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Abstract. Simulating urban land use change through stochastic methods invariably demands the assessment of
spatial land use transition probabilities. This has been accomplished to date mostly by empirical calculations and
statistical linear methods. In the present work, we introduce a framework for simulating urban land use dynamics
based on the estimation of land use transition probabilities through logistic regression. These probabilities drive
a cellular automaton (CA) simulation model, based on eight cell Moore neighborhoods and stochastic transition
algorithms. A mediumsized town in the west of S&o Paulo State, Bauru, was adopted as case study. Different
simulation outputs for the case study town in the period 1979-1988 were generated, and statistical validation
tests were then conducted for the best results, employing a multiple resolution fitting procedure.

Keywords: urban modeling, land use dynamics, logistic regression, cellular automata, town planning.

1. Introduction

Cdlular automata (CA) modes have found applications in diverse fidds ranging from
datistical and theoreticd physics to land use and land cover change, traffic engineering and
control, diseases soread, behaviord biology, amongst others. The basic idea of these models is
vay smple: in a gridded space (raster) a series of trangtion rules are enforced to govern the
date of a randomly placed cdl depending on the configuration of its neighborhood. The
amplicity, operaiond and mahematicd tractebility of these modds as wdl as ther
surprising capecity to reproduce complexity embedded in processes of gpatid change as
reflected in emergent phenomena account for their wide popularity and use in the applied
sciences.

More recently, cdlular attomata have found ther way into 2-D gpplications in urban
modding (Batty, 2000). There are currently some twenty or more agpplications of CA to cities
such as the diffuson or migration of resdent populations (Portugdi et d., 1997) the
competitive location of economic activities (Benati, 1997), the joint expanson of urban
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surface and traffic network (Batty and Xie, 1997), generic urban growth (Clarke et d., 1997),
urban land use dynamics (White and Engelen, 1997), and so forth.

Specificdly regarding urban land use dynamics, CA modes can be bascdly subdivided
into ether predominantly deterministic or stochastic. A good representative of predominantly
deterministic CA models is the urban growth study for the San Francisco Bay area, conducted
by Clarke et d. (1997). Although this modd incorporates a certain randomness in sdecting
the cdlls for urban growth and in promoting the spread of growth seeds, its trangtion rules are
fundamentdly determinidic in the sense that the cdl suitability for being urbanized is not
dependent upon probabilistic methods.

An illugrative example of the second category of modeds is the SIMLUCIA, concelved
by White et a. (1997). The stochastic feature of this modd is present in the caculaion of
land use trangtion probabilities for each cdl, which is bascdly a function of the cdl
quitability for the new activity in question and its rdative accesshility for such an activity.
The formula adopted for the probabilities estimation is a combined linear product of factors
affecting land use change plus a disturbance term.

Logidtic regresson has been used for smulating urban land use change in a few cases.
Morisette et d. (1999) and Janquan and Masser (2002) conduct moddings of urban
development patterns, which are not CA-based and ded with only two categories of land use
(urban and norturban). Tang and Choy (2000) and Wu (2000) applied the logistic regresson
method to more specific land use trangtion issues, such as office development and industrid
firm location respectively, but ther experiments are not caried out in CA environments
ether.

This paper addresses the smulation of land use change for sub-categories of urban land
use (eg. reddentid, commercid, indudria, etc) by means of logisic regresson and CA-
based modeing. The following section introduces the sSudy aea and pre-processing
techniques. The third section presents exploratory analysis procedures and agpproaches the
intervening factors in urban land use change. In the forth section, the theoreticd dructure of
the modd is presented, providing an overview on the logidic regresson method and
explaning how it is used for determining trangtion probabilities governing changes in land
use as functions of a vaiey of socio-economic and infrastructurd factors. Section five
discusses questions related to modd implementation and cdibration. In section Sx, the
amulaion results are presented and explained in the context of urban land use dynamics.
Findly, section seven isreserved for find comments and directions for future work.

2. The Study Area

This smulation mode is developed for the city of Bauru, which is located in West Séo Paulo
State, and in 2000 had a rapidly growing population of 309,640. The period for which the
modd isfitted isfrom 1979 to 1988 when the population grew from 179,823 to 232,005.

