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Abstract. Every year about 45000 forest fires occur in Europe, burn-
ing half a million hectares of land, some of which protected zones with
rare species of the flora and fauna. The existing methods for wildland
modeling are very complicated and their realizations need a lot of com-
putational capacity. That is why we will use another approach based on
the game-method theory, which consume less computational resources.

1 Introduction

The study of wildland fire should begin with the basic principles and mechanisms
of the combustion process — fire fundamentals. Fire behavior is what a fire
does, the dynamics of the fire event. An understanding of the fundamentals
of wildland fire is important for some very practical reasons. The combustion
process can be manipulated to some extent: Retardants can be applied to affect
the combustion process: fuel arrangement can be altered for hazard reduction;
and appropriate environmental conditions can be chosen for prescribed fire to
reduce smoke impacts, achieve desired fuel reduction, and still retain control of
the fire. The need to understand wildland fire fundamentals is even more pressing
than it was in the past. In earlier times the focus was on describing the aspects of
fire that are important to suppression efforts. That continues to be high priority.
In addition, there is now increasing emphasis on characterizing fire for its effect
on vegetation and for the smoke it produces [4].

The basis for the fire modeling is the Rothermel model for the behavior of
surface fires [5]. It calculates for any given point local intensity and spread pa-
rameters for the head of a surface fire. Inputs for the model are a two-dimensional
wind field, terrain parameters, fuel moisture and a detailed description of the
fuel bed, based on the local behavior output by the Rothermel model and on a
model for the local shape of fire spread.

The mathematical models require descriptions of fuel properties as inputs to
calculations of fire danger indices or fire behavior potential. The set of parameters
describing the fuel characteristics have become known as fuel models and can
be organized into four groups: grass, shrub, timber, and slash. Fuel models for
fire danger rating have increased to twenty while fire behavior predictions and
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applications have utilized the thirteen fuel models tabulated by Rothermel [5]
and Albini [1]. Each fuel model is described by the fuel load and the ratio of
surface area to volume for each size class; the depth of the fuel bed involved in
the fire front; and fuel moisture, including that at which fire will not spread,
called the moisture of extinction.

The fire models used nowadays by wildland fire managers are specified to dis-
tinct types of fire behavior. There are separate models for surface fires, crown
fires, spotting, and point-source fire acceleration. These behaviors are really ab-
stractions of an overall three-dimensional process of unconfined combustion that
links implicitly to the environment through heat and mass transfer feedbacks.

In this work we will focus on game-method principle, which is easy to under-
stand, use, and implement, when we are trying to model spreading of a wildland
fire. This model can be used also by non specialist in the forest fires field for learn-
ing and describing this phenomenon. The game-method model differs from the
other models with the usage of small amount of computational recourses. Most
of the developed mathematical models require descriptions of fuel properties as
inputs to calculations of fire danger indices or fire behavior potential. They are so
sophisticated that their resulting simulations have predictions which cannot be
tested analytically. In nature, the natural consistency of a given model is usually
tested by calculations of sets of simple experiments (e.g a hydrodynamics code
is always tested by calculations of shock tube experiments). However, often such
tests are impossible or ambiguous. In such cases, a more basic question arises —
the correctness question, in the sense that all applied conditions and restrictions
are valid, no additional conditions and restrictions are applied; and the model
rules are not contradictory among themselves. In other words, we mean correct-
ness in the mathematical and logical sense (completeness, conservativeness and
consistency). That is why in the paper we focus on the game-method model [2]
and we apply it on field fires.

2 Description of the Game-Method Model

The combinatorial game-method has mostly theoretical applications in astron-
omy for example, but we will try to show its possible application in fire spreading
problem.

Let a set of symbols S and n-dimensional simplex (in the sense of [3]) compris-
ing n-dimensional cubes (at n = 2, a two-dimensional net of squares) be given.
Let material points be found in some of the vertices of the simplex and let a set
of rules A be given, containing:

– rules for the motions of the material points along the vertices of the simplex;
– rules for the interactions among the material points.

Let the rules from the i-th type be marked as i-rules, where i = 1, 2.
Each material point is a set by a number, n-tuple of coordinates characterizing

its location in the simplex and a symbol from S reflecting the peculiarity of the
material point (e.g. in physical applications — mass, charge, concentration, etc.).
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We shall call an initial configuration every set of (n + 2)-tuples with an initial
component being the number of the material point; the second, third, etc. until
the (n + 1)-st — its coordinates; and the (n + 2)-nd – its symbol from S. We
shall call a final configuration the set of (n + 2)-tuples having the above form
and which is a result from a (fixed) initial configuration by a given number of
applying the rules from A.

Once applying a rule from A over a given configuration K will be called
an elementary step in the transformation of the model and will be denoted by
A1(K). In this sense if K is initial configuration, and L – a final configuration
derived from K through times applying regulations from A, then configurations
K0, K1, ..., Km will exist, for which K0 = K, Ki+1 = A1(Ki) for 0 ≤ i ≤ m −
1, Km = L, (the equality “=” is in the sense of coincidence in the configurations)
and this will be denoted by

L = A(K) ≡ A1(A1(...A1(K)...)).

