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a  b  s  t  r  a  c  t

Fighting  fires  is  a  very  risky  job,  where  loss  of  life  is a real  possibility.  Proper  training  is essential.  Several
firemen  academies  offer  courses  and  programs  whose  goal  is  to enhance  the ability  of fire  and  emergency
services  to  deal  more  effectively  with  fire. Among  the  tools  that  can be  found  in  the  training  process  are
fire simulators,  which  are  used  both  for training  and  for  the  prediction  of forest  fires.  In  many  cases,  the
used simulators  are  based  on models  that  present  a series  of  limitations  related  to  the  need  for  a  large
number  of input  parameters.  Moreover,  such  parameters  often  have  some  degree  of  uncertainty  due  to
eywords:
arallel Evolutionary Algorithm
tatistical System
orest fire prediction
igh performance computing

the  impossibility  of  measuring  all of them  in real time.  Therefore,  they  have  to be estimated  from  indirect
measurements,  which  negatively  impacts  on  the  output  of the  model.  In this  paper  we present  a method
which  combines  Statistical  Analysis  with  Parallel  Evolutionary  Algorithms  to  improve  the  quality  of  the
model  output.

© 2014  Elsevier  B.V.  All  rights  reserved.

arallel processing

. Introduction

People have considerable fear of fire (history is replete with
isastrous losses). However, fires in areas like, for instance, Western
nited States are natural and they benefit to the plant communities

here. Periodic fires help to clear the forest floor of debris and pro-
ote the growth of sturdy, fire-resistant trees [33]. Nevertheless,

xpanding human populations have intruded on previously unin-
abited areas, establishing their own communities in fire-prone
ones. Moreover, human activities, such as fire suppression, live-
tock grazing, and logging, have increased the probability of hotter
nd more destructive fires [35].

Another example is the Mediterranean areas with dry and warm
ummers that favour the occurrence of fire ignition and propaga-
ion. Every year, millions of hectares are burned in Tropical, Boreal
nd Mediterranean forests [26], which causes a wide variety of
ffects, from atmospheric emissions [28], to soil erosion, biodiver-

ity loss and drainage alterations [2]. Reduction of those negative
ffects of fire requires to rely on tools and methods for the assess-
ent of the fire risk.

∗ Corresponding author. Tel.: +54 261 5244579; fax: +54 261 5244538.
E-mail addresses: gbianchini@frm.utn.edu.ar (G. Bianchini),

caymesscutari@frm.utn.edu.ar (P. Caymes-Scutari),
iguelmendezgarabetti@gmail.com (M.  Méndez-Garabetti).

ttp://dx.doi.org/10.1016/j.jocs.2014.12.001
877-7503/© 2014 Elsevier B.V. All rights reserved.
Tools like simulators, expose to the trainees to a convincing fire
propagation model, where instructors can vary fuel types, environ-
mental conditions, and topography. Responding to these variables,
trainees may  call for appropriate resources and construct fire-
breaks, and fundamentally, students can review the results of their
decisions in the security of a computer laboratory.

Different propagation models have been developed to predict
fire behaviour. They can be classified into empirical, semi-
empirical, and physical models [11]. The probable fire behaviour
is predicted in empirical models from average conditions and
accumulated knowledge obtained from laboratory and outdoor
experimental fire or from historical fires. Semi-empirical (semi-
physical or laboratory models) are those models based on a global
energy balance and on the assumption that the energy transferred
to the unburned fuel is proportional to the energy released by
the combustion of the fuel; one of the most important among
these models is the pioneering work of Rothermel [31,32]. Finally,
physical (theoretical or analytical) models are based on physi-
cal principles and have the potential to accurately predict the
parameters of interest over a broader range of input variables than
empirically based models do. Any of these models can be used
to develop simulators and tools for preventing and fighting forest

fires. Some old and current examples are Behave-Plus [3], FARSITE
[14], FIREMAP [4], FireStation [21], WRF-Fire [22], XFire [20].

