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Abstract. The fires in different Brazilian biomes have been increasingly fre-
quent, leaving more and more consequences for the inhabitants, fauna, and
flora of the affected region. Therefore, a computational model based on two-
dimensional cellular automata was developed to simulate a real environment
through software that predicts the behavior of the fire that starts at a prede-
termined location and spreads over a period of time. For the simulation, a
mathematical-computational model based on cellular automata was developed
in the Standard C Language, in which mathematical rules are given to order
its evolution over time, generating more accurate results. Different scenarios
were considered for the experiments, taking into account parameters such as
combustion intensity, presence of wind, rivers, and homogeneous and hetero-
geneous vegetation. The results showed that these parameters can drastically
affect the spread of the fire, with emphasis on the intensity of combustion in
drier vegetation and the presence of water sources as a physical barrier.

1. Introduction

Wildfires are a serious and recurrent problem in many regions of the world. In Brazil,
the practice is quite common for land preparation for agricultural activities, since it is
considered a low-cost alternative. Moreover, wildfires can occur naturally or by human
actions, as a result of high temperatures, dry weather, electric discharges, spontaneous
combustion, low relative humidity, friction between rocks, and even friction of some an-
imals’ fur with dry vegetation. However, when wildfires are caused by humans, they can
be considered criminal, as they have a significant negative impact on the flora and fauna
of the affected region [Alvarado et al. 2019].

The Cerrado biome, on the other hand, is considered a resilient ecosystem, with
an impressive ability to recover quickly after a fire. The vegetation is able to sprout again
and attract herbivorous animals in search of new forage, many of which are able to follow
the wildfires and feed on insects and reptiles affected by the fire. However, during the
dry season, the Cerrado is extremely affected by wildfires, which makes modeling the fire
propagation in this biome a matter of great relevance [Ferreira et al. 2022].

In this context, the objective of this work is to model the propagation of
wildfires in the Cerrado biome through the technique of cellular automata (CA)
[Lima and Lima 2014]. The experiments carried out consider several types of vegeta-
tion, such as homogeneous and heterogeneous, in addition to the fire parameter and the
presence of a river in the middle of the vegetation. The results of the experiments are



presented and discussed in the following sections, with the purpose of contributing to the
understanding of wildfire propagation in the Cerrado. By modeling wildfire propagation,
it is possible to better understand the behavior of fire in the Cerrado biome and develop
more effective strategies for fire prevention and control. In addition, the use of CA can
provide a more detailed view of fire propagation patterns, allowing more precise predic-
tions to be made about the impact of wildfires on the flora and fauna of the region.
Modeling wildfire propagation in the Cerrado can be an important tool for envi-
ronmental planning and management. It is important to emphasize that protecting the
Cerrado biome, one of the most biodiverse plant formations, is essential for the preserva-
tion of Brazilian biodiversity and for the maintenance of the ecosystem services that this
ecosystem offers [Alvarado et al. 2019]. Therefore, it is crucial to adopt measures aimed
at reducing the number of Cerrado wildfires, including raising awareness among the pop-
ulation about the risks and impacts of wildfires, promoting more sustainable agricultural
practices, and implementing public policies that encourage the biome’s conservation.

2. Theoretical foundation

In this section, we will present the concepts and definitions of Cellular Automata, which
is a class of mathematical and computational models that rely on simple local rules to
generate complex and emergent behaviors. Then, we will present some related works that
have used this approach to simulate the propagation of forest fires in different biomes,
including the Brazilian Cerrado.

2.1. Cellular automata

Cellular automata (CA) are computational systems based on sets of cells that interact
with each other following predefined rules where each cell is represented by a state
[Lima and Lima 2014]. They were proposed as mathematical models to simulate the
complexity of natural systems like the one that will be treated in the article. The ba-
sic principle of CA consists of cells undergoing a state transformation (from the states
of neighboring cells), where the evolution of the system is determined through transition
rules: deterministic or probabilistic [Horibe et al. 2021].

