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Abstract: Cellular automata (CA) models have been used in urban studies for dealing with land use
change. Transport and accessibility are arguably the main drivers of urban change and have a direct
influence on land use. Land use and transport interaction models deal with the complexity of this
relationship using many different approaches. CA models incorporate these drivers, but usually
consider transport (and accessibility) variables as exogenous. Our paper presents a CA model where
transport variables are endogenous to the model and are calibrated along with the land use variables
to capture the interdependent complexity of these phenomena. The model uses irregular cells and a
variable neighborhood to simulate land use change, taking into account the effect of the road network.
Calibration is performed through a particle swarm algorithm. We present an application of the model
to a comparison of scenarios for the construction of a ring road in the city of Coimbra, Portugal.
The results show the ability of the CA model to capture the influence of change of the transport
network (and thus in accessibility) in the land use dynamics.

Keywords: cellular automata; land use transport interaction; irregular cells; particle swarm; accessibility

1. Introduction

Land use and transport are two areas of urban planning that share many common
attributes and mutually exert a continuous interdependency that encompasses a high level
of complexity. Land use and transport (LUT) interaction has been an intensive topic of
research, combining planning, transport and economic theories and making use of different
approaches that aim to analyze and simulate the interdependencies of the two areas. Many
studies were developed around this topic with a strong focus on theoretical and more
operational modeling [1-5].

Cellular automata (CA) models are among the most researched urban simulation
models. Along with other approaches to simulate urban systems, such as agent-based
models, system dynamics or discrete choice models, CA models are capable of capturing
spatial interactions, but perhaps less so in dealing with transport and its impact in urban
change. For this reason, CA models need to be coupled with dedicated transport models to
capture LUT interactions. The literature indicates some examples of parallel calibration of
CA and transport models, but it is absent of cases where both models are fully integrated.

CA models have been under intensive research for the past two decades. CA is a very
simple mathematical concept, introduced by Von Neumann and Ulam [6,7], that simulates
the evolution of a system under a set of rules and can be represented in a given space. The
conceptual definition of a CA includes two main concepts: (1) an automaton, which is
“a processing mechanism with characteristics that change over time based on its internal
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characteristics, rules and external input” [8], and (2) a partition of space, the cell, which has
a given state (e.g., occupied or unoccupied) that can change over time.

In practical terms, a CA model is based on a discrete set of spatial units: the cells that
together form a cell space. Each cell takes a given (cell) state from a finite set of states.
Time is considered in a discrete manner. Each cell, which works as an automaton, then
may or may not experience state changes over time, according to a finite set of transition
rules that can be of various types (deterministic, stochastic, unconstrained or constrained).
State transition results from the application of these rules to each cell, considering the
neighboring cells.

Waldo Tobler introduced the concept of CA to geography by defining a series of
geographical models that dealt with space and time dynamics in different ways [9]. His
consideration of a CA model allowed the modeling of what he has called the first law of
geography, which states that everything is related to everything else, but closer things are
more related than distant things [10]. The intrinsic spatial character of CA models makes
them quite suitable for analyzing land use change, in which transport and accessibility
play an obvious key role.

Despite examples of models where CA were coupled with transport models in parallel
calibration procedures with retro-feed loops (as in [11]), there are no records of full integra-
tion of a transport model within the core structure of a CA model. In LUT models, the aim
of capturing the complex interdependencies between land use and transport recommend
the integrated calibration of their parameters.

The aim of our research is to show the feasibility of the integration of CA and transport
models with a combined calibration to capture the interdependencies of change in both
land use and the transport system. We present a CA model in which accessibility is not
just an exogenous cell attribute, but it is calculated and calibrated considering travel times
over a real road network, thus transforming accessibility into an endogenous variable
of the CA model, allowing the effective and integrated calibration of drivers of land use
and transport.

