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Executive Summary

The purpose of this project was to expand uportkthigtical Fire Theoryto further
develop a computer application to better model the flow of fire across a virtual representation of
a forest. The Elliptical Fire Theory essaifliyy states that twalimensional fire flow, under
perfect conditions, forms a perfect circle, imperfect fire flow can be found by lengthening and
shortening the radii on the circle, in accordance to the factors bearing upon fire flow, to form a
multidimensonal ellipse. This project aims to expand upon and validate to a further degree the
Elliptical Fire Theory. Small scale empirical fire experimentation was conducted and the results
were compared against the computer application. The results reflectatedamilarity
between the two and support the creditability of the modeling program.
The EIliptical Fire Theory is a templ ate
upon the fire flow process is known then it can easily be implemented upomthat&in.
Small scale empirical testing was performed to determine the effect of basic kinds fuels upon fire
spread rate. This data has been incorporated into the program and used to qualify the Elliptical
Fire Theory. Color scanning of satellite photodnamvas used to design real world forest inputs
into the program. As more fuel type data is gained the greater degree the fore modeling process
can be used effectively.
The java modeling program, also knownPdmenix.encapsulates the Elliptical Fire Tdrg
and was created with the idea that it could someday be used as a tool to combat forest fires. The
empiricalevidence in support of the Elliptical Fire Theory gives Phoenix creditathlaw that the
satellite photograph forest scannimgs been devebed, larger scale validation of the program can
be made. StiJldue to the sheer number of confounding variables, more time and research is needed

to make Phoenix an accurate fire modeling program.



Introduction

The fire phenomenon has troubled humanlgmge its beginnings. In ancient times
forest fires raged wildlycross themvironment. However, humaimsherently attempgdto
protect their lifestyls and began to stop the blaziesthe United States the early to mid
twentieth century humans werery successful in effectively dousing every forest fire. This led
to the build up of perilousnderbrush that eventually served as fuektarh devastating fires as
the Yellowstone Fire which burned 793,000 acres or about 36 percent of the entire park
(www.nps.goy. Soon people began to recognitat forest fires could not be prevented
indefinitely, and thatan accumulation ainderbrustwould fuel vast sweeping fires that would
leave no form ofife in its wake. Evetually a method, known as controlled burns, was
implemented. Thiplan proposethurnng vastswaths of underbrush beforebigcame abundant
enough to propagate uncontrollable fires. However, even with such practices in place, many
times fires would rage owf control. The
Cerro Grande fire of 2000 burned 47,6508

destroyed portions of Los Alamos, NM
(Masse, 2003). This fire began as a
prescribed burn that unexpectedly got o
of hand due to weather conditions. Ever
year in the United States about 4.3 millio
acres burpand they cost over $1 billion to
contain (en.wikipedia.com) despite all efforts to control them.

The far reaching purpose of this project is to develop a fire modeling program that
could be used to I prescribe controlled burnkelpfirefightersmanage wildfireshy
predicting fire direction and spread as welpasdict the need for evacuatiorhese potential
real world applications would save money and lives as well as preserve natural habitats f

recreation and wildlife.


http://www.nps.gov/

Literature Review

There are several modeling programs related to fire modeling dating as far back as 1971
(Kourtz & OO6Regan). There has been a range of
attempt to measure fire flovsdlow across a square, triangular, or other geomsitraped grids
tracking fire progression (French 1992; Kour
1991). The percolation model, implemented by an agent based modeling system, follows more of
a logic code rather than actual fire laws (Beer & Enting 1990; Borlawsky 2000). Fractal
algorithms have been used to reflect uncertainty in fire flow (Clark 1994). All of the above
modeling procedures are considered inaccurate inevgaeldiction of fire flowthrougha forest
environment and have been abandoned.

There are some fire modeling programs (FDS, CFAST) that strive to model the precise
happenings within a fire. Thesenulations have been validatdaywever they are not good
estimates for forest s because of the innumerable degrees of precision that would bog a
computer down. They are better for modeling very sisizdle fires and are often used in urban
arson litigation.

However , Iiihaplegaesysters of Bquations that originally desctilight
wavelength, has been successfully applied to the forest fire modeling process. The greatest
example of the success gqgtfthdHulYmietndd Sti atbed | ko
greatest asset in wild fire control (Finney 1998), but thaxe ibeen a few others (Coleman &

Sullivan 1996; Ricar ds & Br uc e 1iriplg along vwithutlyegreatmérsa of fitre
procreation as vectors, gave birth to the first pragmatic forest fire modeling epatiox.
FARSITE calculates ondimensionalfi e f |l ow using Rutherfordos n

intensity andflame length modal

What This Project Learned and Borrowed

This project has been most influedd®y FARSITE. Specifically, the treatment of fire as
a vector came from FARSITE. Howave Huy ge ns 6 s ElipycalditeiTleory and t h
differ significantly in their approaches to derive vector lengths and direc@mna.related note,
much d the inner workings of FARSITE are protected. Therefore, only general information was

availablefor review.