The CA can be represented by a vector or matrix and are classified according to
the number of dimensions in which the cells are arranged, and can be one-dimensional
when the cells are arranged in a line, two-dimensional when the cells form a grid or
three-dimensional when the cells are arranged in a cube. cells form a cube. The CA is
composed of a set of cells (x;;) in a lattice with dimension (d) that can be update dur-
ing a certain (f € 7') time. Conway’s Game of Life (GL) is a two-dimensional (2D)
cellular automaton created by mathematician John Conway in 1970, as shown in Figure
1. The game is played on a grid of square cells, where each cell can be in one of two
states: (1) alive, in black, or (0) dead, in white. The rules of Conway’s GL are as follows
[Lima and Lima 2014]: (i) any living cell with fewer than two living neighbors dies of
loneliness; (ii) any live cell with two or three live neighbors continues to live in the next
generation; (iii) any live cell with more than three live neighbors dies from overpopula-
tion; (iv) any dead cell with exactly three live neighbors becomes a live cell. These rules
are applied to each grid cell simultaneously to produce the next generation of cells. The
game starts with an initial pattern of cells and then evolves from that pattern according to
the game rules. The GL is an example of a complex dynamic system, with unpredictable
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(a) Stept =0. (b) Stept=1. (c) Stept=2. (d) Stept=3. (e) Stept =4. (f) Stept =>5.

Figure 1. Time evolution by (¢t = 6) steps of the GL, a 2D CA created by Conway.

emergent behavior based on simple rules.

Cellular automata are widely used in several areas of science to develop the
spatial modeling of complex systems that have a large number of local interactions
and that can exhibit unpredictable behavior, among them, we can mention robotics
[Horibe et al. 2021], modeling of diseases [Monteiro et al. 2020], and even forest fire
modeling [Lima and Lima 2014], which is the focus of our work. Different works have
already been proposed with the objective of modeling fires and forest fires through CA,
among them, we can mention the work of [Lima and Lima 2014] in which CA was used
in a 2D form. In this article, their use to simulate fires will be explored, which is a com-
plex process because it is influenced by several variables such as topography, climate,
vegetation type, region, wind, among others. CA can simulate these factors on a smaller
scale, allowing for more accurate modeling of the fire propagation process.

2.2. Related works

Fires have been occurring frequently throughout Brazilian territory, especially with the
advancement of deforestation for the expansion of pasture areas and economic activities
linked to agribusiness. In addition, hot and dry weather is also significantly influencing
the increase in fire spread throughout the country, and in the Cerrado region it is no
different, especially because it is a hot region [Miranda et al. 2009]. Thus, from climate
change, which provides increasingly hot and dry weather, coupled with the natural action
of winds, flames can increase and spread in a devastating way. Another factor that
increases the probability of major damage in the Cerrado is the absence of rain during
the dry season, causing large-scale fires to amplify [Alvarado et al. 2019].

Based on this context, CA are considered an important mathematical-
computational tool capable of modeling dynamic and complex systems
[Lima and Lima 2014], capable of modeling complex systems with a lot of real-
ism, even replacing numerical simulation from differential equations. In addition, to
simulate the dynamic action of CA, their cells undergo a state transformation (from
the states of neighboring cells) through a transition rule: deterministic or probabilis-
tic [Horibe et al. 2021]. CA can be applied in different contexts, including robotics
[Horibe et al. 2021], disease modeling [Monteiro et al. 2020], and even modeling fires
[Lima and Lima 2014]. This modeling can be considered an important predictor for
environmental agencies to make decisions about fires. Different works have already
been proposed with the aim of modeling fires and burns through CA, among them we
can cite the work of [Lima and Lima 2014] using probabilistic 2D-CA for simulating
different fire outbreaks in homogeneous forests using a preference matrix for simulating
the wind. In [Lima et al. 2020] authors used a 2D-CA for modeling fire in closed
environments, aiming at safe and panic-free evacuation of buildings. Moreover, in



[Ferreira et al. 2022], the authors improved the work of [Lima and Lima 2014] by adding
a parameter improvement through genetic algorithms.

3. Proposal

In this section, we will present three models for the spread of fires. First, a basic model of
CA rule updating will be introduced. Then, a model that considers the action of wind will
be presented. Finally, a model that takes into account the different types of vegetation that
affect fire propagation will be discussed.

