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Abstract: A stochastic cellular automata model fWaitdland and its dynamics is analyzed qualitatively and
fire spreadunder flat terrain and newind conditionsis  quantitatively. Cellular automata are models which assume
proposed and its dynamics is characterized and analyzespace, state and time discrete [2]. The space is represented
Eachcell is characterized bpneof thethree states that are: by a square lattee and each element that constitutes the
vegetation cellburning cellandburntcell. The dynamics of lattice is called cell. Each cell has a neighborhood, set of
fire spread is modeled as a stochastic event with an effectiugternal states variables, and a set of rules, called state
fire spread probability S which is a function of threetransition functions, that describes the evolution of their
probabilities: the proportion of vegetation selicross the states and define the future stat® a function of the cell
lattice, the probability of a burning cell become burnt, angresent state and the neighborhood present states. In
the probability of the fire spread from a burning cell to astochastic cellular automata the state transition function is
neighbor vegetation cell. A set of simulation experimentperformed by means of probabilities. The transition
are performed to analyze the effects of different values dfinctions of the proposed model are defined stochastic with
the three probabilities in the fire pattern. The effective firethe intention to represent the vegetation heterogeneity and to
spread probability is obtained from MorBarlo simulations include random component in the dynamics of the
and a critical line that separate the set of parameter or whickegetation combustion and ignition process during the fire
a fire can propagate from those for which it cannot ispread.

obtained. Finallythe relevance of the model is discussed in The paper is structured as follow. In the Section 2 de
light of results of simulation experiments carried out thatmodeling approach andahmodel parameters are described.
illustrate the capability of the model catches both thén the section 3 the model dynamics is characterized and
dynamical and static qualitative properties of fireanalyzed. Finally, in théast sectionthe model relevance is
propagation. discussed.

Keywords: wildland fire spead percolation theorycellular
automata.

1. INTRODUCTION

The wildland fire spread is a combustion reaction wher
the ingredients necessary for its occurrence are: tHg 9€!
vegetation, which provides the combustible source for the (0)-
reaction; the oxygen in thar, which actuate as an oxidizing
agent; and a heat source responsible by the initiation and the
self-sustainability of the reaction [1]. The fire spreads across (ii)-
the landscape consuming the vegetation and this process can
be decomposed into four combustiphases, the so called:
pre-heating, ignition, combustion and extinction [1]. The
fire front is the region of intense flaming combustion where
a large quantity of heat released. Part of this heat released is
transmitted to the vegetation that yet is hotning, heating
it until reaches the ignition temperature. When the
vegetation reaches the ignition temperature, the flames rise
and the fire front occupies a new position ahead. The flames
remain as the vegetation is burnt out. (iii).

In this work is proposed simplemodel for wildland fire
dynamicsunder flat terrain and newind conditions The
model formulation isbased on stochastic cellular automata

2. MODEL DESCRPITION

The model
representation and the landscape is depicted as a square and
éwo-dimensional latticefl of dimensions)g, x 0, Each cell
defined by:

is based on the spatially explicit

its discrete positior("(JQ in the lattice, where

i =1, é,L i s andiel,8¢loi$ themn
row;

the finite set of internal states variables that
describes the possible behavior of the cells in a
given time step which are™fg, ¥ '0,0,"QU
where: 'O is an empty cell which denotes
unburnable cells or without vegetti w is a
vegetation cellwith denote cells with potential
to burn; Ois burning cel] which denotes a cell
whose the vegetation in its inside is burning; and
0 is burnt cell which denote vegetation cell that
is burned by the fire;