The city maps provided by the Bauru loca authorities presented inconsstencies due to the
fact that illegd settlements are not shown on the officda maps, and not dl of the legdly
agpproved settlements drawn have been in fact implemented. Moreover, some urban zones
refer to areas which are not yet occupied, and some other zones categories do not correspond
to the prevaling use indeed encountered within their limits reflecting just the locd officids’
intention for ther future use. In this way, satdlite imagery arise as a feasble solution for the
identification of urban settlements actudly exigent, as well as for the ddinedtion of the true
urban occupation boundaries of the case sudy town.

In this way, the initid (1979) and find (1988) land use maps were subjected to a
reclassfication of zones according to ther dominant effective use reddentid zones of
different dendties were dl reclassfied to smply resdentid, and specid use and socid
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infrastructure were reclassfied to inditutiond. Eight land use zone categories were thence
defined, namdy: reddentid, commercid, indudrid, services, inditutiond, mixed use
leisurefrecregtion, and the dl-embracing nonturban land use. Didricts segregated from the
main urban agglomeration by more than 10 km were judged outsde the smulation area, and
the traffic network was not considered to be at a fine enough scale to be represented as a land
use.

The land use maps for the two time dices are shown in Figure 1 (a) and (b). The changes
between 1979 and 1988 are shown in Figure 2 (a) with the mog sgnificant land use change —
from non-urban to resdentid use — shown in Figure 2 (b). All daa used in this experiment
were represented at 100 m x 100 m grid square, pre-processed using the SPRING GIS (from
the Divison for Image Processng of the Brazilian Nationd Inditute for Space Research —
DPI-INPE) and IDRIS (from Clark University).

Figure 1. () Land use in Bauru in 1979 (left) and (b) land use in Bauru in 1988 (right). Residential use is yellow,
commercial use is orange, ingtitutional use is blue, industrial use is purple, services corridors are red,
leisure/recreation is green, mixed useis brown, and non-urban use is white.
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Figure 2. (a) Land use change from 1979 to 1988 (top left) and (b) Map showing the transition non-urban to
residential land use during the period 1979-1988 (bottom right).
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3. Exploratory Analysis and Selection of Variables

From the mgp of land use changes from 1979 to 1988, shown in Figure 2 (a), obtained
through a cross-tabulation operation between the initid and find land use maps shown in
Figure 1, five types of trangtions were observed and are listed in Table 1.

Tablel
Observed land use transitions

Notation Land Use Transition
NU_RES Non-Urban to Residential
NU_IND Non-Urban to Industrial
NU_SERV Non-Urban to Services
RES SERV Residential to Services
RES MIX Residential to Mixed Use

To explan each of the five exigent land use trangtions, twelve variables were sdected
from an initid bunch of over forty variables regarding infrastructurd and socio-economic
aspects of Bauru. Examples of maps of independent variables are shown in Figures 3 (a) and

(0).

t »
- - Ity
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Figure 3. (a) Existence of socia housing units and (b) Map of distancesto industrial zones (right).

The map shown in Figure 3 (@) is a typical example of a discrete or categorica variable,
which assumes vaues 1 for those cels where socid housing is found and O otherwise. The
map of distances in Figure 3 (b) can be ether trested as a continuous variable (red vaues
grid) or a categorica one (ranges of digances). In the particular case of this experiment, dl
variables related to maps of distances were treated as categorica, since practicaly al of them
presented a nontliner and/or multimodal behavior in relation to the respective land use
trangtions. Handling this information as a continuous varidble implies a great dda
heterogeneity, what would certainly bring about noise in the smulations and ham the modd
cdibration.

Empiricd procedures were used for variables sdection, like the visudization of digtinct
variables superimposed on the finad land use map, what amed a identifying the set of those
ones more meaningful to explain the five different types of land use change. Another auxiliary
method was the analysis of boxplots generated by each sdected independent variable versus
the respective land use trangtion. Figures 4 (a) and (b) shows examples of boxplots for the
variables presented in Figure 3 (8) and (b). It is observable for the first case that the mgority
of the cdls where the trangtion from residential to mixed use occurs coincide with the cdls
where socid housing units are also found. In the second case, the boxplot shows that the
trangtion from nornturban to indudria use tekes place in the closest areas from the dready
exigent indudria zones. Both types of anayses (visudization of maps overlay and boxplots)
led to a prdiminary sdection of independent variables, as shownin Table 2.
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Figure 4. (a) Boxplot of the transition residential to mixed use versus social housing (left) and (b) Boxplot of the
transition non-urban to industrial use versus distance to industrial zones (right).