We test our model’s capacity to deal with change in land use and transport using a
case study in the municipality of Coimbra, Portugal. We use two scenarios that consider the
possible construction of a new ring road to explore the capacity of the model to capture the
interactions between land use change and changes in the transport system. Our scenarios
were designed to explore the performance of our model and are not meant to be used
in a real planning process. Nonetheless, our results were presented and discussed at a
research workshop, where planning officials and decision makers discussed with modelers
the value and potential of these tools.

Following the introduction, Section 2 presents a brief review of the relevant literature
on CA and CA models that deal with land use and transport interactions. Section 3 presents
a description of the model with its formulation and calibration procedure. Section 4 is
dedicated to presenting the results for the application of the model to simulate different
scenarios for the construction of an important urban road in the city of Coimbra, Portugal.
Finally, Section 5 presents the discussion about the results and about the inclusion of
accessibility in CA models, as well as its potential and limitations.

2. A Brief Literature Review of Cellular Automata and Transport Models

CA models are, despite their conceptual simplicity, one of the most capable tools to
simulate any kind of phenomena with an intrinsic spatial nature. The works of Von Neu-
mann and Ulam [7,12] and later of Tobler [9] were the foundations for a period of intensive
theoretical development that gave birth to the first applications of CA in both theoretical
instances and real-world case studies [13-16]. These theoretical foundations boosted nu-
merous variations and improvements to geographic CA models that are now widely used
for simulating increasingly more complex problems [17-22]. The vast majority of these
applications use regular cells derived from remotely sensed imagery, and even today, there
is only a minority of studies that have considered irregular cellular fabrics [23-33]. This
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is mainly due to the practicalities of operating raster images against the complexities of
dealing with complex topologies in vector models.

The ability CA models have to integrate spatial change and neighborhood effects (il-
lustrating Tobler’s first law of geography [10]) suggests their effectiveness in the simulation
of the complex interdependencies of spatial phenomena. By being a privileged tool to
model spatial interactions—as generically defined in Tobler’s first rule—CA models are
conceptually well suited to deal with changes in land use and transport and their complex
relationships, as both depend on spatial interactions that drive the correspondent demand
for land and for accessibility.

Understanding changes in land use and transport implies the analysis of measures of
the level of performance of the transport system and its implications in land use demand.
Accessibility is a complex concept and can be defined and measured in multiple ways [34].
One definition, given by Dalvi, identifies “the ease with which any land use activity can
be reached from a location, using a particular transport system” [35]. Bhat et al. defined
accessibility as a “measure of the ease of an individual to pursue an activity of a desired
type, at a desired location, by a desired mode, and at a desired time.” [36] Bertolini et al.
defined accessibility as “the amount and diversity of places that can be reached within a
given travel time and/or cost” [37]. These definitions highlight activities and their land use
and locations as an origin and a destination, the time to travel from and to these locations
and the modes as the key components of land use and transport interactions.

Accessibility has therefore been classified as a major driver of urban growth for a long
time. A significant number of models that simulate urban growth have different methods
to incorporate accessibility and its interdependent effects with a series of other factors,
such as land price or household and activity location, just to name a few [1,38,39]. A large
number of CA models of land use change incorporate some form accessibility in their
formulations, with leading authors acknowledging that accessibility is a key driver of land
use change (for a list of CA models that consider some sort of accessibility measure as a
driver of urban change, see Table 7 of Santé et al. [40]).

Accessibility is usually included as one of the components in the formulation of CA
transition rules, which play the role of the engine that drives CA evolution. However,
the majority of these models consider accessibility as a simple cell attribute, defined as
the linear distance from a cell to the nearest road or rail (and sometimes the airport)
infrastructure [17,24,41-48]. This somewhat simplistic approach discards the effects that
infrastructure capacity and travel demand have on the performance of the transport system
and their consequences on land use. Other models use a parallel calibration procedure for
the land use model based on CA and for the transport model using, for example, the four
steps transport model [11,49] or existing dedicated transport models [50]. This lack of
full integration between CA models and transport models may be a consequence of the
difficulties of calibrating both models as a single model due to the very high number of
model parameters.