Previous Yearso Prog

20042005 Fire in the Bosque

Christopher Morrisonvasthe only team

member after his origal teammate dropped out of
the Challenge. A bastevo-dimensional pseudo fire
model was developed that used heat flowras a
approximation for fire flow. Essentially, it classified

fire as a patch whose temperature was over the

flashpoint of the patch. It used a square grid
geometric system to track fire flow. The program w.

written in C++ using the SDL graphics library.
Theprogram was limited in the fact it was a
pseudo logical fire flow model. Its use of heat flow
approximate fire flow was not valid. The heat flow !
the basis of entire model, was also flawed. Its
methods of thermodynamics were based upon logif
and perpetally ignored certain fundamental characteristics such as radiation and could only
vaguely approximate heat generated by a fire. The square geometric method of tracking fire flow
was also a basis for error due (Frenchfl992;eds i n a
Kourtz 1977, ObRegan 1976, Green 1983, Fe
The significant finding of this project was that a better systemreflow needed to be
developee-something that had a scientific basis rather than a pseudo logic systemdTais le

the development of thelliptical Fire Theory

For more informationplease view the final report:at
http://www.challenge.nm.org/archive @5b/finalreports/50.pdf



http://www.challenge.nm.org/archive/04-05/finalreports/50.pdf

2006-2006 Analytical Fire Modeling Fire in | ts Environment

Nicholas Kutac and Christopher Morrison worked diligently to develop the first viable

forest fire modeling program. The fire flow process
it BE]

was differentiated from the heat flow and
encapsulated intthe Elliptical Fire Theory. The
development of th&lliptical Fire Theoryand the
fire flow processighlighted the accomplishments
of this phase. The treatment of fire as a vector
eliminates the geometric grid problem from the ye
before. The program wawritten in C++ using the
OpenGL library for graphics.

The there were a range of limitations. The

most prominent is the large array of unknowns. A
basic framework was developed that had a solid
analytical basis for theoretical fire flow. However, n{
emgrical data was derived to polish the progremo
anaccurate model. On a more minor note, the C++
program was not adequate in its ability to interact

with the user.

Essentiallylast year a framework was
developed with thé&lliptical Fire Theory TheElliptical Fire Theoryis dynamic ints ability to
model a fire and take into account all of the fagbmaring upon vector fire flow. This aent

year 60s wor lonexmmlngupdn the doreepts developed last year.

For more informationpleaseview the team website and final report

www.analvyticalfiremodeling77.com

http://www.challenge.nm.org/archive @ /finalreports/77.pdf



http://www.analyticalfiremodeling77.com/
http://www.challenge.nm.org/archive/05-06/finalreports/77.pdf

Problem/Definition

Statement of Goals

The fundamental theme of this project is to create a computer application that can
accurately model fire flow through virtual forest. Last year a fire framework, centering on the
Elliptical Fire Theoy, was theorized and developed to track fire progression througiual
forest This yeard6s ambition Iis to expound upon
stem from expanding upon thdiftical Fire Theoryand other concepts developedirevious

years.

¢ Expansion of theElliptical Fire Theoryconcepts

TheElliptical Fire Theory devel oped | ast year, iIs the Dbe
The goal was to expand upon the theoretical concepts &llthecal Fire Theory
specifially in the interest of vector propagation and differential calculus.

e Empirical testing and validation of the theoretical principles through small scale

empirical processes

This goal basically stands walidatethe projedd s  glbirevdlves creating sall scale fire
experiments for comparison against the program.,ké&stis would be conducted to gain real
world data. Then an experimental setup would be created in the real world and in the
program with previously derived data. Then the experimen&ahfid the program fire could
be compared and a judgment of the program anéltipical Fire Theorycould be given.

e Use of satellite photography to model accurate terrain for a forest fire

The rationale of this goal waimple. To create a practicedalistic fire modeling program a
realistic forest must also be created, ®ing satellite photographs as a baRiSB colors

(red green bluegan be simplified into different fuel types to create a virtual representation of
a real forest\(irtual fores).

e Development of an advanced graphical user interface

A further goal of this project was to develop the program to be highly interactive. An
advanced graphical user interfaneamedPhoenix,was created, using tldava swing library,

to allow the user optiom control over the virtual forest environment.



Fire Theory

The Elliptical Fire Theory

The Elliptical Fire Theory is the underlying

perfect circle. On a thredimensional plane, under
perfect conditions, fire will form a perfect sphere.
spherical pattern of fire growth is seen in space

principle within this project. It is essentially the

hypothesis. Thé&lliptical Fire Theoryconsists of

parts. Theifst is that fire flowunder perfect

conditions in a twalimensional planewill form a \_\

where gavity does not affe fire flow. However,
two-dimensional fire flow is accounted for within this
program because gravity would destroy the simplicity
this theory. Last year it was established that this basic

principle holds true after conductingweral small

nhorter

scale fire tests.

The second part of tHgliptical Fire Theory
often known as theorollary to the Elliptical Fire
Theory It states that twalimensional imperfect fire
flow can be accounted for by adjusting the rafitie
radii or fire vectorg on the perfect circle to form

some sort of irregular ellipse (irregular circular).