3.1. Initial base model

Initially, as shown in Figure 2, the CA states are set in 7'y (t = 0), later, a fire focus is
allocated to the grid Ls. 5. At this moment, a fire is started in the lattice 75,, 1 <7 < 4. In
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Figure 2. Transition of states from the general base model to the CA cells update.

other words, the fire intensity assumes 4 possible states (colors) depending on how long
the vegetation has been burning. Thus, in this example ¢,, = 2 (burning time), the fire
changes its intensity at each ¢t = 2 steps. If cell z;; has one or more neighboring cells on
fire, then it has a non-zero probability (p(z;;)) of catching fire (T4 — T’z) at a later time,
in cases of homogeneous forests, p(z;;) = 0.6. Finally, when the fire reaches a certain
burning state, the tree is completely destroyed (dead) and goes to the state 7. Figure 3
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(@) Stept =0. (b) Stept=2. (c) Stept=4. (d) Stept=6. (e) Stept=38. (f) Stept = 10.

Figure 3. Transitions of the CA to states between cells: (74) alive (green), (Tz,)
burning (light yellow, dark yellow, orange and red) and (7)) dead (black).

shows the evolution of the CA using a lattice representation for times ¢ = 0 (see Figure
3(a)), t = 2 (see Figure 3(b)), t = 4 (see Figure 3(c)), t = 6 (see Figure 3(d)), t = 8 (see
Figure 3(e)), and ¢t = 10 (see Figure 3(f)). Initially, the forest is intact, but as time passes,
the flames begin to spread throughout the forest, and the fire states propagate for t € T
steps (number of rule evolution).

3.2. Variation of wind speed

Wind is a crucial factor to consider when modeling wildfires using 2D CA. Wind () can
greatly influence the speed and direction of fire spread, as well as the shape and size of the
fire front. Therefore, it is important to incorporate wind direction and speed into the CA
model to create more accurate and realistic simulations of wildfires. In a CA model, wind
can be represented by a matrix field that defines the direction and speed of wind at each



cell. This matrix field can then be used to calculate the probability of a cell igniting and
spreading fire based on the wind direction and speed, herein we used a wind preference
matrix based on [Schadschneider et al. 2002, Lima and Lima 2014, Ferreira et al. 2022],
as can be see in Figure 4. There are different directions and velocities that wind can
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(a) Wind 1 = 0. (b) Wind @ = 2. (¢) Wind @ = 10. (d) Wind @ = 20.

Figure 4. Burning probabilities per neighboring cell according to the value of the
wind variable.

assume, for example, wind (¢ = 0) in Figure 4(a), wind (« = 2) in Figure 4(b), wind
(w = 10) in Figure 4(c) and wind (@ = 20) in Figure 4(d).

In landscapes with diverse vegetation, wind plays a crucial role in fire spread. It
can either facilitate the spread through flammable areas or hinder it in less flammable
regions. Therefore, integrating wind dynamics into CA models is essential for accurate
simulation of wildfires. By considering wind, these models provide insights into fire
behavior in different environments, enabling the development of effective strategies for
wildfire prevention and control.

3.3. Variation in the type of vegetation

The occurrence and spread of forest fires depend heavily on the type of vegetation present
in a given area. Some types of vegetation are more prone to fire, such as dry grasslands
and forests with high levels of dead wood, while others are more resistant, such as swamps
and moist tropical forests. In addition to vegetation type, the presence of fuel, tempera-
ture, humidity, and wind can also contribute to the ignition and spread of forest fires.

Modeling forest fires using CA requires careful consideration of the vegetation
type in the simulated environment. Two approaches can be employed: homogeneous
and heterogeneous vegetation models. A homogeneous model assumes uniform vegeta-
tion coverage throughout the area, allowing for detailed analysis of fire behavior within a
specific vegetation context. In contrast, a heterogeneous model incorporates different veg-
etation types across distinct areas, providing more realistic simulations that account for
the complex interactions between diverse vegetation and landscape characteristics found
in real-world scenarios.