Let a rule P be given, which juxtaposes to a combination of configurations M
a single configuration P (M) being the mean of the given ones. We shall call
this rule a concentrate one. The concentration can be made over the values of
the symbols from S for the material points, as well as over their coordinates,
however, not over both of them simultaneously. For each choice of the rule P
one should proceed from physical considerations.

For example, if k-th element of M (1 ≤ k ≤ s, where s is the number of
elements of M) is a rectangular with p × q squares and if the square staying on
(i, j)-th place (1 ≤ i ≤ p, 1 ≤ j ≤ q) contains number dk

i,j ∈ {0, 1, ..., 9}, then on
the (i, j)-th place of P (M) stays:

– minimal number

di,j =

[
1
s

s∑
k=1

dk
i,j

]
,

– maximal number

di,j =

⌈
1
s

s∑
k=1

dk
i,j

⌉
,

– average number

di,j =

[
1
s

s∑
k=1

dk
i,j +

1
2

]
,

where for real number x = a + α, where a is a natural number and α ∈ [0, 1):
[x] = a and

�x� =
{

a, if α = 0
a + 1, if α > 0

Let B be a criterion defined from physical or mathematical considerations. On
given two configurations K1 and K2 it answers the question if they are close to
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each other or not. For example, for two configurations K1 and K2 having the
form from the above example,

B(K1, K2) =
1

p.q

p∑
i=1

q∑
j=1

|d1
i,j − d2

i,j | < C1

or

B(K1, K2) =

⎛
⎝ 1

p.q

p∑
i=1

q∑
j=1

(
d1

i,j − d2
i,j

)2

⎞
⎠

1
2

< C2,

where C1 and C2 are some constants.
For the set of configurations M and the set of rules A we shall define the set

of configurations
A(M) = {L|(∃K ∈ M)(L = A(K))}.

The rules A will be called statistically correct, if for a great enough (from a
statistical point of view) natural number N :

(∀m > N)(∀M = {K1, K2, ..., Km})
(B(A(P (M)), P ({Li|Li = A(Ki), 1 ≤ i ≤ m})) = 1). (1)

The essence of the method is in the following: the set of rules A, the proximity
criterion B and the concentrate rule P are fixed preliminarily. A set of initial
configurations M is chosen and the set of the corresponding final configurations
is constructed. If the equation (1) is valid we can assume that the rules from the
set A are correct in the frames of the model, i.e. they are logically consistent.
Otherwise we replace part (or all) of them with others. If the rules become
correct, then we can add to the set some new ones or transform some of the
existing and check permanently the correctness of the newly constructed system
of rules. Thus, in consecutive steps, extending and complicating the rules in
A and checking their correctness, we construct the model of the given process.
Afterwards we may check the temporal development (as regards the final system
of rules A) of a particular initial configuration.

In the method of modelling generally one works over one or several particular
configurations. However here we check initially the correctness of the modelling
rules and just then we proceed to the actual modelling. This is due to a great deal
to the fact that we work over discrete objects with rules convenient for computer
realization. Thus a series of checks of the equation (1) can be performed and just
to construct the configuration A(K) for a given configuration K and a set of
rules A.

Here we will start describing our model: Let have a matrix NxM, which will
be an abstract description of the surface of a forest. The visualization will be
a net NxM with bins containing numbers from 0 to 9. Those parameters are
representation of the coefficient of burning. The 0 would be totally burned or
nothing to burn status of the bin (in case of river, rock, lake etc.) and everything
in the range from 1 to 9 will be thickness of the forest trees in each bin. Another
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parameter will be the vector of the wind with its direction and intensity of
blowing. In our software application we can include a flag for showing the state
of each bin in the moment of the started fire. The flag is 1 if the bin is burning
and it is 0 if not. In our simulation the fire starts from the central bin, of course
it can start from any bin.

The bins coefficients represent how long the bin will burn till be totally burned.
In this paper we consider the simplest case without wind. Thus the fire is dis-
tributed in all directions with the same speed. So if the state of the bin is 1
(burning) every time step (iteration) the burning coefficient decrease with 1 till
it becomes 0 (totally burned). If the state of the bin is 0 (not burning) and the
state of all neighbor bins are 0, then the burning coefficient states unchanged.
If the state of the bin is 0 and the state any of the neighbor bins was 1 in a
precedence iteration, then the state of the bin becomes 1. Thus with this model
we can trail the development of the fire in every time moment.