Independent/Depend@t Relationship

Equal

L

two

This

only

of

The length of theadii is essentially the dependerariable The independent variables

are the factors affecting the lengthtioe radii (wind, fuel type, temperature, elevation). The

Elliptical Fire Theory is the fundamental building block of this project. It breaks down fire flow

into quantifiable variables that can be accounted for in a scientific appidaehlliptical Fire

Theoryis dynamic in its ability to account for confounding variaplesiables that typically



throw off the results because they are uncontroltechn account for indepeedt variables once

their affect upon ondimensional fire flow is known.

Accounting for Variables

There is no possible way to account for all factors bearing upon Béicause of the
potentially unlimited number of variables that affect fire. Rath@n must attempt to model the
most significanvariables. Some of the masgnficant variablesdentified include the

following:

e Fuel TypeFuel Typeaf f ect s fire fl ow because the chel
and the surface ardar typical formation the fuel is found)igan have a profound impact
upon the speed e spreading fire.

e Temperature Hotter Emperatures are more inductive to fires. There is a property of every
fuel called dlash point It is the temperature the fuel must reach before it can become
flammable. Asecondary flash poins the temperaturat which the fuel will spontaneously
combust. Every mass has these two flash points. The hotter the tempéhnattaster the fire

will spread because the flash points of the fuels will be reached sooner.

e Wind Wind propels fire flow in the directioof the wind. It is typically associated with

wildfires and can often prop#amesfaster than a human can run.

e Humidity. Waterwill evaporate off burning fuektraining off heat. The more moisture there

is in the air or the fuethe slower the fire spagk.

e Elevation Fire flows faser uphill because on a thrdémensional planéeat travels upward

pushing fire on its currents

e Air Pressure The higher the air pressutbe greater the oxygen content. Fire at sea level
typically burns faster than fird higher altitudes.

e Gravity. Gravity tends to push hottexxcited particles into the atmosphere and keep cooler
particles at the ground level. This createsupward air current as well as making the fire
burn in an upward direction. This is wfise bums in a flame shape oarth under the

influence of gravity and in a spherical shape in space.

1C



e Oxygen ContenOxygen is a limiting factor of the combustion chemical reaction that creates

fire. Thereforefire will burn at much higlar speeds in placeshere there is more oxygen.

The Elliptical Fire Theory is set up in such a way that these variables can be treated as
constants until their effects upon fican be known. Avorking model must be able to describe
the effects of these variablas well asvha affects the variables themselv@sis is especially
complicated in the case of the heat model.

Assumptions

There were severahderlying assumptions that serve as the foundatiothébasis of

the fire theory. They form the core basis upon whiclptiegram is built

e The vitalElliptical Fire Theoryis the first and most important. It assumes irregular elliptical

growth as the basis for fire propagation.

e TheVector Assumptioassumes fire flow can be approximated by a vector. The fire vectors

are prgpagated out from ignition points located upon the perimeter of the fire.

e TheWind Assumptioa s sumes windods effect upon fire
multiplication of the fire growth vector by a vector proportional to the wind speed and

direction.

e TheElevation Assumptioassumes thatevation does not affectré flow, yet gravityis
influenced Gravity is a vetor whose magnitude is depemdeipon the heat generatedfirg
which affects fire in the third dimension. Because of gravigated, ligter particles rise,
creating an upward wind. On level ground the dot product of fire growthlevatien has no
affect upon twedimensional fire growth. However, when the elevation slopes ufiraliwill
speed up taccount for the effect of elevati@hange. This assumption has not been

implemented as of yet.

One-Dimensional Fire Flow

Onedimensionafire flow is the basis for twalimensional fire flowln essence, it
expresses a orgimensional length based upon the independent variables. Eaoh one

thefire radii on theElliptical Fire Theorycircle is derived from the integral below.

t > _
Spread Rate(t)*»Wind(t) dt = Radius



The pictue to the right depicts the onkmensionafire radius B EEEEE
extending out from aentral ignition point. The ordimensional

length is then imposed up@ntwo-dimensional plane.

Two-Dimensional Fire Flow

Two-dimensional fire flow can béerived by integrating the ortdmensional fire flow
for 360 degrees. This gives a polar equati on
ignition point. Ths essentially gives a fire perimeter that is, a<trellary describes, an
irregular ellipse.

21

The

t S }

(Spread Rate(t)* Wind(t) dt ) d8 =irregular ellipse

0 H

integral of the onelimensional integral from 0 to 2with respect to feta equals the irregular ellipse
The picture to the right illustrates the multiple one
dimensional radii extended out from thentral ignition point
on a twedimensional plan€dfife arc). To save computer

processing power on a compythe integral above is

HER

approximated with the sum limit below. The fire arc T T T
. : : EEEEE
pictured above is basically an-$&led polygon T T T T 1]
EEEENNN

approximation of the irregular ellipse. As the number of

vertices fire radii) increases, the greater the processing power regisreompute the fire arc.

lx Thisis
. t _— . an
Lim E Spread Rate(t)s Wind(t) dt — Approximate
50 o Ellipse

approximation of the twalimensional irregular ellipseddtan never reach 0.

