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ABSTRACT 

The study presented in this paper focus on the use of a cellular automata model for 
the simulation of land use change in small urban areas. It deals with important 
issues that were not fully considered so far regarding cell characteristics and 
problem size. The feasibility of using irregular cells was also assessed. This is 
believed to be an important development of CA models, as demographic and socio-
economic data is usually available for irregular census tracts. The calibration of the 
model was made through an optimization procedure based on a Particle Swarm 
algorithm. A series of theoretical test problems were produced to evaluate the 
behavior of the model and the calibration of its parameters. The model led to 
promising results indicating its ability for dealing with small urban areas. Also, the 
use of irregular cells has been shown to be feasible.  
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INTRODUCTION 
The problems generated by the rapid growth of urban areas raise important issues to the planning 
process. These issues regard not only the motives behind past evolution, but also the definition of new 
strategies and policies capable to respond to the needs of the present, and to predict and control the 
evolution towards a sustainable future. The complexity of these problems is such that there are no 
simple ways to achieve a solution nor these solutions are based on a single approach. The 
comprehensive nature of the planning process is simultaneously a strength, because it results from the 
consideration of all ingredients of the problem (physical, sociological, economic, historical, among 
several others), and a potential weakness, because the problems become more and more complex as 
the natural evolution of societies takes place, demanding from planners new levels of commitment and 
accuracy in their research and work. A comprehensive approach to the planning process raises the 
necessity of integrating knowledge from different areas of science. This knowledge can be used to 
develop models that aim to explain urban phenomena, retain knowledge from urban systems, and 
forecast planning scenarios. Considering this, the study presented in this paper has two main goals: 
one regarding the assessment of the applicability of a cellular automata (CA) model to the study of 
urban change in small urban areas; the other regarding the use of irregular cells on a CA approach. 
There is only a small group of studies that developed CA models considering irregular cellular fabrics 
[4, 6, 7]. This particular characteristic is of great importance for the simulation of local scale problems, 
where the traditional regular cells, obtained from satellite images, may not represent well the spatial 
structure of the territory. 

CELLULAR AUTOMATA MODEL 
The cell structure of the CA model is based on the use of irregular cells. The aim is to allow cells to 
simulate real-world irregular census tracts. The choice for census tracts is related to the fact that they 
are often the result of a coordinated work between statistical agencies and local authorities. On the one 



hand, they are highly representative of the urban structure and, on the other hand, they hold structured 
information on demographics and construction. The model works with a set of six aggregate cell states 
(or land use classes): (1) urban low density (ULD), (2) urban high density (UHD), (3) industry (IND), (4) 
non-urbanized urban areas (N-UUrb), (5) non-urbanized industrial areas (N-UInd), and (6) areas where 
construction is highly restricted (Rest). Besides cell state, a set of other cell parameters are defined: 
cell accessibility, cell suitability, and neighborhood effect. Accessibility is assessed through a calibrated 
measure of the distance from the cell to the main functional centers of the territory: municipality, civil 
parish, and main industrial areas. Cell suitability is linked to zoning and is assumed to be a binary value 
that takes the value of 1 if the cell is suitable for a given land use and 0 otherwise. Neighborhood was 
considered variable in space, discarding the use of local, therefore small, neighborhoods: its dimension 
was assumed as a model parameter. Another component of the model is the neighborhood effect. It 
was considered as an aggregate value of the interaction between the state (or land use) of a given cell 
and the state of the cells located within a certain distance from the given cell. The interaction was 
assumed to vary from -1 (total repulsion) to 1 (total attraction), being zero if they do not interact. 
Transition rules are applied through the consideration of a transition potential. The potential function is 
a calibrated value of cell accessibility, cell suitability, and neighborhood effect: 
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where, for each cell i from cell set C and for each state s from cell state set CS, Poti,st is the transition 
potential for state s of cell i at time step t, Acci is the accessibility measure for cell i (constant during the 
entire simulation period), Suiti,st is the suitability value for state s of cell i at time step t, NEffi,st is the 
neighborhood effect for state s of cell i at time step t considering its neighborhood Ni, χPot is the 
calibration parameter for accessibility, νPot is the calibration parameter for suitability and θPot is the 
calibration parameter for the neighborhood effect. ξ is a stochastic perturbation. The model deals with 
land use demand in a different perspective than current CA models. Land use demand is proportional 
to the increase of population, as well as to the variation of construction density: the accounting of new 
public facilities and spaces offered by newly built areas, in result of more demanding planning 
regulations, usually leads to a decrease on construction density throughout the years. The modeling 
time step was of ten years, equal to the length of the period covered by the historical data available. 
This choice is based on two main issues: census data availability and land use dynamics. The 
assessment of the model performance was made using contingency matrices and the corresponding 
kappa index [2]. The comparison of the simulation map with the reference map through a measure of 
similarity is appropriate because it is oriented for the analysis of the entire territory as a distributed 
structure and not only as a centralized urban layout. But there are urban land uses (cell state Rest in 
the present classification) that were not considered in the changing dynamics. The consideration of the 
entire set of cell state for the calculation of the kappa index value (named kValue) would produce a 
distortion on its significance. To avoid this distortion, a modification of the kValue measure was 
considered, named ModkValue, accounting only the cell states that take part in the urban change 
dynamics. 