According to Fons [15] the relevant factors that affect the rate
of spread and shape of a forest fire front are the fuel type (type of

dx.doi.org/10.1016/j.jocs.2014.12.001
http://www.sciencedirect.com/science/journal/18777503
http://www.elsevier.com/locate/jocs
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Fig. 1. Diagram of classical prediction of forest fire propagation (FS, Fire Simulator;
PFL, Predicted Fireline; RFLX, Real Fireline on time X).
G. Bianchini et al. / Journal of Co

egetation), humidity, wind speed and direction, forest topogra-
hy (slope and natural barriers), and fuel continuity (vegetation
hickness). Therefore, models require a set of input parameters,
ncluding vegetation type, moisture contents, wind conditions, and
o on, and they provide the evolution of the fireline in the suc-
essive simulation steps. However, the result obtained after the
irect application of a simulator (known as Classical Prediction and
xplained in Section 2) usually differs from reality because of the
ifficulty of providing accurate input values to the model. Given
his uncertainty, we propose an alternative method, that tries to
etermine the possible fire behaviour based on Statistical Analysis
25] and Parallel Evolutionary Algorithms (PEAs) [24].

The method proposed, called Evolutionary-Statistical System
ESS), is based on S2F2M [8,10], an already validated method based
n statistics and High Performance Computing (HPC). Different
rom classical predictions, these two methods make use of differ-
nt techniques in order to calibrate the set of input parameters,
nd generate predictions based on a lot of possible cases (each case
efined by a different set of input parameters), rather than on a sin-
le case. This is why they are classified as Data-Driven methods with
ultiple Overlapping Solution. On the one hand, S2F2M considers

he total set of cases (considering a factorial experiment based on
ertain ranges for each parameter) to carry out the search of the
orest fire behaviour. Unlike the methods of unique solution, S2F2M
oes not make a distinction between the best and worst cases, but

t determines the statistical trend of the fireline. On the other hand,
he new proposed method, ESS, incorporates the PEA component
o guide the search of the solution and reduce the number of cases
nder study in the statistical stage. In place of considering a fac-
orial experiment (as S2F2M does), ESS considers just a sample of
ossible cases to conform a population which is evolved according
o the PEA principles. The results obtained from the evolved pop-
lation are then submitted to the statistical stage. In this way, it is
ossible to reach better results with the possibility of finding the
olution even in less execution time.

The simulation of the spread of forest fires is a challenge from
he computational point of view, given the complexity of the mod-
ls involved, the need for efficient numerical methods and resource
anagement. In this context, the method presented in this paper is

n important tool for the prevention and prediction of forest fires,
iven that it provides a better prediction of the forest fire behaviour.
his is a general method which could be applied on different prop-
gation models (e.g. floods, snow avalanches, landslides, etc.), but
n this article we present its application to forest fire spread pre-
iction.

In this paper, we describe the direct use of a simulator (known as
lassical prediction) in Section 2. Section 3 describes the proposed
ethodology, implemented in a system called Evolutionary-

tatistical System (ESS) [7]. In Section 4 we use a set of real cases
f forest fires for evaluating ESS in contrast to S2F2M;  we also com-
ent on the obtained results related to the execution time and the

peedup obtained when we work on a cluster computer. Finally,
e present the main conclusions.

. Classical prediction

Classical prediction approach is depicted in Fig. 1. In this scheme,
S corresponds to the underlying fire simulator, which is consid-
red as a black box. RFL0 is the real fireline at time t0 (initial fire
ront), whereas RFL1 corresponds to the real fireline at t1. If the pre-
iction process works properly, after executing FS (which should
e fed with the corresponding input parameters and RFL0) the pre-

icted fireline at time t1 (PFL) should coincide with the real fireline
RFL1).

As we previously mentioned, models require static parameters
e.g. information about topography), parameters that can change
Fig. 2. Error using classical prediction.

very slowly (type of vegetation), parameters that can change fre-
quently (moisture content), and parameters that are completely
dynamic (like wind conditions). The precision of these parameters
is a very important point in prediction of the behaviour. However,
in many cases it is impossible to carry out any type of measure-
ment, particularly in real fire situations, which is a critical situation
to feed the simulation model.

Generally, the obtained prediction using this classical approach
does not match the reality [5,29]. A simple example can be seen in
Fig. 2, where it can be appreciated the error between the real fireline
and the predicted fireline. One reason for the discrepancy between
real and simulated propagation stems from the difficulty of feeding
the model with accurate input values. Uncertainties in the input
variables can have a substantial impact on the result errors and
should be considered.