Further Breakdown of Mathematics

12



The onedimensional fire spread is broken down into two vectors. The reason for the

breakdown is due to the different directions of the faraeson upon fire flow.

t > _—
Spread Rate(t)*Wind(t) dt = Radius

0 The integral from time equals zero to time t of the vector spread rate multiplied by the vector wind equals a

single one dimensional radius.

e Spread Rate Vector
This vedtor operates in a direction outward from the central ignition point. It isdhmgoseaf all
environmental independent variables except wind (elevation, fuel type, temperature). This vector
represents the fire propelling itself outward. The functionetscdbe the spread rate vector is not
continuous because a forest environment cannot be described an equationitRatescribed

by the environmeal traits (pne tree here, bush over there). The spread rate vector is measured in
centimeters per send and was determined empirically for edagel or arbitrarily assigned

e Wind Vector

This vector operates in the direction of the wind and is

proportional to the wind speed. The proportionality

constant is known as tlwand coefficientlt is separated
from the spread rate vector because it operates in the

direction of the wingwhereas the spread rate vector Wind Speed
operates in a direction outward from the central ignition pdiné picture theight depicts the

vector dot multiplication of the wind speed te thpread rate.

13



Program- Phoenix

Java Programming Specifics
Phoenix is alava application built on the NetBeans 5.5 IDE withdinea JDK 5.0.

Phoenixencompasses 16\a files. The graphical user interface is implemgbtethe ava

swing library. Thee are approximately,d00 lines of code throughout thiava files all of which
are original. The fire flow process is encapsulated withinkne.file FireFlow.java. The
processing requirements for this program are directly proportional to the aheabofrbing

fuels. In other wordghe bigger the firgthe greater the processing requirements to compute

The Basic Environment

The environment in which the fire persists is a systepatifhes Within thosepatches
there are morenini-patches Thepatchesencapsulatéheir own specific set of variables which

includethe fuel type,

File Tools Zoom 1 Help

temperaturewind, and other re——r——

environmental variables. The

Controls N view s n*

collection of patches, as a wholg,
is known as theirtual forest

Each patch type is unique and
causes a fireoteither accelerate
or slow down as it passes over

the patch. The patches then hay

(D

individual sections within them

calledmini-patches Thesemini-

patchesare then used to further track the exact movement of thesfiteesosses theirtual

forest

14



Fire Flow Process

The differentpatchedn thevirtual forestcontain

t
different values of what is callexpread ratewhich is the rate Spread Rate(t)* Wind(t) dt = Radius
at which fire can spread through the patch. The spreadrate ’
be manipulated by factors such as heat and humitig is the ........I
. | . HEEEEEEE
same sprad rate that is used in the edienensional integral For T T T T 1T T T

each time step, the fire spreads across the patches until the HIiEE

accumulated value of the time steps reaches a point called the ====.====
maximum spread rate (top picture). This processpeated until a ||jj||| i EHEEEI
fire arc is formed, making the perimeter of the fire for the 1o

certain time stepThefire arc shown here (second from ~ Lin E JlspfeﬂdRate(‘)'Wmd()

=0 ¢

_ Approximate
Ellipse

top) is the same process as shown before, just taken out

many more iterationd.he approximate ellipse summation

"/ dd s

basicll y represents the fireThar

endpoints of théire arcare then ®red, and during the next step,
are transformed intbre arcsthemselves. This process is computed
once per time step, producifige perimeteresults suchsin the
bottom picture. This picture depicts the result of several time steps

in a nonuniform virtual forest and shows the creatiee perimeter

Fire Perimeter Reduction

As the fire grows larger, only the perimeter is
needed to map the fire flow. tlie computer took every
fire endpoint and arced it, its efficiency would Be x
whereas 6x6 is the number

and O6NO6 i s the number of

was developed to record previously burned spots and regecfire arcs in those burned spots.
This would increase the efficiency of the pr

burned a second time

15



Program Accountancy

TheElliptical Fire Theoryallows for all unaccounted variables to be held cantsihis
allows for unknown confounding variables to be held constant. This project accounts for two
specific variableswind and fuel type. These were the only variables the team felt were able to
be reasonably approximated. The temperaturgetfoom las year still existshoweve, it has
been deemed unrealistic. A central ethic in the programming has been to allow for the
incorporation of various variables and their models, but not yet implement them until a reliable

model can be developed.

e Fuel Type Mvdel: The fuel type model is simply the different rates fire spreads over a
material. This model essentially assigns a spread type to each kind of fuel. Real world values
can be determined empirically. For exampihe speed at which fire spreads over Emi

brush can be determined and assigwoealltbrush fuel types.

e Wind Model: The wind model essentially states that wind and fire flow can be expressed as a
vector and the vector dot product of the fire pathareahd the wind vector expresses n d 6 s

direct impact upon the fire flow. This is discusgedhoredetailon pg. 13.

Miscellaneous Interactive Features

One specific goal was to make Phoenix as interactive as possible. This would give the
user greater control over the fire and allow for gnes¢epe of modeling. Some of the notable

features include the following:

e A multilayerJava swing library interface and display system maximizes the visual
capabilities of the program.

e Four separate views of the fire, physical, environmental, burned,randlfow for a better
view of exactly what is going on inside the fire.

e The Environment Editor allows for real time input of variables such as wind speed and

direction.
e Satellite Photograph Scanning can be used to make user defined realistidoreds.

e The Zoom in and out feature allows for a micro and macro view of fire progression

16



The patch trait information can display the state of any individual patch.
A statistics system keeps track of several key points of information.
The user can start adimnywhere within theirtual forest

Expect many more features to be added in the near future.