3 Experimental Results

In this section we prepare several test problems. Our test area is divided on
N × M bins. On real problem one bin can be 10 square meters. To generate
tests we generate random numbers from 1 to 9 for burning coefficients. We start
burning from the central bin and burning process continues till the fire reaches
borders of the area. We generate K tests (simulations). To check the correctness
of the algorithm, we calculate the average area by averaging every bin with
respect to all simulated areas:

bij =
1
K

K∑
n=1

aijn (2)

We do the same for burned areas (resulting areas):

cij =
1
K

K∑
n=1

a′
ijn (3)

After that we apply the method on average initial area and the result is the
burned area dij . We compare cij with dij for every i and j. On Figure 1 the

Table 1. The development of the fire

3 9 8 9 2 6 4 2 9

3 4 5 3 9 4 9 3 7

3 2 8 5 2 4 7 5 8

9 5 9 4 8 0 6 8 8

8 8 2 8 2 0 4 3 7

4 4 5 8 6 0 1 1 5

6 2 8 1 4 5 9 1 4

1 9 1 6 2 1 1 3 7

3 9 9 5 9 1 1 5 2

3 9 8 9 2 6 4 2 9

3 4 5 3 9 4 9 3 7

3 2 8 5 2 4 7 5 8

9 5 9 3 7 0 6 8 8

8 8 2 7 1 0 4 3 7

4 4 5 7 5 0 1 1 5

6 2 8 1 4 5 9 1 4

1 9 1 6 2 1 1 3 7

3 9 9 5 9 1 1 5 2

3 9 8 9 2 6 4 2 9

3 4 5 3 9 4 9 3 7

3 2 7 4 1 3 7 5 8

9 5 8 2 6 0 6 8 8

8 8 1 6 0 0 4 3 7

4 4 4 6 4 0 1 1 5

6 2 7 0 3 4 9 1 4

1 9 1 6 2 1 1 3 7

3 9 9 5 9 1 1 5 2
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Fig. 1. Differences between average on the result areas and result on average initial
areas, the different bins are market with X

different bins between the average result areas and result on average initial areas
are marked with X. We prepared an example where the area consists of 143 ×
143 bins. We generated 30 simulations. We apply the method on every of the
simulation and on the average area where the value of the bin (i, j) is an average
of the bins (i, j) of all 30 simulations. We average the resulting areas and compare
with the result of the average area Figure 1. Only 914 bins, which are 4% of whole
area, are different and they are on the boundary, so called boundary effect. So
we can conclude that the results are statistically similar and the method is
correct.

Table 2. The area after the third time step

o o o o o o o o o

o o o o o o o o o

o o o o o o o o o

o o o o o o o o o

o o o o X o o o o

o o o o o o o o o

o o o o o o o o o

o o o o o o o o o

o o o o o o o o o

o o o o o o o o o

o o o o o o o o o

o o o o o o o o o

o o o X X o o o o

o o o X X o o o o

o o o X X o o o o

o o o o o o o o o

o o o o o o o o o

o o o o o o o o o

o o o o o o o o o

o o o o o o o o o

o o X X X X o o o

o o X X X o o o o

o o X X O o o o o

o o X X X o o o o

o o X O X X o o o

o o o o o o o o o

o o o o o o o o o

o o o o o o o o o

o X X X X X X o o

o X X X O X X o o

o X X X X o X o o

o X X X O o o o o

o X X X X o O o o

o X X O X X X o o

o X O X X O O o o

o o o o o o o o o
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We prepare a small example with 9×9 bins. We want to show how the method
works and how the fire is dispersed. On the first table is the initial area with the
burning coefficients in the every bin. The coefficient 0 means unburned material.
On the Table 1 we observe the decreasing of the burning coefficients.

On the Table 2 we show the fire dispersion and how the fire surround unburned
area. The bins with o are without fire. The bins with X are burning bins. The
bins with O are totally burned.

4 Conclusion

On this paper we describe method of modelling wildland fire using games theory.
We focused on simplified example when the area is flat and without wind. Our
model can trace the fire and predict its development which is very important
to bring it under control and to prevent it to cause large damages. In a future
works we will complicate the model including areas which are not flat and mete-
orological data as wind and humidity. Thus our model will become more flexible
and applicable in different situations. We will use real data from a past wildland
fire and compare how well we model the development of the process.

References

1. Albini, F.A.: Estimating wildfire behavior and effects. USDA For. Serv. Gen. Tech.
Rep. INT-30, 92 p. lntermt. For. and Range Exp. Stn., Ogden, Utah (1976)

2. Atanassov, K., Atanassova, L., Sasselov, D.: On the combinatorial game-metod for
modelling in astronomy (1994)

3. Kuratovski, K.: Topology. Academic Press, New York (1966)
4. Pyne, S.J., Andrews, P.L., Laven, R.D.: Introduction to Wildland Fire, p. 3. Wiley,

New York (1996)
5. Rothermel, R.C.: A mathematical model for predicting fire spread in wildland fuels.

Research Paper INT-115. Ogden, UT: US Department of Agriculture, Forest Service,
Intermountain Forest and Range Experiment Station, pp. 1–40 (1972)


	Game-Method Model for Field Fires
	Introduction
	Description of the Game-Method Model
	Experimental Results
	Conclusion



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.000 842.000]
>> setpagedevice