In this context, the classical prediction of the fireline behaviour
cannot be considered to be reliable for two  reasons: on the one
hand, the difficulties in making an accurate estimation of the
parameters and, on the other hand, the resulting prediction is based
on a single simulation, which does not constitute a reasonable basis
for making a decision given the uncertainty of the parameters.

3. Evolutionary-Statistical System

In the uncertainty reduction field, we  propose a new method
which we  called Evolutionary-Statistical System (ESS) [7]. Such a
method combines the strength of three components: Evolutionary
Algorithms (EAs), Statistics and Parallelism. The method generates
predictions based on the statistical analysis of a population of cases,
in contrast to the single case considered by the classical predic-

tion. The population is constituted by a set of individuals which
are also referred as scenarios. Each individual or scenario consti-
tutes a different setting of the input parameters under study (i.e.
each individual arises as a combination of the possible values of
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nput parameters of the model). Given that, in general, each param-
ter could assume different values belonging to a certain range (for
ore details see below) the combination of every possible value for

very parameter considered leads in a factorial experiment which
epresent a huge number of scenarios. For efficiency reasons, ESS
onsiders just a sample of such factorial experiment for constituting

 population of individuals which is exploited by the evolutionary
omponent. More specifically, in the model of forest fire used in
his work, an individual is composed by 9 values corresponding to
he 9 parameters used in the forest fire model [31]. These parame-
ers are: fuel model, wind speed, wind direction, slope, aspect (this
s degrees clockwise from north, only used for location in a map),
-h dead fuel moisture (the moisture content of one-hour time lag
ead fuels, which are fuels consisting of dead herbaceous plants
nd roundwood less than about 1/4 in. in diameter), 10-h dead fuel
oisture (the moisture content of the 10 h time lag dead fuels,
hich consist of roundwood 1/4 to 1-inch in diameter and, very

oughly, the layer of litter extending from immediately below the
urface to 3/4 below the surface), 100-h dead fuel moisture (this
alue represents the modelled moisture content of dead fuels in
he 1–3 in. diameter class) and live herbaceous fuel moisture. Each
ndividual is represented by a vector of numbers in double pre-
ision, because to represent these variables is not possible to use
inary representation (this structure is the main reason why  we
alk about an evolutionary system and we do not mention it as a
enetic method). It is important to remark that each individual con-
titutes the input of a particular simulation, and such input values
re global to the entire map  simulated, i.e. for each simulation the
ame values are used on each cell in the map.

About the values used for each parameter, these are generated
sing a uniform distribution within a range bounded by a minimum
alue and a maximum value. The minimum and maximum values
an be mainly obtained from two possible sources: measurements
ade by sensors, or standard values which, although less accurate,

t least allow us to define a threshold to work.
The application of EA aims to work on a population of scenar-

os where each one could offer useful information to the statistical
nalysis. In absence of the EA component, it will be necessary to
ork on a set of scenarios bigger (the complete factorial exper-

ment), and that has the side effect that a certain percentage of
ases does not significantly contribute to the global result (either
ecause they are redundant values, or because they are very far
rom reality) [10].

For his part, the parallel component is the tool to enable the
xecution of the high number of operations resulting of the other
arts of the method.

.1. Methodology of the Evolutionary-Statistical System

As we previously mentioned, one of the component of ESS are
he EAs, which help us to deal with a population of scenarios rele-
ant to the study. We  define the concept of scenario as a particular
etting of the set of parameters, and in this case, each scenario is
epresented by an individual in a population of possible solutions.
he population is also managed by the statistical component, as we
xplain in the following.

For each parameter (e.g. wind speed, slope, moisture content,
tc.) we define a range, which is used to create random values
n a valid interval. These values are used to define the different
omponents of each individual in the population.