17



Satellite Terrain Mapping

Creating a Realistic Forest ; _;"'/ ,
The basic idea behind using a satellite /i
photograph to create a realistic forest was that
differentfuel typesexhibit different colors. By
breaking down a sateliitphotograph into its basic

RedGreenBlue components/ou can group similar

RGB values as the same fuel type. The top picture
shows a pictre of the Bosque South of the ktafio
Bridge in full 256 color (2562 colors available). The
second picture is the same picture only in 3 colors |
or 27 available colors total). The program essential
rounds every pixel in the original photograph into tr

closest of one of 27 available colospéctrum

classification) Darker patches are L}‘:xlxéﬁ Lighter yellow patches /

brushandtrees [  \ aresandyareasand |
_ ' \trails
!nt Red= Round(red); The river is sord of ‘bptll weeded areas LlIk"d
int Green= Roun(@reen); a muddy red-yellow dull grey

int Blue= Round(blue);
public intRoundint color)
{
return (int)Math.floor(¢olor/(255kolorNum))*255/colorNum;

/IColorNum is the color (ex: 256 color) Az

FuelType
Conifero,
Decidious

Grase
Ground

This basic color mcel serves as a fuel [ * o

type approximation map. The bottom
picture shows the process by which thg
user initializeghe data. A table is

FuelType
Ground
Coniferou [~

generated containing the intrinsic color

Coniferous

Grass

and the user specifies the type of fuel

2 Ground

[Shrub Publish

Ground
Ground
Ground

associated with the color. Fuel types c3

18



be generatecadded and changed on another table.
Field Testing

Once a particular area is pickeskeveral traits must be known about the area before the
program will model it. Several of these tragpiead rate®f native flora) have to be obtained o

approximated from the ecosystem. The purpose of field testing was to gain information about the

fuel types of an area. Once the Fire behavior®
Fuel model’ Description “Rate of spread Flame Tength
fuel types could be determined (misec) m)
. . 1 S_hort-gr::ass {D.3m]- ) -51.435 1.;2
then either from empiricalty 5 Brush (shube and sonifr regeneraton, 08m) ot 122
6 Daormant brush 017" 1.83
; ioti 8 imber litte 0.00 0.

derived data or from existing S Poerosa Pne 0012 075
Lo 1 0 Ti_r‘"ll;-er :{I'rt:x_er and understary) ;Ds}d 1 A6
researcha realistic forest o orumper 0004 o1

] MNon-vegetation {rock, mines, barren) — —

enVlrmment COU'd b mapped _'meAr‘:Iars«on['ESZ].

“ Fire behavior under the fellowing conditions: windspeed 8 km/hr, dead fuel moisture 8%, and live fusl moisture 100%.

The data abovis existing research (Keane, Robert 2000) that could be used to render a basic
approximation of a native environment once a field test is conducted to determine the fuel types
associated with thgpectrum classificatiodifferent colors. Appendix C details a mirfald

studyconducted upon an area of thlbuquerqueBosque.

Implications
The addition of satellite terrain mappingRboenixincreases the scope Bhoenixto real

world fire situations. Now, empual vdidation on a grand scale could occlfrdatacould be
collected, both from ¢horoughfield studyand from a real fire, then this program could have a

real world assessment of its modeling capabilities.

19



Empirical Validation

This project has reachedaint to where it can viably go no further without being
validated. TheElliptical Fire Theoryis essentially the hypothesis. ltagar the first clause of
theElliptical Fire TheorywasValidated. Fire under perfect conditions will grow in a perfect
circle. However, the corollary has not been validated. For this project to prdgesasaderlying
assumptions that compose it must be validated. Therefore, a series of empirical experiments were

devised to test small scale re@brld fire experiments againgte Phoenix.

Experimentation

The enpirical experimentation consists of tw
parts. Theurpose of the first portion was attain
the real world inputs fdPhoenixthe computer
application. The second part consisted of compari
results from a real worldxperiment against the
program.Spread rates could be determined by

recording the fire with a camcorder and freeze

framing the video at half second intervals. Based
upon the angle of the lens, the length of the diameter, and the number of pixels burned an
approximate spread rate can be determined. The spread was measured at the point where the

charred black line intersected the colored fuel.

Spread Rate = widthx Apixels

width in pixels

e Real World Inputs: The spread rate is the ultimg
ambition of the ifst phase of testing. Several fue
were teted includingBrawny paper towel, tissue|
paper, notebook paper, computer paped
construction paper. The experiments were limitg
because larger fuels such as cardboard and wo

and conglomerations of fuels such as would be

20



found on a forest floor wereitrer too large for the safe smailtale experimentation or

required a much higher flash point then could be delivered without a laboratory condition.
¢ Comparison: Once real world inputgp(ead ratesare derivedthey can be placed within the

program A real world and virtual experiment can be set up that uses the previously derived

data. The experiment can be any variation of studied fuels. The experiments can be

conducted and compared. Similar results will support the program agtlipteal Fire

Theory.