CA models do not focus on simulating the performance of transport systems, being
good at simulating land use change. It is, however, possible to use CA to deepen the
integration of land use simulation with more explicit transport models that can provide
more elaborate measures of accessibility. These measures of accessibility can include infras-
tructure capacity, travel demand or multimodal systems, thus capturing the complexity of
the land use and transport interaction.

3. Model Formulation

Our CA model was designed to maintain the simplicity of the original CA concept. The
model was programmed as a standalone application for Windows OS using the Visual Basic
6 programming language. This section presents the different components of the model.

The cell is the first of the five key CA components. Our model uses irregular cells that
aim to simulate real-world irregular spatial partitions. The cells are designed considering
census units which take into account urban form (i.e., the most relevant urban features
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such as streets, buildings or topographic features), thus combining form and reliable
data about population or employment. The neighborhood, another key component of
CA, is a parameter () calibrated by the model. It is a radial distance and represents the
extent to which spatial interactions between land uses are considered to influence cell state
transition. By considering the neighborhood as a calibration parameter (and not as a user-
defined measure, as the majority of CA models do), the model is more representative of
the importance of spatial interactions in land use dynamics. The set of cell states includes
six aggregate cell states (or land use classes): urban low density (UL) and urban high
density (UH), which aggregates all the land uses located inside urban areas, including
public facilities and public spaces; non-built urban areas (XU), which are empty areas that
can be developed; industry (I); non-built areas for industrial uses (XI); and areas where
urbanization and construction of any type is highly or totally restricted (R). The transition
rules are another component of the CA model which play a key role, as they simulate the
way the system evolves. The model uses a measure of state transition potential that is
used for selecting which cells will change states at each simulation step. The higher the
transition potential for a given state (land use) located in a given cell at a given time step
t is, the more probable it is for this cell to change to that given state. The potential function
computes a weighted value of accessibility, land use suitability and the neighborhood
effect, considering a number of calibration parameters affected by a stochastic function to
include random decision patterns:

P*i,s = (Vp X Si,s + xp X Ai +9p X Ni,s) X g,VZ cC,seS (1)

where for each cell i from the set of cells C, and for each state s from the set of states S, P;
is the transition potential for state s of cell i; S; ; is the land use suitability value for state s
of cell i; A; is the accessibility value of cell i; N; ; is the neighborhood effect for state s of cell
i considering its neighborhood V;; vp is the calibration parameter for land use suitability;
xp is the calibration parameter for accessibility; 6p is the calibration parameter for the
neighborhood effect; and ¢ is the stochastic parameter. Land use suitability is a binary
value that has a value of one if a cell is suitable for a given land use and zero otherwise,
as defined by land use regulations in force, representing planning decisions.

Our CA model is designed to be coupled with any transport model that simulates the
transport system, using an aggregated value of accessibility per cell that is then used in the
CA transition potential as indicated in Equation (1). In this application, and due to the lack
of available data for public transport for the case study, we have modeled the road network
and its hierarchy to compute travel times to the main urban services and employment
centers. Accessibility is used as the aggregate transport indicator, and it is measured by a
function of cumulative opportunities considering the travel time between cells (defined
by their centroids), measured over the road network considering its hierarchical structure

as follows: .
e fT)

where f(T";) is an impedance function of an aggregate measure of the travel time that
differentiates the relative importance of access to where employment or the main urban
functions (services, business and public facilities) are located. This function is given by

NieC )

T =ap X Tic+PaxTyy+rax) T, VieCVneN (3)
n

where T; ¢ is the travel time from cell i to the municipality’s main city or town; T;y is
the travel time from cell i to the closest second-tier town or village in the municipality
(simulating smaller administrative units like civil parishes); T; 1, is the travel time from cell
i to the industrial site n located in the municipality (out of all industrial sites N); and a4,
Ba and 74 are calibration parameters.
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The neighborhood effect N;, simulates the spatial interaction between each pair of
land uses and is an aggregate value of the interactions N ;, between the states s and 7,
located in two neighboring cells i and j. It is calculated through the following expression:

Ni,s: ZNZ-’SU,Y,VZ'EC,Viz{jeC:dijgé},s,rES 4)
j€vi

where the neighborhood effect N; ; is the sum of the interactions N j between state s in
cell i and all the states of neighboring cells j that belong to neighborhood V;, considering
the neighborhood distance parameter 6 (which means that attraction or repulsion will
only be taken into account if the cell is located within the neighborhood V;), and di,]- is the
distance between cells i and j.