Table2
Selection of variables determining land use change

Independent Variables (Notation) NU_RES NU_IND NU_SERV  RES SERV  RES MisT

Areaserved by water supply (water)

Mediumhigh density of occupation: 25% to 40% (mh_dens)
Existence of social housing (soc_hous)

Distancesto ranges of commercial concentration (com_kern)
Distancesto industrial zones (dist_ind)

Distances to residential zones (dist_res)

Distancesto peripheral residential settlements (per_res)
Distancesto isolated institutional use (dist_inst)
Distances to main existent roads (exist_rds)

Distances to the service and industrial axes (serv_axes)
Distances to planned roads (plan_rds)

Distancesto peripheral roads (per_rds)

Have the varidbles been sdected, it becomes then necessary to check for their spatia
dependence or asociaion. This is done for dl possble parwise combination of variables
exigent in each of the five land use trangtions separatdy. For this end, the Cramer’s datistic
(V) and the Joint Information Uncertainty (U) indices (Bonham-Carter, 1994) were used.
Vaues less than 0.5 suggest less association rather than more. As none of the association
vaues surpassed this threshold, no variables initidly sdlected for the modding experiment
have been discarded from the andysis.

4. Methods: A Logistic Regression-Based Cellular Automaton Model

4.1 Global Trangtion Dynamics

Probabilities of land use trangtion were initidly cdculated for the whole dudy aea in
absolute terms, i.e. without the influence of socio-economic or infrastructurd factors. This has
been accomplished through a cross-tabulation operation between the initid and find land use
maps shown in Figure 1. The probabilities estimates are presented in Table 3.

Table3

Global transition probabilities for Bauru, 1979-1988

Land use Non-Urban  Residential Commercial Industrial Institut Services Mixed Leis’/Rec
Non-Urban 0.9171331 0.0697519 0 0.0095301 0 0.0035848 0 0
Residential 0 0.9379833 0 0 0 0.0597520 0.0022647 0
Commercia 0 0 1 0 0 0 0 0
Industrial 0 0 0 1 0 0 0 0
Institutional 0 0 0 0 1 0 0 0
Services 0 0 0 0 0 1 0 0
Mixed 0 0 0 0 0 0 1 0
Leisure/Rec 0 0 0 0 0 0 0 1
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4.2 Local Trangtion Dynamics

A customized reckoning of trangtion probabilities was then conducted a the cdlular levd,
taking into account the locd socio-economic and infrastructurd varidbles. Each land use
trangtion was separatedly moddled in these datidical caculations, what complies with the
dgorithmic logic of the modding software, in which each trandtion has its cdibration
parameters individualy adjusted.

The binary logistic regresson mode has been adopted. Each trangtion is coded as 1 and
permanence in the origina date as wel as changes to uses other than the one conddered in
the trangition were coded as 0. Thus, a change in the cel land use during the smulation period
is dependent on its initid State as well as mits Pj; (x,y), which is the probability thet a cell a
postion (x,y) will change from date i to state j. The dependence of the locd trandtion
probabilities Pjj (X,y) on each independent variable Vi, (X,y) is estimated by the logistic modd!:

EB + BVt v B Ve,

L= Iog -« Pij (X,y) 0,ij Lij V1, xy (1)
(1 - Pij (ny) )
what implies that .
Pi(xy)=__ e
l+e @)

The logidic regresson modds for each of the five trangtions included the sets of
vaiables as shown in Table 2 and excluded the least Sgnificant variable (if any) a each sep.
Sgnificance was based on the Wald chi-square test and the G datistic. The mode is accepted
when al independent varigbles are sgnificant a the 0.05 level and the loss of the G datidtic
remains lower than 5%. The parameters vaues for each trangtion are shownin Table 4and
were obtaned through the maximum likdihood method usng the datidicd package
MINITAB, releese 13.0. Although the varidbles “dist res’ and “mh_dens’ were not
ggnificant a the 0.05 leved, they were kept in the mode in view of ther effective contribution
for explaining the trandtions “nu_serv” and “res mix”, respectively. According to Hosmer
and Lemeshow (1989), “we must not base our modes entirdy on tests of dHatidtical
ggnificance, since there are numerous other condderations that will influence our decison to
include or exclude variables from amode”.