Comparison
A basic visual comparison can be used to generate a qualitative assessment of the

programbés effectiveness (Appendix B). A mor e
interpolation compason. Interpolation comparisoassential} is a ratio inteflapping area

between the real world scenario and the computer program. This requires the writing of a
computer program that can determine area burned from a picture. The interpolation program is

still in development stageAlso a linearegression can correlate the sidehe real and
experimental fire. Pearsonds r correlation s
between the firesOnce the burned area prograsinished a finite quantitative evaluation of

Phoenixcan be produced.

Implications
The results of the validation are essentially the judge of the program and all the work that

has been done. If they are not ajitteen there is a problem witPhoenix.If the results are

similar, thenPhoenixmust have somability to model fire flow at least on a small scale.
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Conclusion

Thevalidationexperimerationsupports the Elliptical Fire Theory hypothesis as a valid
basis for a fire flowmodel he empi ri cal experimentation res
model simplistic fire on a small scalehe siccessful incorporation of thHgliptical Fire Theory
into Phoenixis astrong andriable start on the road to creating a feasible forest fire modeling
program.

This project was named Analytical Fire for a reasifter all, forests are far too precious
to be burned at a whim. However, now that a basis has been laid, it needs real world values to be
placed in variable areaBfforts to determine spread rates of different fuel types have only
begunHe at 6 supoe fird iskaawn, but not precisely defined. Therefore, this project needs
an empirical basis as well as an analytical basis to become a more accurate fire flow forecaster.

Another inaccuracy of this project involves the sheer number of factors involved
determining fire flow. Fire flow cannot be accurately modeled without knowing these factors and
their affect upon fire. However, the nature of the Elliptical Fire Theory allows for these variables
to be accounted for easily once their affects are knédwmmore and more variables are
accounted for, more accurate fire flow approximation can be included in the program

Satellite terrain mapping helped to diminish the number of unaccounted variables.
By using colorsa forest can effectively be mappkex its fuel typedistribution. In addition, it
yieldedthe interesting prospect of large scale empirical experimentation.i®depthfield
testingis donea more rigorous test of the Elliptical Fire theory could be arranged.

The conclusion is thatighproject is a success. The amount of progress accomplished in
such a short amount of time is remarkable. The flow of fire across the virtual environment is
rational. The results of this project are viable. The program only needs more work, time,
researchand an empirical basis to become an asset which could be used in real world

applications.
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Limitations

Real World Data

The largest limitation to this project was the large amount of field data needed to make it

into a viable forest fire modeling pragn. The theoretical basis of theogram is soundjet, for

it to be practicalmany real world values must be empirically derived. There is some research

done by the United Stat&é®restry Service in these arehewever this research is only semi

compdible with this program because of the difference in mathematical models béveemnix

and other forest fire modeling programs. The data that is compatible, mainly the spread rate, has

been implemented somewhat in the satellite photographs. Howevgragiam has only just

reached the level to where it can use this existing data.

Also, the data is often as hindering as it is helgfuch data available is depemdeipon

even more specific data that could only be provided by empirically testingtihe agea where

the fire is being simulated.

e The spread rates for the differing fuels needs to be empirically derived. Many typical forest
fuels would need to be derived on a larger scale for composite fuels (leaves, sticks, rocks, grass
combined) that wdd be seen in a forest.

¢ A large amount of empirical data would need to be collected to determine the effect that
temperature has upon fire flow, to determinewired coefficientfo determine the effect
humidity wind has upon fire flow, the effect of gity upon fire flow, et cetera

¢ An even largeamount of empirical data is needed to determine the effectiveness of the
program in modeling fire flow.

There are many fire experts whave worked their whole livegathering similaror perhaps

identical d&a. It would be advantageoosich avail to this project to use their data. Yet, much of

the data is copyrighted and withheld from easy access.

Laboratory Conditions & Equipment

A limiting factor in this project was the availability of a laboratory sgtand equipment
needed to increase efficiency. For example, the spread rate for medium and heavy fuels could not
be determined because thiésh pointswere too high to ignite under outside Haboratory

conditions. Also, the empirical tests were nonelander perfectly controlled circumstances
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because atside conditions fluctuate. Alboratory condition would have fixed this problem.
Equipment was missing as well. A thermometer that can read temperatures within a fire
(infrared) for the empirical testg and a hand held GPS for satellite field testing would have

been helpful.

Heat Model & Other Important Variables

The missing heat model is perhaps the greatest hindraRch to e rcontindes
progress. In real lifehe spread rate is highly depentlepon the heat model. Without a heat
model, theflash pointaspect of a real forest fire cannot be successfully implemented. Because of
this flash point limitation Phoenixhas one definite flawit burns everything to ashes. The only
force to stop is if thepread rate of the material is so low thae Perimeter Reduction
eliminates the ignition points. Everything combustible in the forest would be burned down. This
is not realistic. The heat model from last year still exists. It was deemed unrealiatisdéc
had a flawed basis. Now that tB#iptical Fire Theoryhas been validatedhore research should
be put into working on the heat model. Two more models that deserve attention are the humidity

precipitation models.