These interactions represent the attraction or repulsion that each pair of cell states
mutually exerts. They have a normalized value, ranging from 0 if two cell states do not
interact up to +1 if they exert maximum attraction (e.g., cell states UL and R, as depicted
in Figure 1a) or from —1 if two land uses exert maximum repulsion (e.g., cell states I and
UL, as depicted in Figure 1b) to 0 if they do not interact. These linear functions decay
from the maximum value (of attraction or repulsion) at a distance of zero between two
cells (with the two cell states) to 0 at a distance where interaction between the cell states in
the two cells is no longer observed. The neighborhood effect for a given cell is the sum of
all the neighborhood interactions of this cell with all its neighboring cells within its own
neighborhood V.

0.5 4 0.5 4
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Figure 1. Two examples of neighborhood effect interactions between pairs of cell states: (a) attraction), (b) repulsion.

Land use demand is proportional to the increase of population and employment,
as well as to the variation of built-up areas. We have considered that land use demand
varies in time due to the variation of the average built-up area per inhabitant, which tends
to include larger housing units with more public spaces and facilities, along with a decrease
in the size of households. To represent this variation, we considered a measure of built-up
density that took into account the variation of the population and employment, along
with the need for space for the corresponding land uses. The use of this measure without
constraint would lead to a quick allocation of new developments in cells with higher
potential values and more vacant land. Larger cells with higher transition potentials would
attract a larger amount of development, eventually leaving no need for new developments
elsewhere. The model has a mechanism to tackle this attractiveness of larger cells. Land
demand is balanced using a standard logit model that distributes the demand while
considering the existent land supply. The logit is applied to the value of the potential P
considering a control variable «y, calibrated by the model:

e‘XLP*i,s

P
1,5 ar P*:
Licc e

ViecC )
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where P} ; is the value of transition potential in cell i for state s; a; is the logit parameter;
and e is the Euler number.

Model performance is assessed using contingency matrices and the corresponding
kappa index (see Couto [51] for a comprehensive definition of the measure proposed
originally by Cohen [52]). The use of kappa statistics has been the subject of strong academic
debate. An indicative sample of the ongoing debate can be illustrated by Congalton and
Green [53] advocating for its utility and Pontius and Millones [54] providing evidence of
the problems and lack of accuracy of kappa when compared with other metrics derived
from contingency matrices. Our decision to use kappa statistics derives from the possibility
of establishing some degree of comparison with the overall performance of other CA
models (for example, Kang et al. [55], Grinblat, Gilichinsky and Benenson [56] and Petrov,
Lavalle and Kasanko [57]).

We have used a modified measurement of kappa (the k) that does not take into
consideration cell states that cannot change state:

nYicss Mij — Yics (Zjes* Mij X Y i mji)

n2 —Yics (Zjes* Mij X Yjes mji)

Kinod = ,§" =S/{R} (6)

where 7 is the total number of elements in the contingency matrix, m;; is a generic element
of the matrix, S is the finite set of cell states and R is the land use class that cannot change.

Some land uses (for example, cell state R, where construction is totally restricted)
cannot change but still influence the land use dynamics. The consideration of cells with
cell state R for the calculation of the kappa index would produce an overestimation of
similarity, as they have the same state in the simulation and in reality. This innovation has
been applied in other models [58] and given good results in previous applications of our
model [59].

Model calibration uses an optimization procedure called particle swarm (from now
on referred to as PS) with the goal of producing an extensive search of the set of calibration
parameters that optimize the fitness function chosen for the model (maximizing the value
of kp04). It simulates the movement of a group of individuals toward some goal, where the
success of each individual influences its own searches and those of their peers [60]. For an
in depth reading about PS, see Parsopoulos [61].