MODEL CALIBRATION 
The calibration of a model can be made through two main approaches: (1) performing a sensitivity 
analysis of each parameter’s behavior considering the other parameters fixed; (2) running an 
optimization procedure for searching the best set of calibration parameters according to some fitness 
function. Sensitivity analysis becomes difficult to apply as the number of parameters increases. Since 
the CA model presented above involves a very large number of parameters, optimization was used. In 
this case, we used a Particle Swarm algorithm (from now on referred to as PS). This new type of 
optimization algorithm has given promising results for complex optimization problems. It is an 
optimization paradigm that simulates the movement of a group of individuals towards some goal, where 
the success of each individual influence its own searches and those of their peers [3, 5]. 



TEST PROBLEMS 
A set of 20 theoretical problems were created with the aim to simulate small municipalities not only in 
size but also in the total number of cells. These prototypes of spatial structures, depicted in Figure 1, 
were generated mostly at random to mimic the natural evolution of a territory. 

Problem#01 Problem#19 
Initial Land Use Final Land Use Simulation Initial Land Use Final Land Use Simulation 

      
 

Figure 1 An example of test problems 

MODEL RESULTS 
The capability of the CA model for simulating land use evolution was assessed for the 20 test 
problems. Global ModkValue results are depicted in Figure 2 (a). These results can be considered 
good for a simulation process: 50 percent of the problems achieved a ModkValue around 0.800 or 
higher and 75 percent of them exceeded 0.750. As it was explained before, ModkValue is a measure of 
agreement between modeled and reference maps which does not take into account inactive cell state. 
Figure 2 (a) also presents the variation of the absolute kValue measure for the set of test problems. For 
65 percent of the problems, the agreement exceeded 0.900 and 95 percent exceeded 0.850. These 
values are commonly accepted as good agreement between modeled and reference situations [1]. 
Note that the difference between the values of kValue and ModkValue is often higher than 0.100, 
justifying the choice of ModkValue. The model was also capable of simulating correctly the total area 
consumed by each cell state. The average relationship between total modeled area and total reference 
area for each cell state was of about 1.0% for ULD cells, -5% for UHD cells, and -1% for N-UUrb cells. 
For industrial land uses this value increased due to the simplicity of the problem: only one cell out of 
two or three cells that have changed state produced a significant difference between modeled and 
reference areas. A tenuous relationship with a Pearson factor of 0.470 can be established between the 
proportion of active cells and the performance of the model: the smaller this proportion is, the better the 
model performs (Figure 2 (b)).  
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Figure 2 (a) Global ModkValue and kValue results for the set of test problems and (b) Relationship between the 
proportion of active cells and model performance 

CONCLUSIONS 
The results show promising possibilities of using CA for modeling urban change in small urban areas. 



The use of irregular cells also proved to be feasible. The assessment of the components of the 
transition potential must be improved in order to better simulate these phenomena. A multi-modal 
accessibility model will be developed to correctly assess local measures of accessibility. Land 
suitability will also be subjected to further research in order to establish suitable measures of physical 
land characteristics. The concept of neighborhood should be more oriented for real urban structures 
rather than to its mathematical concept. The assessment of neighborhood relationships is another field 
that needs careful research. The use of local scale CA model is believed to produce good simulation 
results for urban change phenomena. The expertise on CA acquired in this study will be the basis of 
the development of a more ambitious integrated land use model, aimed to simulate urban change 
phenomena with a multi-scale approach. The main goal is to develop an innovative technology that 
could be applied to multi-scale urban studies after a process of validation based on its application to 
well studied urban areas. 
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