Three-Dimensional Fire Flow

Thefad is the world is not flat. Twalimensional fire flow is a good approximation. A
majority of professional forest fire modeling programs are two dimensiBhaknixhas the
capability to model land slope with tieéevation assumptiofalthough it requies a working heat
model). When the third dimension is addadiot more factors become issues. For example, in a
realistic fire fire flows both across the ground and in the trees. Many forest fires spread to a
greater degree in the trees and to a ledsgree on the grounBARSITEand a few other models
like it are 2.5 dimensional models. They contain equations that calculate flame height and
assume trees have a canopy height. If the flames are long enough to reach thelwamapire
begins at théop of the tree and is known asr@wn fire A crown fire model foPhoenixis in
development. Certain programs are fully three dimensional, but they would not be applicable to
forest fires. The amount of processing time is extraneous and woafchbewvail in a real time

fastpaced forest fire.
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Satellite Mapping Limitations

There are three errors that are associated with using a single satellite photograph to
determine fuel type.

e Color aliasing: Some fuel types have similar colorings. This wouldecanfkGB
approximation to have aliased similar colored fuel typassing errors.

e Underbrush: Underbrush cannot be determined from an aerial view. This could only be
approximated for a large area by a field study.

e Elevation Corrections and Shadows: Elevatwvill cause errors in a straight up view. Shadows
are often increased in areas with a high density of trees. These shadows throwpetthen
classification

Something that could solve these esmpuld be to analyze multiple satellite photographd

analyze them during different seasons. This would maximize the contrasts pfmakasing the

accuracy of thepectrum classification.
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Discussion

Analytical or Empirical

The title AAnalytical o fire mordfdihesng i s p
Aempirical 6 is mentioned. ThHiptitaeFsgda Theorgisant hi s
analytical foundationand along with other assumptions mentioned irFine Theorysection of
this paperthey fom the backbone of the modedjprocess. Now, this project has grown out of
the analytical stage which it was founded\Now real world data values must be foureshl
world comparisons must be made to qualify the program. This project was formulated with the
idea it could be used taodel real world forest fires. So the line must be crossed from the
theoretical to the tangible.

X Y Relationship

Science is all about taking something complex and simplifying it into something
guantifiable, something methodical. The scientific methasldally relates one variable to
another, some amount of x equals y. In this case the Elliptical Fire Theory can express vy, the
length of the radii, through a multivariate x. Once the relationship between the variables and
results is found, then it woulchty be a matter of plugging the variables into an equation and
obtaining y.

Satellite Photography

The satellite mapping went wegliroducing many realistic terrains. It is a completely
different realm of experimentation as compared to the fire ©stsee the environmeaitlocal
fuel types are tested for their traits and that data placed in the pragvemald be interesting to
actually compare large scale fires against the program. There were several limitations such as
underbrush and color aliagjthat cannot be accounted fgwever an approximation is much
better than nothing. In the future elevation could be accounted for by layering the satellite photo

with a rasture magelevation map with lines depicting altitude)
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Why Not Use Existing Fre Models?

FARSITEand a few other forest fire modeling programs are excellent forest fire models.

They are the product ofann y i n dlifeworkl WhyInat joist leave the experts to find the
answers? The truth,isvithout a lifetime of workPhoenixcan only hope to compare to the

seasoned, professional models. However, this team is in search of knowledge. The purpose of the
Challenge is to inspire students to take on daunting challenges head on. This is what team 84 is
attempting. PerhapBhoenixwill grow to become a heavyweight fire modeling program.

Perhaps some of the ideas in this paper have great merit and will evolve to improve. Only time

will tell. One thing is for sure, team 84 has improved their skills and abilities because of their

attempsto defy the odds.

Mentor, Mentor, Anywhere?

This project has had an extremely difficult time attracting mentors that are
knowledgeable in ther@a of fire science. Sevelfale experts were contacteahainly through e
mail. Responses ranged fraigoodjobo andfigood luck to no response at all. None felt
obligated enough to brandish the fimentor tit
because he was one of the only fire experts to respond and give a few positive comments about
the program. Hoever, contact was lost with him for unknown reasons. Several contaets we
made in the forestry servickpwever none really had the technical expertise in the area of forest
fire modeling. An effort was made to contact knowledgeable mentors.

The Future

This project has much potential. Since HEikptical Fire Theorywas proven to have a
high degree of validitythen it can be used as awerstone to build upon. It would only be a
matter of empirical testing to determine the effects of each confoundiraple upon the length
of the radii in theElliptical Fire Theory The next steps would be to compare the program

against actual forest fires and to add a heat model to allow for accommodditashn gioints
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Appendix A: Glossary

AmbientHeati St arti ng from the forestds ambient te
moves approaches, and decreaasgshe fire passes by dies our for lack of fuel or

oxygen.

Ambient Temperature- Temperature to which environment will cool based upon

Newt onds Law of Cooling

Corollary to the Elliptical Fire Theory - This is the second part of tEdliptical Fire
Theorywhich basically statesregular fire flow ca be accounted for by lengthegiand
shortening radii to form an irregular ellipse

Dry Fuel- Fuel classified as having a lower moisture content requiring a ltasér
pointthanwet fuel.