The use of PS to calibrate CA models is not common and is usually applied in cases
where the number of calibration parameters is considerably high. Pinto et al. [62] have
used PS for calibrating a CA model based on a transition potential applied to small urban
areas. Feng et al. [63] and Liao et al. [64] developed more traditional CA models based on
regular cells and probabilistic transition rules calibrated by a PS algorithm.

Our implementation of the PS algorithm contains the CA model and searches for
an optimal set of calibration parameters for the CA model, as depicted in Figure 2. Each
particle is an admissible point of the space of the solutions of the CA model, and the swarm
of particles (different admissible points of the solution space) flies along a series of iterations
until a given stopping criterion is met. PS has a very simple mathematical formulation
based on the position and velocity of the particles in the space of the solutions, which are
updated for every iteration. The CA model runs with the set of calibration parameters
of each particle in every iteration, and a value of kyy,; is calculated, being used as the
fitness function for the optimization procedure. The process is repeated until the difference
between two iterations is smaller than a given threshold. A detailed explanation of our
implementation of the PS algorithm to calibrate CA models can be found in Pinto et al. [62].
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Figure 2. Calibration flowchart with the particle swarm (PS) structure encapsulating the cellular automata (CA) model.

4. Model Application and Results

The model was applied to a real-world case study to simulate the impact on urban
growth of the construction of an important ring road in the urban area of Coimbra, Portugal.
The goal was to use this application to exemplify the potential use of the model for scenario
evaluation. The model was calibrated for a set of reference data that included census
data on demographics and employment for the years 1991 and 2001 and considered the
approved municipal master plan, legally in force by 2009. Two simple scenarios were
designed to make a proof of concept about the possibilities of the model.

4.1. The Case Study of Coimbra, Portugal

The model was applied to study possible scenarios of urban growth for the city of
Coimbra, in the Centro Region of Portugal (Figure 3).
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Figure 3. Location of the municipality of Coimbra, Portugal.

Coimbra is a second-tier, mid-size Portuguese city of around 100,000 inhabitants,
according to the 2001 censuses [65]. The city is the regional capital for the central area of
Portugal, due to the very high concentration of public administration, healthcare and higher
education institutions. The city headed a municipality of about 150,000 inhabitants in
2001 [66] and is the main attractor of a larger influence area of more than 470,000 inhabitants,
mainly from the Regiao de Coimbra (an European Union’s Unit of Territorial Statistics
Level 3, or NUTS 3) but also from municipalities of the surrounding NUTS 3 regions.

The data was formatted into a specific dataset that complied with the model require-
ments. This dataset used statistical data obtained from both the national censuses of
1991 and 2001 [66], provided by Statistics Portugal, and data from the official statistics on
employment provided by the Ministry of Labour and Social Security [67].

Land use was classified after the municipal master plan in force. Cells were designed
from the intersection of the official census blocks from both 1991 and 2001 with the official
urban boundaries marked in the master plan. These cells combined urban form, derived
from the urban boundaries and from census blocks, with reliable data from all the afore-
mentioned statistical data providers. The dataset had 5160 cells. Between 1991 and 2001,
the municipality had land use variations (in area) of —3.1% for the UL (low density urban)
state, +24.2% for the UH (high density urban) state, +39.2% for the I (industrial) state,
—9.2% for the XU (expansion for urban uses) state and —16.4% for the XI (expansion for
industrial uses) state. This indicated a strong trend of densification and loss of less dense



ISPRS Int. ]. Geo-Inf. 2021, 10, 149 9of 15

urban areas, combined with some expansion of the industrial areas. Land use maps were
depicted for the reference years of 1991 (Figure 4a) and 2001 (Figure 4b). The road network
covered all the territory of the municipality and included collector, distributor and local
roads, as depicted in Figure 5a.

ot I vo [+ v [ o [

Figure 4. Land use maps for the municipality of Coimbra, with references for (a) 1991 and (b) 2001, as well as (c) the
simulation results for 2001.