the set of finite neighborhood cells ("G,
where the Moore neighborhood, as illustrated in
the Figure 1(a), represents the neighborhood
relations in the model and comprises the eight
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cells surrounding"Q®) of a central cel('(JQ  probability 1 'O; and (3) select one or more vegetation
according with the definition~ ('GQ=  cells and change its state tmrning cell In the fire
(OO0 A 1,07 1) spreading algorithm, for each time stép 1,8 ,("YXQ0"Y
(iv). the transition function that calculate the futureexecute a sweep and: (1) forchdurning cell evaluate the
cell state as a function of the present cell statéransitiond © 0; (2) for each neighbor of burning cell
and present neighborhood cell sta’f@s\?~ x evaluate the transitio®© 6. In the end of each time step
"y & © “¥t, where the time t is also count the number of burning cells. Time simulation stop if
0= 0"YXQ0"Yor if there are none burning cefi a given

representedby discrete values or time steps.
time step.

Thus, the time evolution of the model is driven
by the interaction between the cell states and the
cell neighborhood states. Starting from a given TN T m
configuration of cells initial states, the cellular ey 1 “mm? B

automaton selfeplicaes the sequent cell states. E . @
The cellular automata model is stochastic
because the state transition function is performed
according to probabilities values.

The fire spread is governed by the heat transfer frorkig. 1. (a) The Moore neighborhood comprises eight cells
burning regions to nehurning regions. Thuthe fire spread (yellow cells) which surround the central cell (black
is modeled as a set of ignitions of Abarning regions as the cells). (b) In the cell state transition diagram, arrows
burning regions persist. Stochasticity is used to include th@dicate the state transitions paths. The double arrow
heterogeneity of spatial conditions present in real vegetatidndicates that the transition depends orthe neighbor cell
patterns and to include random component in the mlicea state. The round dashed arrows indicate that the state
of combustion and ignition process [4,5,6]. Thus, thdransitions are conditioned by the values of other
dynamics of fire spread is modeled as a stochastic eveptobabilities.
with an effective fire spread probabilif)y which is as a
function three probabilities, which are: 3. SIMULATIONS AND RESULTS

. the probability’Q, that determinethe proportion

of cells with vegetation across the latticethe
model initialization Thus, for each cell, there is The effective fire spread probability S describes the fire
a probabilityO to its state is/egetation celand  behavior across the lattice as an function of the probabilities
the probabilityl 'Oto itisempty cell ‘0, 6 and"O Different fire patterns, with different size and

(ii). the probabilityé, that models the combustipn shape, can be obtained varying the values of these

where, in each time step, laurning cellhas a probabilities. TheFigure 2 characterizes some fire patterns
probability 6 to change its state tmurnt cell using different values 00, & and"Qfor a lattice of size

(iif). the probabilityQthatmodels the ignition, where, 201 x 201 and the fire starting from a cedt the middle of

there is a probabilityJor the fire spreaslfroma  the Iattice"flooyloo) = "0 Each cell state along the lattice is
burning cellto a neighbowegetation cell represented by colors thavhich are, empty cell (black),

The transition functions between the states areyegetation cell(green), burning cell (red) andburnt cell
performed according to these probabilities values. The cefyray).
state transition diagram is showed in the Figure 1(b). An" The proportion of cells with vegetation across the lattice
empty celis unchangeable and always remains in this statgletermines the spatial distribution of available fuel along the
The fire spread isonsidereda diffusion contagious process |attice. Higher values of0 implies in more quantity of
and the fire can spreads only frombarning cellto a available fuel along the landscape and therefore the fire
neighbor vegetation cell Thus, the transitiornw©® "Ois  propagates with more facility. This effect can be observed
conditioned for avegetation cellthat has at least one comparing the Figures 2(f) and 2(d), when in the Figure 2(f)
burning cell neighbor. Given two neighbors cells, onethe burned area is larger than in the Figure.2(d)
burning @ll and the other aegetation cellin each time The probabilityd asserts the combustion latency for a
step, there is a prObab”itmor the burning Cellignites the (IDI & @m (0 1; is a Concepnon for the mean reaction
neighborvegetation cell Once ignited, in each time step, time). A burning cellwith a high value o6 burns most
there is a probability for the burning cellremain burning,  quickly (i.e., in less time steps) than those that have a low
otherwise its state changes burnt cell which is the vajue. Ths behavior can be observed comparing the Figures
transition®°  §. 2(e) and 2(f). Furthermore, how smaller is the value§ of