Table4
Results of the logistic regression analyses for Bauru, 1979-19838

VARIABLES | Transition NU_Res | Transition NU_IND Transition NU_SERV | Transition RES SERV | Transition RES Mix
13 P 13k P 13k P 13 P 13 P
Constant () 7.646900 0.000 5.274530 0.000 4.865300 0.000 -1.551900 0.000 3.901200 0.000
water # # # # # # 1.708810 0.000 # #
mh_dens # # # # # # # # 0.383300 0.232
soc_hous # # # # # # # # -1.068800 0.000
com kern -0.924990 0.000 # # -1.461660 0.000 # # # #
dist_ind # # -1.048320 0.000 # # # # # #
dist_res # # # # 0.027680 0.442 # # # #
per_res -0.392090 0.000 # # # # # # # #
dist_inst -0.405525 0.000 # # # # # # # #
exist_rds 0.051476 0.000 # # # # # # # #
Serv_axes # # -0.741110 0.000 -0.974470 0.000 -0.929550 0.000 # #
plan_rds # # # # # # # # -1.865200 0.000
per_rds -0.309469 0.000 # # # # # # -0.521040 0.000
RESULTS FOR THE TESTS OF GOODNESS—OF - FIT
Tests Chi-square P Chi-square P Chi-square P Chi-square P Chi-square P
Pearson 41,202.475 0.000 13,639.316 0.000 938.120 0.000 338.064 0.000 422.206 0.000
Deviance 30,435.653 0.000 6,055.790 0.000 774.369 0.000 341.693 0.000 328.558 0.000
Hosmer-Lem. 613.082 0.000 258.618 0.000 44.667 0.000 247.916 0.000 1.653 0.438
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5. Modd Calibration

By means of the paameters edimated in the logigic regresson andyses, the smulation
modd — DINAMICA - developed at the Center for Remote Sensing of the Federd Universty
of Minas Gerais (CSR-UFMG), will cdculate the cells trangtion probabilities and generate
maps of probabilities for each of the five types of land use change. These maps are compared
to the actud land use trandtions (Figure 5), and both of them together with preiminary
smulation results are used for the mode calibration.

Figure5. (a) Map of transition probabilities: res_serv (Ieft) and (b) Map of land use transition: res_serv (right).

The calibration process not only defines the best set of variables to explain each of the
trangtions but adso internd parameters of the DINAMICA mode like number of iterations,
average dze and variance of patches, etc. Have a good cdibratiion been achieved,
DINAMICA will cary out the find runs, where changes in the cdls states occur through two
types of trangtion dgorithms based on eight cel Moore neighborhoods and which employ a
dochadtic sdecting mechaniam: (i) the “expander”, which accomplishes trangtions from a
state i to a state j only in the adjacent vicinities of cells with state j ; and (ii) the “patcher”,
which redizes trandtions from a date i to a state j only in the adjacent vicinities of cdls with
date other than | (Soares-Filho et d., 2002).

6. Resultsand Discussion

The best three smulation results are shown in Figure 6 and are seen in ERMapper, employed
by DINAMICA asavisudization device.

(&) (b)

(c) (d)
Figure 6. (a) Real land use change in Bauru from 1979 to 1988 (top left) and Simulations (b) 1, (c) 2 and (d) 3.
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These three smulations were vaidaied according to a multiple resolution fitting method
(Congtanza, 1989), and the vaues for goodness of fit obtained for windows sizes of 3x3, 5x5
and 9x9 cdls were 0.905172, 0.907539, and 0.907868, respectively for S1, S2, and S3. It is
obsarvable that the land use trangtions comply with economic theories of urban growth and
change, where there is a continuous search for optima location, able to assure competitive
red date prices, good accessbility conditions, rationdization of transportation cogts, and a
drategic location in relation to suppliers and consumers markets (Almeidaet d., in press).

6. Conclusions

Methods of open sysems modeling of which CA is one of the best examples and which meet
many requirements for smulaing dynamic processes quickly and efficiently are rardy
implemented in GIS. As a result, GIS remains surprisngly narowly focused (Openshaw,
2000). In this way, our group a DPI-INPE is currently committed to the development of a
multi- purpose 2D and 3D land use CA smulation module to be integrated with SPRING GIS.
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