For example, in a heterogeneous model, a river can act as a barrier, preventing the
spread of fire to a neighboring patch of vegetation. Additionally, the presence of different
types of vegetation with different levels of flammability can lead to the creation of fire-
breaks, which can slow down or stop the spread of fire. Thus, different types of vegetation
are added in the heterogeneous’ state (Sy ) approach. As a result, different burning prob-
abilities are observed from different vegetation properties: dry forest (75x), we consider
the probability T4y — Tpp is p(z;;) = 0.9, transitory forest or mixed vegetation forest
(T ), we consider the probability 74y — T p is p(x;;) = 0.6, humid forest (T ), we



consider the probability 74 — Ty r is p(x;;) = 0.3 and rivers (presence of water) (1),
we consider the probability Ty — Tris p(z;;) = 0.0 and V{Ipp, Trip, Tur} € Sur. For
example, in our model, if the cell encounters the barrier of a river, the river does not catch
fire, so the fire can be interrupted by the presence of water. The types of vegetation in a
forest can impact how wildfires spread. Drier areas are more at risk than wetter areas, so
it’s crucial to consider vegetation diversity and other landscape features when modeling
forest fires, improving simulations and helps with prevention and control strategies.

3.4. Implementation of the final model

The methodology used in this work consists of modeling the propagation of forest fires in
the Cerrado biome using the cellular automaton (CA) technique, which is a mathematical-
computational tool capable of modeling complex and dynamic systems. In addition, sev-
eral experiments will be carried out, considering different types of vegetation: homoge-
neous and heterogeneous. The algorithm follows a step-by-step simulation that can be
basically represented by a few steps:

1. Initializes a matrix for CA lattice L,,,, Where each cell z;; represents an area of
vegetation and is initially filled with state O (live or intact area) for ¢t = 0;

(a) Initializes a preference matrix W representing the wind vector and sets the
parameters for wind direction and velocity.

(b) Initializes the vegetation states, that can include heterogeneous forest dry
(TpF), transitory forest or mixed vegetation forest (1,r), humid (75 )
and rivers (1Tr).

2. Creates a fire focus in the forest and changes the state of the matrix cell to 1
(burning) for t,, € T, = {1,2,3,4,5};

3. For each cell that is in state O, calculate the probability of starting to burn in
the current iteration from the state of neighboring cells in the previous iteration,
considering factors such as wind and type of vegetation;

4. Updates the state of the cells for the next iteration, increasing the state by 1 for all

cells that were burning in the previous iteration (¢ = ¢ + 1) and changing the state

of the cells to fully burned, then T'p;

Repeat step 3 and 4 for 7" defined iterations;

6. Evaluates fire propagation and affected area metrics as the percentage of total
green area burned.

e

The state diagram for the forest burning model can be represented in Figure 5, including
the initialization of the matrix and vegetation states, creation of fire focus, calculation of
burning probability, updating cell states, and fire evaluation.

4. Experiments results

The experiments carried out here aim to make qualitative comparisons about the effect
of altering some of the parameters of the forest fire propagation model in homogeneous
forests, considering 2D-CA with lattices of Liggx100 cells, with probabilistic transition
rules and non-periodic boundary conditions.

The first experiment presented in Figure 6 demonstrates a homogeneous vege-
tation exposed to different burning times related to the cell’s burning speed. In Figure
6(a), the fire has a shorter burning time ¢;,, so the cell that catches fire quickly consumes
the fuel and becomes black. In the other Figures 6(b), 6(c), and 6(d), we have cases of
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Figure 5. Steps of the CA model for simulating Cerrado biome forest fires.
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Figure 6. Different simulation scenarios of 2D-CA considering the absence and
presence of the wind factor.

intermediate probabilities. The experiments conducted here aim to perform qualitative
comparisons regarding the effect of changing some of the parameters of the forest fire
propagation model in homogeneous forests, considering 2D-CA with lattices of Lipox100
squared z;; cells, with probabilistic transition rules (p(z;;)) and non-periodic boundary
conditions. The first experiment presented in Figure 6 demonstrates the same vegetation
exposed to different burning times ¢;, which are related to the burning speed of the cell. In
Figure 6(a), the fire has a shorter burning time ¢;, and therefore, the cell that catches fire
quickly consumes the fuel and turns black. In Figures 6(b), 6(c), and 6(d), we have cases
of intermediate probabilities. In Figure 6(e), a longer burning time was defined, so the fire
takes longer to consume all the fuel until it goes out. Similarly, in Figure 6(f), the pres-
ence of wind  (wind direction) is almost insignificant, whereas for Figures 6(g), 6(h),
6(i), and 6(j), wind intensities gradually increased, with probabilities {0, 5, 10, 15,20},
generating a visual effect of the wind blowing towards the east.