The model input parameters are the probabili@®s  more high is the probability of the fire spread from the
and"Qthe lattice size, and the maximum time sié§NQ)"Y burning cell to neighbors vegetation cell, because the cells
A complete visit to all cells of the late is called a sweep. remain burning in more timesteps. This effect can be
A simple simulation is performed in the two stagesibserved comparing the Figure 2(d) and 2(c).
initialization and fire spreading algorithm. The initialization  The ignition probabilityGietermines how lightly the fire
stage includes: (1) define the model input parameters; (Zbreads along the lattice. The effects of different fire rates of

execute a sweep and for each cell and sets this state gifread can be observed by the different burned areas
vegetation cell with probability O or empty cell with

(a) Moore

neighborhood (b) Cell state transition diagram

3.1 Qualitative analysis of the fire patterns
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compaing the Figures 2(a), 2(b) and 2(c). Higher values of burning risk computed by a MCS f&= 0.6, 6 = 0.5,

are related with fire fronts which spread most quickly. "G= 0.5 and N=100.

()0=106,6 =01,0C 03(b)0=06,06=01,C 04 @) (b)

(c)0= 06,6 = 0.1,"G 05(d)O= 06,6 = 05,C 05 () (d)
Fig. 3. (a)-(c) Fire patterns slightly different for a lattice
with size 201x201,r= . ,[|= ., k= ., €
and the fire starting from the middle cell positioned in
(i,))=(100,100). (d) Burning risk for 4 = Monte-

Carlo simulation. The color map in the figure varies
from 0O (black) to 1 (white), and the cells that not burn
(green cells)

3.3 Calculating the value of|| and its critical line

The fire spreads along the lattice following a pathway of
(e)0=08,6=01,CG03() 0= 08,0 = 05,C 05 interconnected cells which varies as a function of the
. ) ) . ) ) effective probability Y Studies in percolation theory
Fig. 2. Different fire patterns foro= 100 using a lattice .j.oporate that there is a dzdl value V. called
with size 201 x 201 and the fire starting from the middle percolation threshold, so that whaf> "V always there is
cell positionedat ()@= (100,100). The parameters values g nathway for the fire spreads from a starting cell to some
are showed immediately bellow the figures. other point inside the lattice [3]. The main question here is
3.2 MonteCarlo simulations how to characterize the probabilityin the model.
. The existence of the percolation threshold and the
Because the natural model stochasticity, a same set gnsequent description of the critical line as a function of
parameters Vall.JeS can ge_neraiee patterns slightly ¢ probabilitiesO, 6 andCare investigated using MCS. A
different, acc_ordlng showed in thF." Figug¢a), 3(b) and . set of0 MCS are performed using identical lattices and
3(c). Thus, is necessary to obtain the mean l:)eh"’w'or(zii1’“ferent values 'O, 6 and 'O The fire startsat the left
c_omputed during a large quantity of simulations ba§eq %Border of the Iattic;es and during the simulations is
dlffere_nt sequence of generateq rand_om number. This is tI3‘8mputed the number of times that the fire reaches the right
objective of the Mont&arlo simulations (MCS). For a border of the lattice. If the fire propagates from one side to

given set of model input pameters, a large quantity of the other then the fire perctda the lattice. Thus, the
simulations are carried out and for each cell is computed t N A ] ’

. . . roximation of n i Icul :
number of times that it burn$he number of time that a cell rbepp oximation of de °te§' b Qis calculated as

- . P 1
burn divided by the total number of MCS is the estimative Y0 . . (1)

of the cell burning riskThe Figure 3(d) shas the cell hl%