Meanwhile, the terrain representation is performed through a
rid or a matrix M in which each minimum terrain portion is called
 cell. Let suppose n is the total number of scenarios. M constitutes
he input for the simulation of each scenario and the output is com-
osed by a matrix M′

s, where s represent a particular scenario and
 ≤ s ≤ n. Considering every M′

s, and for a given time interval, we
ational Science 6 (2015) 58–66

want to know whether a cell has been statistically burned or not.
Remembering that n is the total number of scenarios (or what is the
same, the number of individuals in the population) and defining nA
as the number of scenarios in which the cell A was  burned, we  can
calculate the ignition probability of cell A as:

Pign(A) = nA

n
(1)

This reasoning is applied to every cell in the matrix M.  As a con-
sequence, we  obtain a matrix M′′ as the statistical aggregation of
every M′

s. M′′ has a value Pign(Xi,j) associated to each cell Xi,j that
represents the probability of cell Xi,j in M to be statistically caught
by the fire. In general terms, we define the probability map  with
probability PK as the set of cells whose Pign value is higher than or
equal to a certain particular value PK, where 0 ≤ PK ≤ 1. Once we
have obtained the output matrix M′′, which includes the aggrega-
tion of all the probability maps, the next task consists in comparing
the real fire against this matrix, where PK plays an important role.
The objective of such a comparison is to search for a particular value
of PK, whose associated probability map  provides the best matching
with the real fire propagation. In other words, we are interested in
finding what we refer to as a Key Ignition number (Kign). Therefore,
the associated map  of probability has to accomplish the following
condition:{

x : Pign(x)≥Kign

n

∣∣Kign ∈ N
}

(2)

with n equal to the number of scenarios and Pign(x) varying from
Kign/n to 1, i.e. the set of cells (x) which have been burned at least
Kign times. In other words, Kign can be seen as the minimum number
of times that a cell, in different scenarios, should be reached by fire
to accomplish the condition, and this is directly related to PK (the
probability for Kign).

A scheme of ESS is presented in Fig. 3, where different time
instants were marked as t0, t1 and ti (being ti a general time, valid
from t2 to tm, with m equals to the final time). As can be observed,
the system is divided into two general stages: an Optimization
Stage (OS) that implements the Parallel Evolutionary Algorithm
(PEA box), and the Calibration Stage (CS) that is in charge of the
statistical component. OS iterates until the population reaches a
certain level of quality or until a predetermined number of itera-
tions is reached. For each individual, the simulated map  (using FS)
and the fitness are calculated. Then, every map  will be included in
the Statistical System (SS box). The output of SS (a probability map)
has a double purpose. On the one hand, the probability maps are
used as the input of the SK box (Search Kign) to search for the current
Kign (the key number used to make a prediction), which will be used
at the next prediction time. In this stage, a Fitness Function (FF) is
used to evaluate the probability map. FF takes into account the pat-
tern defined by both fireline shapes (the real fireline for RFLi−1 and
the simulated one for each PK value). PK takes at most n different
values (being n the size of population) given that each cell will be
burnt at most n times. Therefore, the n comparisons are carried out
between the real map  defined by RFLi−1 and the resulting n maps to
find the Kign value that gives better fitness value. On the other hand,
the output of SS box enters the Fire Prediction box (FP). FP will be
in charge of generating the prediction map  taking into account the
Kign evaluated at previous time. All this process will be repeated
during the execution as the system is fed with new information
about the fire situation.

3.2. Parallel evolutionary component
Evolutionary Algorithms (EAs) form a type of heuristic search
methods based on a particular algorithmic framework whose
main components are the variation operators (mutation and
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ecombination) and the selection operators (parent selection and
urvivor selection) [24]. On the one hand, the recombination is anal-
gous to reproduction and biological crossover. Recombination is a
rocess of taking more than one parent solutions and producing a
hild solution from them, with a certain probability between a min-
mum and maximum values. In the case of EAs, this broadens their
earch spectrum. On the other hand, mutation is a genetic operator
sed to maintain genetic diversity from one generation of a popula-
ion to the next. In this case, this allows a deeper search. Mutation
ccurs during evolution according to a probability value defined
y the user. This probability should be set low. If it is set too high,
he search will turn into a primitive random search. The general
A framework is shown in Fig. 4. EAs mimic  the concept of natural
iological evolution: they operate on a population of potential solu-
ions applying the principle of survival of the fittest [16]. In each
teration EAs update the population through a process of selecting
ndividuals according to the level of fitness for the problem domain
through the fitness function that quantifies this feature) and per-
orm the recombination and mutation of them using operators that

imic  natural genetics. Normally, it is expected that this process is
eading to the evolution in the population of individuals that have
est adapted (or acceptably adapted) to the environment just as
appens in natural adaptation.