The experiments presented in Figure 7 show the evolution of fire in a forest as
a function of wind direction and intensity. To do so, two situations with different wind
intensities were simulated: (i) w = 5 (see Figures 7(a), 7(b), 7(c), 7(d), and 7(e)), and (ii)
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Figure 7. Graphical representation of the evolution of forest fire propagation in
an environment with different wind intensities modeled by CA.

w = 15 (see Figures 7(f), 7(g), 7(h), 7(i), and 7(j)), both with wind direction east-west
and t,, = 1,Vi € {1,2,3,4} . As we can observe, the fire spreads more rapidly in the di-
rection of the wind, creating a more extended front line, since all cells are homogeneous,
that is, with the same vegetation density. These experiments are important to understand
how wind can affect the spread of fire in a forest and how it is crucial to consider wind
direction and intensity when modeling fire propagation.

In Figure 8, the final experiment explores different scenarios involving rivers,
wind, and variations in vegetation composition. The simulations were conducted at mul-
tiple time points (t = 5, 20,25, 50). The first simulation (Figures 8(a), 8(b), 8(c), and
8(d)) focuses on wind effects in homogeneous forests, with a cell’s probability of burning
set at P(x;;) = 60% when its neighboring cells are on fire. The wind direction vector in-
dicates eastward movement, resulting in complete forest fire impact on the lattice’s right
portion by ¢ = 50. In Figures 8(e), 8(f), 8(g), and 8(h), we have a scenario where a river
is located on the eastern side of the lattice and in this case, the wind parameter was not
included, and thus, the forest fire propagation is interrupted by the river. In Figures 8(i),
8(j), 8(k), and 8(I), we observe that the spread of fires occurs more rapidly in the eastern
direction, however, the burning is interrupted by a physical water barrier (river). Later, in
Figures 8(m), 8(n), 8(0), and 8(p), in the last experiment with heterogeneous vegetation,
it is possible to notice that the more humid vegetation has greater difficulty in spreading
the fire than the intermediate and dry vegetation, being a major fuel for the fire.

The results obtained in the experiments are very relevant for the wildfires in Cer-
rado, considered a mixed forest. Through the analysis of different parameters, variations
in the speed of fire propagation and wind direction were identified. In the first experiment,
it was observed that the burning time of cells influences the speed of fire propagation. Ad-
ditionally, the presence of wind also showed a significant effect, where the higher the wind
intensity, the faster the fire propagates in a triangular shape. In the last experiment, it was
possible to verify that the rivers’ (water) existence can interrupt the wildfires and limit its
expansion. Furthermore, the analysis of heterogeneous vegetation showed that the pres-
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Figure 8. Different scenarios with two-dimensional CA considering homoge-
neous, heterogeneous vegetation, with the presence of river and wind.

ence of more humid areas can hinder fire propagation compared to dry and intermediate
areas. Therefore, the obtained results significantly contribute to the development of more
precise and efficient models for predicting and controlling fires.

5. Conclusions and future work

Through modeling and simulation of Cerrado fire spread through different scenarios, it
was possible to perceive that parameters can drastically affect the outcome of a wildfire.



Thus, we can observe that wildfires are influenced by the intensity of combustion, espe-
cially in drier vegetation. Another observed parameter is that in homogeneous vegetation,
fire spreads in a more standardized and radial way, except when there is a river. In the
case of heterogeneous vegetation, different burning probabilities were programmed, and
in this sense, the wetter it is, the less likely it is to burn and it is possible to stop a wildfire
through the presence of water sources. As future work, experiments should be comple-
mented with other analyses to obtain even more robust results. We can consider modeling
different real biomes, analyzing other parameters that may affect the propagation of forest
fires, such as soil moisture and altitude, as well as developing prevention and firefighting
strategies based on the results found in the experiments. Additionally, it is important to
continue investigating the effects of wind and cell burn rate on fire propagation, as well
as studying the impacts of climate change on the occurrence and severity of forest fires.
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