“\ Local Road
"\ Ringroad ‘Anel

Figure 5. Road network of the municipality of Coimbra in 2021 for (a) the Baseline scenario and (b) the Anel scenario.

4.2. Model Calibration

The model was calibrated using the reference datasets for 1991 and 2001 and was
able to achieve a k4,7 value of 0.767 (for a standard kappa value of 0.876). The land use
map with the simulation results is depicted in Figure 4c. This kyys value represents a very
good adjustment of the simulation to reality, considering the common thresholds for the
use of the standard kappa statistics commonly accepted in the literature, as illustrated, for
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example, with the application of the CA model MOLAND for analyses of land use change
in Europe [17]. The value of the calibration parameter for accessibility in the potential
function, xp was 0.665, while the parameter for the neighborhood effect 8p achieved a value
of 0.841. The third parameter for land suitability vp only reached a value of 0.278. These
values illustrate the importance of both accessibility and the interactions between different
land uses as drivers of land use dynamics against the much less important influence of
zoning options dictated by the master plan and reflected in the land suitability for each
land use (or cell state).

4.3. Scenario Design and Evaluation

There is a baseline scenario—called the Baseline—which does not consider any change
in the road network. A second scenario considers the construction of the ring road, called
Anel (the name of both the road and the scenario). Both scenarios take into account the
same values for the population and employment growth rates, which were illustrative of
the general trends considered in the support studies for the planning processes that led to
the master plan in force for the municipality of Coimbra.

Model calibration produced an optimal set of calibration parameters that could be used
as the input for the application of the model to generate a prospective simulation of land
use change for 2011 and beyond. While it was still a very simple formulation of both the
land use dynamics and of the performance of the transport system, this application worked
as a proof of concept of the integrated simulation of land use and transport interactions in
urban development.

The two scenarios were designed considering a very simple pair of alternatives.
Despite not having been designed as planning scenarios, they verified the main components
that Xiang and Clarke [68] (p. 886) identified as features of a land use scenario: they include
(few) alternatives; they have clear consequences on the transport system and, as expected,
in the land use structure; they allow the model to explore causations; they include a period
of time; and they produce recognizable geographic footprints. The scenarios were (1)
the Baseline scenario that maintained the same road network and, therefore, the same
accessibility conditions; (2) the Anel scenario, which considered building the Anel da
Pedrulha ring road, enhancing accessibility for many origin—-destination (OD) pairs in the
city’s OD matrix. The road maps for the two scenarios in 2021 are depicted in Figure 5a
for the Baseline scenario and in Figure 5b for the Anel scenario. For both scenarios, it the
same macro-conditions in terms of population and employment growth were established,
considering two periods of ten years that would coincide with the next two inter-census
periods (2001-2011 and then onward to 2021), which are presented in Table 1. These values
were in line with the forecast for population and employment evolution for the next 50 years
in Portugal in the pre-crisis period, and this data was used in the studies that supported
the next version of the municipal master plan, which has been under development since
2004 and, as of the date of this research, has not been approved yet.

Table 1. Macro-indicators for population and employment growth for both scenarios.

2001-2011 2011-2021
Population +3% +2%
Employment +2% +2%

The model used the set of calibration parameters obtained from the calibration stage,
with reference data to run forecast analysis for both scenarios starting from a reference
situation in 2001 to the simulated map of 2021. It is possible to see the land use maps
for the Baseline scenario for the two ten-year periods, with a starting reference situation
in 2001 (Figure 6a) and simulation results for both 2011 (Figure 6b) and 2021 (Figure 6¢).
Likewise, land use maps for the simulation of the Anel scenario for the same years and
starting from the same reference point of 2001 (Figure 7a) are depicted in Figure 7b for 2011
and in Figure 7c for 2021.
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Juc [ oo I o [ R

Figure 6. Land use maps for the municipality of Coimbra in the Baseline scenario, showing (a) a reference for 2001 and
simulations for (b) 2011 and (c) 2021.

o [ vo I o [ o R

Figure 7. Land use maps for the municipality of Coimbra in the Anel scenario, showing (a) a reference for 2001 and
simulations for (b) 2011 and (c) 2021.