Given the use of evolutionary algorithms in optimization prob-
ems, where they have found very good results [1], we propose
he application of this methodology in combination with statistical

ethods.
In our particular case, the individuals (parents) are selected on

he basis of their fitness using the roulette wheel selection. The
robability of an individual to be selected increases or decreases
s its fitness is greater or smaller than its competitors’ fitness.
he technique of recombination used is one-point crossover [13],
ith the cross point randomly defined. Therefore, the two  children

re composed by one part of each parent. It is important to note

he following: The crossover point sets the values of one or more
arameters of a father in the first child, and obtains the remaining
alues from the other parent. The second son is complementary to
he first one.

Population

Parents

Offspring

Parent selection

Survivor selection

Recombination

Mutation

Initialization

Termination

Fig. 4. General framework of an evolutionary algorithm.
timization Stage; SS, Statistical System; SK, Search Kign; FF, Fitness Function; CS,
).

Regarding the mutation operator, because the genome is con-
formed by integer and float genes, the mutation is randomly carried
out by changing one randomly selected gene [13]. Of course, when
changing the value of the selected gene, the mutation considers the
valid domain defined a priori for such a gene.

To evaluate the system response we have used the Jaccard-Index
[19,30] as fitness function. We  have conceptually partitioned the
forest field of the experiments in square cells since the simula-
tor uses an approximation based on cells. The following equation
shows the expression:

Fitness = |A ∩ B|
|A ∪ B| (3)

where A represents the set of cells in the real map without the sub-
set of burned cells before starting the simulations, and B represents
the set of cells in the simulation map  without the subset of burned
cells before starting the simulation. This correction in the set of
cells through the elimination of the subset of burned cells is used
to avoid skewed results.

According to this similarity measurement, a fitness value equal
to one corresponds to the perfect prediction because it means that
the predicted area is equals to the real burned area. On the other
hand, a fitness value equal to zero indicates the maximum error:
the experiment did not coincide with reality at all.

The execution of the EA may  finalize, for example, after a cer-
tain number of generations or when the quality of the population
reaches a certain threshold, i.e. when a set of individuals reaches
a certain fitness value in an acceptable range for the problem. In
such a case, we  can stop the evolution of the population though no
particular individual has reached the ideal solution.

Evolutionary algorithms are a powerful tool for solving different
kinds of problems [27]. However, sometimes this type of method-
ology iterates for a long time and does not converge or converges to
a local optimum. This is one of the reasons why  it is interesting to
combine the use of evolutionary methods with parallel computing.
Furthermore, because of EAs work on a population of individuals,
the search for a solution can be performed in parallel, thus pro-
viding a number of potential solutions instead of one per unit of
time. This scheme is known as Parallel Evolutionary Algorithms
(PEAs). According to the amount of populations involved in the
algorithm, the treatment and the operators, PEAs can be classified
in three broad groups: Single Population with Parallel Evaluation,
Single Population with Parallel Application of Operators, and Mul-
tiple Populations with Migration. In this work, we consider the first
group [12].

In each generation the evaluation of each individual in the
population is carried out in parallel. The evaluation of each indi-

vidual involves not only the simulation corresponding to that
individual but also its respective fitness evaluation. After that,
multiple individuals are stochastically selected from the current
population (depending on their fitness), and they are modified (by
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Table 1
Parameter setting for the evolutionary component.

Parameter Value

Population size 200
Parents 80%
Max. prob. recombination 0.6
Min. prob. recombination 0.2
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cases of controlled burns. They were carried out in the field, partic-

F
C

Probability of mutation 0.5
Max. iterations 200

ecombination or by random mutation) to form a new population.
he fitness is defined in terms of the genetic representation and
easures of quality of the solution represented, as we previously

efined in Eq. (3).

.3. Implementation of ESS

ESS has as goal the parameter optimization to predict real fire
ehaviour, so that the prediction can be useful in deciding which
ctions need to be taken in fighting the fire.