Elevation Assumption Changes in ground lelaffect fire because of wind generated

by gravity.

Elliptical Fire Theory - Theory that fire will form a perfect ellipse under perfect burn
conditions. This implies that to properly accountffog flow, the polar radii can be
shortened and lengtheneda ount i ng to different variabl esd
FARSITE-Forestry Serviceods fireHwmppern&s.martiimnai p
Field Test An environmental study to decipher what type of fuels are present in a forest.
Fire T The chemical reactioof fuel, ignition heat, and oxygen which generates

additional heat burning fuel and oxygen. Fire is-pelfpetuating as long as sufficient

fuel and oxygen remain.

Fire Acceleration- As fire grows larger, it accelerates faster. The heat assumption may
account for this phenomenon.

Fire Arcs- The collection extensions of tifiee radii from a single point.

Fire Flow T The most commonly understood definition of a fire, defined as the actual,
observable movement of a fire through a forest.

Fire Flow Proces- The process of starting with initial ignition points fire arcing them

and creating a nevire perimeter.

Fire Perimeter- Collection offire arcsthat, withfire perimeter reductiorform a

perimeter around the fire.

Fire Perimeter Reduction For betterefficiency, unneedefire arcsare deleted in the
middle of the fire.

Fire Radii- Polar extensions from a central ignition point. For example, 3 units at 30
degrees. Fire radii are susceptible to changes in lengths based upon factors involved in
fire flow.

Fire Vector- See Fire Radii.

Flash Point The temperature a fuel must reach before it can be burn&dcéndary

Flash Pointis the temperature at which a fuel spontaneously combusts.

Flash Point Limitation- Because Phoenix is lacking an accurate fleatmodel flash

points cannot be instantiated. This causes the current program to burn everything to
ashes.

Fuel- Every patch has fuel with different moisture contents. These moisture contents are
simplified into two types of fuels requiring differenepequisites to burn then.
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Fuel Typei Different types of fuels where each contain its own heat generation factors,
ignition point values, dry and wet fuel ratings, etcetera. Some examples include trees and
shrubs.

Fuel Type Assumption As fire flows overdifferent types of ground coverage, it will
spread faster or sl ower depending upon the f
surface area.

Heat FlowT The transfer of heat in a forest as a fire moves, as well as, during everyday
circumstances. Genehakonnected tdire flow because of the natural properties of fire
which gives off heat as a byproduct, but can also be associated with ambient warming
and cooling with the time of day.

Heat Assumption Different amounts of heat cause fire to spreacedhfftially. The

hotter it is, the faster tHae flow.

Huy genos -FARSITEequatidn that uses wind and elevation to determine an
ellipse that the fire will follow.

Ignition Point T Minimum temperature at which a fuel will ignite and become self
sustaining based on fuel type and environmental factors.

Interpolation Comparison- A process of comparing fire progress between two a model
and real life visually by overlaying pixels (model fire pixels/ real fire pixels).

Moisture Assumption- More moistre will slow fire spread.

Mini -Patches Patcheddivided into 100 equal parts to better keep track of certain aspects
in the program.

Patches Division of fuel type exactness and area. @atchis approximately 1 sq

meter.

Phoenix The name of the javeomputer application that encapsulates the fire flow
process.

Piloted Flash Point/ Instantaneous Point at which patch will combust whether or not
fire is present.

Rapid Oxidization- The scientific term for the chemical reaction of fire. Rapidly taking
of the oxygen in the fuel.

Spectrum Classificationr The proces of simplifying a typical 256olor picture into a
lesser grade. This is used to group colors on a satellite photograph and create a virtual
forest once &ield testhas been conducted.

Spot Fres- A term for sparks that fly into the air and create fires in new places down
wind.

Spread Rate The rate at which fire can spread across the ground. Influenced by many
environmental factors, heat, wind, and other factors.

Unpiloted Flash Point/ Basci Temperature which is required to burn a certain fuel.
Virtual Forest- Collection of patches that make up the forest environment.

Wet Fuel- Fuel classified as having a higher moisture content requiring a Higbler
pointthandry fuel .

Wind Assumption- Wi n dff@d upen fire can be described as a vector of wind speed
and fire spread.

Wind Coefficient- The wind proportionality constant.

Wind Vectoring- The process of correcting fire flow for wind.
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Appendix B: Tables of Validation Comparison

Analysis ofInput Data

(cm/s)
Variable N Mean StDev Median
Brawny Paper Towels 54 0.7350 0.2096 0.78 05

NS Computer Paper 42 0.4320 0.1749 0.4320
Notebook Paper 28 0.8192 0.2921 0.7965

Tissue Paper 20 0.797 0.473 0.738 0
(Temperature abo@0 degrees C, humidity at about 18 percent no wind)

The data summary above shows the found spread rate distribution of the four

tested materials under the given conditions. Two trials were conducted for eacialma

The following picture set illustrates the experiment fire test. The pictures were taken at
half second intervals.

The experiment was conducted using the four tested in a quadrant configuration
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