An overall analysis of these maps showed a spread distribution of land use change
for urban land uses (UL and UH) across the main city of Coimbra and also the smaller
settlements in both the urban and rural peripheries, especially in the Baseline scenario.
However, the difference of the attractiveness of the region directly served by the new ring
road for these urban land uses was also observable.

An enhanced detail of the area directly served by the new road is depicted in Figure 8a
for the Baseline scenario and Figure 8b for the Anel scenario. These results show that the
impact of the construction of the ring road was significant, as the higher attractiveness of
cells directly served by the new road due to increased accessibility was well illustrated in
the land use change in the Anel scenario, with more cells changing their states to more
dense urban uses. This favoring of more dense urban uses followed what was considered
in the planning documents to support the expansion of the northern area of the city of
Coimbra, which was directly served by the ring road. The impact on the industrial land
uses was less significant, as they were generally located at significant distances from the
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road and usually very close to the main collector roads, thus experiencing smaller increases
in accessibility that benefited the central urban area more. The effect of neighborhood
interaction (higher importance than accessibility) also played a significant role in this
reduced attraction for industrial land uses in the area directly served by the ring road,
which was mainly covered by urban (UL, UH and XU) land uses.

(@) UL-uo-IExu-xIR (b)

Figure 8. Land use maps for the area directly served by the new ring road in (a) the Baseline scenario and (b) the Anel scenario.

5. Conclusions

The model was applied to simulate the impact on urban growth of the construction
of an important urban ring road in the city of Coimbra, Portugal. The main goal of this
application was to illustrate the possibilities of using this type of modeling approach to
capture and forecast the complex interactions between land use dynamics and changes
in transport systems. The two scenarios designed for this application were quite simple,
and they were meant to test the capacities of the model and not to support any planning
process. Our model can be applied to similar case studies where irregular, vector-based
cells can be used to model space, namely when the data and geography of census units
are available at a resolution similar to that of our model. It can also be applied to multiple
types of scenarios using the same data attributes as the ones presented in this article.

The results were useful for exemplifying what types of analysis could be made in
order to support a discussion of different planning choices. These results were presented
in a workshop about the application of land use and transport interaction models to
both practitioners and elected officials of different backgrounds (spatial planning and
transport planning) and different origins (local administration and governmental agencies).
Although these scenarios were not designed for use in a real planning context, the results
were useful for triggering a debate between modelers and potential users, who engage in
preliminary discussions about strategic options in urban development.

There is great potential in using more complex transport models to provide better
accessibility indicators to CA models. First, with the use of transport models and not just
spatial measures (mainly distances), accessibility is no longer just an exogenous variable;
it becomes a reliable measure of the performance of the transport system by (1) taking
into account the effect of land use change on transport demand and (2) providing not
only an input for the CA model, but also an effective lever to produce and evaluate
changes in the transport system. Second, it is possible to relate land use parameters with
transport parameters, testing different settings for their values in order to evaluate their
interdependencies. This provides more robust tools to simulate the complexity of land use
and transport interactions, enhancing the possibilities of performing policy testing with a
combination of planning and transport policies and programs.
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The results show that there is no particular barrier for coupling CA and transport
models, other than some level of computational demand due to the increased number
of calibration parameters. This can be solved by using calibration procedures based on
optimization approaches that are able to deal with high numbers of parameters, such as
the particle swarm algorithm. The literature on CA models already includes many models
where transport and accessibility are modeled with more complex models. However, they
use parallel procedures to calibrate these models and generate inputs to the CA model, and
vice versa.

Future developments of this coupled application of CA-based land use models with
accessibility modeling will take into account different aspects of the transport systems,
namely service levels, different scales of analysis and multimodality, where variables such
as pricing or new service areas can be simulated to understand the impact on land use
change. At the same time, the CA model needs to incorporate procedures that trigger
changes in the transport systems due to new demand, such as inducing the construction of
new infrastructure or requiring a new transport service in a given mode.
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