Although heuristic optimization techniques like EAs may  reduce
he time of search, we could still make the execution time faster
y applying HPC. Therefore, the abovementioned method has been
arallelized in order to reduce the execution time.

The ESS method has been implemented in a system that incor-
orates a simulation kernel and applies a methodology to evaluate
he fitness function. The system has been developed for a PC Linux
luster, using MPI  [18] as the message passing library.

With respect to the setting of parameters of the evolutionary
omponent, the values used have been those listed in Table 1, in
hich the term ‘Max. Prob.’ refers to the maximum probability,
hile ‘Min. Prob.’ to the minimum probability.

.3.1. The simulator
ESS uses the wildland simulator (fireSim) proposed by Bevins as

 simulation core, which is based on the fireLib library [6]. fireLib is
erived directly from BEHAVE [4] fire behaviour algorithms for pre-
icting fire spread in two dimensions, but it is optimized for highly
terative applications such as cell –or wave– based fire growth sim-
lation. In particular, this simulator uses a cell automata approach
o evaluate fire spread. The terrain is divided into square cells and a
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ig. 5. Diagram of parallel ESS (FS, Fire Simulator; PEA, Parallel Evolutionary Algorithm; O
S,  Calibration Stage; FP, Fire Prediction; PFL, Predicted Fireline, RFLX, Real Fireline on tim
ational Science 6 (2015) 58–66

neighbourhood relationship is used to evaluate whether a cell will
be burned and at what time the fire will reach those cells.

As inputs, fireSim accepts maps of the terrain, vegetation and
wind characteristics and the initial ignition map. The output gen-
erated by the simulator consists of a map  of the terrain in which
each cell is labelled with its ignition time.

3.3.2. Parallel version
Because the method uses a sequential simulator as a kernel

(fireSim) and commonly it is necessary to do an important num-
ber of iterations related to the evolution of the population and the
amount of individuals in the population, the method is forced to
perform a large number of calculations giving as a result a very
time consuming method.

A solution to obtain a more appropriate efficiency has been
the use of multiple computational resources working in parallel.
Therefore, we applied the Master-Worker paradigm [17,23]. This
paradigm is a natural option to this problem because each Worker
process requires different data and produces results from its input
data without any need for results from other Worker processes (see
Fig. 5). In each generation of the evolution the Master successively
distributes an individual per Worker; the simulation of the model
and the evaluation of fitness function are applied over each indi-
vidual (tasks carried out by the Workers), returning the results to
the Master. This process is repeated until every individual in the
population is treated. Finally the Master evolves the population,
aggregates the partial results in the statistical step and makes the
prediction for each time step.

4. Experimental results

This section shows the results obtained after applying the
method on a set of real fire situations. The values obtained from ESS
were compared with those found after applying another method
already validated (S2F2M [8,10]) on the same experiments. Such a
method, has been previously contrasted against different method-
ologies showing good results [8,9].

For the purpose of comparing ESS and S2F2M we  have used five
ularly in a hill of Serra de Lousã (Gestosa, Portugal). The burns were
part of the SPREAD project [34]. These experiments were very use-
ful to collect experimental data, to support the development of new

SS
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 Population
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S, Optimization Stage; SS, Statistical System; SK, Search Kign; FF, Fitness Function;
e X).



G. Bianchini et al. / Journal of Computational Science 6 (2015) 58–66 63

cameras. (b) Image capture. (c) Conversion to graphic format.
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values shown in Fig. 8. We  can observe that in both cases the ini-
tial prediction reached is not high (0.4 around), but this value is
improving towards the end, mainly for ESS (near to 0.8).

