e SEDI-entropy framework proposed in this study provides agctical diagnostic tool for analyzing
spatial disorder in urban growth. Urban planners can inteégrthis method into existing workzows by
embedding SEDI indicators into GIS-based land monitoriggtems or urban information platforms. It can
be used to identify morphological instability at the urbainfye, assess the impact of growth boundaries,
or guide zoning revisions. Entropy-based metrics, as emplayeddent studies, have also proven useful
in delineating urban boundaries and anticipating infrastruetwequirements in sprawling contexts(. In
particular, SEDI thresholds may serve as early-warningadsgfior uncontrolled sprawl, triggering planning
reviews. While real-time monitoring is currently limited blge updated frequency of land-use data, routine
assessments based on satellite imagery or land surveys &g fagsible. e required data includes
consistent multi-temporal land-use maps, administrativeamtboundaries, and auxiliary layers such as
elevation, infrastructure, or planned land-use designatioese datasets are typically accessible from
national remote sensing programs, cadastral archivesumicipal spatial planning departments.

Suggestions and future work. In urban management, regularlyitoiing changes in various driving
factors and eSectively assessing the impact of these &istamperative. Urban development plans should
be formulated or adjusted to prevent urban sprawl deteriorabased on the periodic law of urban form
spread. is study contributes to a new universal analysis tool taeon the urban sprawl trend in urban
development. erefore, its application scenario can be axtied to any city or region worldwide.

Evidence from other urban systems reinforces this potentiaitdpg-based metrics similar to SEDI
have been eSectively applied in cities like Changwon and Ginih Korea §id], and in various European
metropolitan regions{c], where they captured spatial expansion dynamics under divegienal settings.
ese examples conerm that the entropic framework developed this study is not only theoretically
transferable but also empirically adaptable, making it@ising tool for multi-city comparative studies.

In our follow-up research, we plan to apply the SEDI method tw@ader range of cities with diSering
spatial structures and development paths. is extension widllp further examine the method's robustness
and adaptability across various urban contexts, and resnestoél settings for identifying early-warning
signals of spatial disorder. In particular, we intend to ingarate higher temporal resolutionbsuch as annual
or biennial land-use databto capture short-term morphologi Zuctuations that may be masked by decadal
trends. ese steps will contribute to strengthening the mettis applicability in practical urban analysis and
planning scenarios.
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