0,6

0,7
0,8

Experiment 2
Fig. 6. (a) Obtaining data from forest fire through video 

oncepts and models, and to validate existing methods or models in
arious fields of fire management. We  have not included the results
f the classical method because the values obtained are low and do
ot contribute information to this work. In addition, previous stud-

es have shown that the values obtained by applying the statistical
ethod S2F2M,  surpasses the quality of the prediction achieved by

he classic approach [9].
Along the progress of burning, discrete steps were defined to

epresent the progress of the fire front. Therefore, we consider var-
ous time instants t0, t1, t2, . . ..  In Table 2 can be appreciated the
haracteristics (size and slope) of the terrain used for each experi-
ent. In order to gather as much information as possible about the

re-spread behaviour, a camera recorded the complete evolution
f the controlled fires. The videos obtained were analyzed and sev-
ral images were extracted every certain period of time. From the
mages, the corresponding fire contours were obtained and con-
erted into a suitable format so they could be interpreted by the
ethods. A simple scheme of this process can be seen in Fig. 6.
In experiments 1, 2 and 3 the cell size was 1 m2, and in

xperiments 4 and 5 the cell size was 0.1112 m2. The remaining
arameters such as wind conditions and moisture content were
ariable.

.1. Experiment 1

In accordance to the information already known about the
xperiment and the models of Rothermel [31] for some of the
arameters, certain ranges have been specified (in particular those
arameters that exhibit uncertainty). Some part of this information
as been measured during the experiment, and the remainder has
een taken from standard values used by BehavePlus [3].

In order to be able to compare both prediction methods, we
eed to set an initial time (t0) and a certain time step. These values
ave been fixed to minute 0 (for initial time) and 2 min  for time
tep. Then, predictions are carried out in the minutes 4, 6, 8 and
0, because, in the minute 2, the method is still working in the

alibration stage (Kign calculation).

This is a case with linear ignition on the right border. After the
pplication of each method, we obtained the fitness values shown
n Fig. 7.

able 2
imensions and slopes of the plots used in the experiments.

Experiment Width (m)  Length (m)  Slope (◦)

1 58 50 21
2  89 91 21
3  95 123 21
4  20 30 6
5  20 30 6
Fig. 7. Comparison between the fitness obtained for each method for the Experi-
ment 1.

4.2. Experiment 2

This is another case where the plot was  burned by linear ignition
(in this case, on the left border). For this experiment, the intervals
for comparison have been defined each 2.5 min. The initial time has
been fixed at minute 2.5 and final time has been fixed at minute
12.5. After the application of each method, we obtained the fitness
fi
tn
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Fig. 8. Comparison between the fitness obtained for each method for the Experi-
ment 2.
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ig. 9. Comparison between the fitness obtained for each method for the Experi-
ent 3.

.3. Experiment 3

The Experiment 3 belongs to cases where the fire was originated
n a single point. After execution of the methods, the comparison
f fitness values found are shown in Fig. 9. We  can see that ESS
erforms better compared to S2F2M.  However, at certain times (for

nstance at minute 12), the values found may  be similar or even
lightly lower than the results achieved by the S2F2M method. One
ossible explanation is a substantial difference between the two
ethods: although both share the notion of statistical analysis of

he results they produce, S2F2M is an exhaustive approach that cov-
rs the whole range of values for the parameters with uncertainty,
hich means it analyzes ‘all’ combinations (obviously considering

or each parameter its domain and the discrete step to vary the
alue along such a domain). On the other hand, ESS uses EAs with
mall populations, which has proven to be an excellent heuristic,
ut it does not guarantee finding the ideal values. Therefore, some-
imes S2F2M can offer higher fitness values (as in the above cases),
lthough overall, ESS provides better results in average.

.4. Experiment 4

The fourth experiment has a reduced plot size. For this rea-
on we defined a small cell size to increase the number of cells
n the plot and in consequence the accuracy. In this case, the exper-

ment belongs to cases of fires started on the left border of the field
hrough pyrotechnic devices in a linear way.

After execution of the methods, the fitness values found are
hown in Fig. 10. As we can see, the duration of this experiment was
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Fig. 10. Comparison between the fitness obtained for the Experiment 4.
Fig. 11. Comparison between the fitness obtained for the Experiment 5.

very short, possibly due to the wind effect: with a high wind speed,
the ratio of spread (ROS) and the flame intensity can become very
high. The combination of these factors produces a fast propagation
and, therefore, a more dangerous fire.

4.5. Experiment 5

The last experiment, like Experiment 4, has a reduced plot size.
For this reason, once again, we  defined a small cell size to increase
the number of cells in the plot. We defined the dimensions of cells
as in previous case (the cell size was set as 0.1112 m2). In this case,
the plot was burned by linear ignition at bottom using pyrotechnic
devices, setting the t0 in minute 2 and time step in 2 min. The fitness
values obtained can be observed in Fig. 11.

4.6. Parallelism and speedup

The results were obtained by executing both systems (ESS and
S2F2M)  on a LINUX cluster composed by 16 Intel® CoreTM 2 Duo
Processor E4600 2.4 GHz, under an MPI  environment [18]. Fig. 12
shows the speedup obtained as an average of all experiments.

The straight line represents the ideal speedup. As we can
observe, both methods have a speedup relatively good (S2F2M a bit
better than ESS). For the purposes of a fair comparison, in both cases
were performed the same number of simulations. Thus, in addition
to the graph, the execution times are also similar (ESS takes on aver-
age 10% less execution time). However, ESS may  take even less time
because the number of iterations depends on when it finds indi-
viduals who  meet the expected fitness, and this usually happens
before in ESS than in S2F2M (because S2F2M is a deterministic and
exhaustive method into the defined ranges, while ESS is a stochastic
one). Moreover, the execution time is tied to the expected quality
(in the method, given by the threshold of fitness determined by
the user), as for instance happens for Experiment 4, where ESS can
take around 35 min  to find individuals with fitness equal to 0.85, or
it can spend 140 min  looking for individuals with fitness equal to
0.95. In conclusion, there is a trade-off between time and quality. It
depends on the user to set certain parameters to emphasize either
the time constraint or the expected quality.

As we commented in Section 3, the parallel version of the
method has been designed using the Master-Worker paradigm, due
to the data can be divided into independent parts, which gives us
no interaction between the Worker processes. This kind of distribu-
tion may  be one part of the explanation of the speedup factor found.

However, we  can also see that the associated speedup value for
32 processors has decreased. For this point the Master process has
started become a bottleneck because it concentrates different func-
tionalities of the method. Related to this, we are currently working
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Fig. 12. Speedup aga

n a new version of ESS which applies the concept of islands in the
volutionary algorithm with the idea to remedy this problem by
orking with independent populations in order to free the Master
rocess of the management of the whole problem.

Moreover, we started the tuning process of ESS, both for adjust
ts quality of prediction and its efficiency. On the one hand, we are
onsidering a static tuning for the improvement of the parame-
ers of the method; on the other hand, we consider dynamic and
utomatic tuning with the aim of adapting the underlying paral-
el system as the needs for computational power vary with the
volution of the fire and the load of the execution environment.

. Conclusions

The techniques that combine high performance computing with
tatistical methods have excellent ability to solve or reduce the
roblem of uncertainty in input parameters, as in this case it is
he prediction of forest fire behaviour. For this reason, it is of great
nterest the ongoing research on this subject, so as to optimize
nd evolve on the approaches and methods already developed to
aximize the results achieved. We  combined the power of the

tatistical calculation with capabilities provided by Parallel Evo-
utionary Algorithms, achieving results that improve the original

ethodology (S2F2M)  based solely on statistical calculation and
igh performance computing. Then, from S2F2M we  have arrived
t the concept of Evolutionary-Statistical System (ESS).

Given the costs, risks and obvious difficulties for design mul-
iple fires in real plots to obtain reliable data for experimentation
nd validation of the methods, the experiments were conducted on
ve real fires considering different instants of time in each case. In
eneral we could see that the results of predictions are better using
SS. In addition, one important feature is that the method is general
nough to be used on different models (floods, avalanches, etc.).

As we commented, in this first approach of ESS, we decided to
pply parallelism only in the evaluation of the individuals, with
he goal of gradually increase the degree of parallelism to com-
are the results offered by each alternative of PEAs. Currently, we

re tuning the ESS method both to static and dynamic levels, in
rder to improve the quality of prediction and the quality of the
xecution in terms of computational resources usage. We  are also
orking in a new version called ESS-IM (Evolutionary-Statistical

[

[

umber of processors.

System with Island Model) which in preliminary experiments is
achieving better results than ESS. In addition, we  have planned to
apply the method on a scheme configured with GPUs to exploit the
high level of parallelism offered by this kind of technology.
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