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Abstract

Weintroduceamethodfor theanimationof re propagtionandthe
burningconsumptiorof objectsrepresentedsvolumetricdatasets.
Our methodusesa volumetric re propagtion modelbasedon an
enhancedlistanceeld. It cansimulatethe spreadingof multiple

re frontsoveraspeci edisosurfcewithoutactuallyhaving to cre-
atethatisosurfice. The distanceeld is generatedrom a speci ¢
shell volumethat rapidly createsnarrov spatialbandsaroundthe
virtual surfaceof ary givenisovalue. The completedistanceeld
is thenobtainedby propagtionfrom theinitial bands.At eachstep
multiple re frontscanevolve simultaneouslypnthevolumetricob-
ject. The amesof the re areconstructedrom stream®f particles
whosemovementis regulatedby avelocity eld generatedvith the
hardware-acceleratetattice BoltzmannModel (LBM). TheLBM
provides a physically-basedsimulationof the air o w aroundthe
burningobject. Theobjectvoxelsandthesplatsassociatedvith the
ame particlesarerenderedn thesamepipelinesothatthevolume
datawith its externalandinternalstructuresanbedisplayedalong
with the re.

CR Categories: 1.3.5 [ComputerGraphics]: ComputationalGe-
ometry and Object Modeling—Plysically BasedModeling; 1.3.7
[ComputerGraphics]:Three-DimensionabraphicsandRealism—
Animation

Keywords: Fire Propagtion, DistanceField, Lattice Boltzmann
Model, Splatting,GPU Acceleration

1 Introduction

Simulating re phenomenas importantin mary applicationssuch
as entertainmentyisual simulation, battle eld visualization,and
even landscapalesign. However, the visualizationand animation
of re is dif cult. Extensve studies[Beaudoinet al. 2001; Chiba
etal. 1994;Leeetal. 2001;Nguyenetal. 2002; Perlin 1985; Per
lin andHoffert 1989; Perryand Ricard 1994; Reeves 1983; Stam
andFiume 1995] have beenconductedusingdifferentapproaches
to model and renderthe dynamicbehaior of re. A good sur
vey hasbeengivenby NielsonandMadsen1999]. Over a decade
ago,Perlinetal. [1985; 1989] presented noise-basednethodto
model re wherefractal perturbationis usedto simulateits turbu-
lent movements. This approachis easyto implement,however it
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Figure 1: Fire on a volumetric table. The underlyingnoncom-
bustible metal frame is revealedonce the woodenouter layer is
consumed.

cannotdescribea re front propagtion or externaleffectssuchas
wind. Reeves[1983] proposedheuseof aparticlesystento model
re. Themotionof the re particleswasaffectedby externalforces,
suchasgravity. Dueto thediscretenatureof particles,ahugenum-
ber of themwasrequiredto achieze goodvisual effects. Chibaet
al. [1994]combinedauserde ned vortex-basedselocity eld anda
2D fuel mapto describehemovementof re. The nite difference
solver for partial differentialequationsvasusedin both the work
of Stamand Fiume [1995] and the work of Fosterand Metaxas
[1997] to simulateturbulentgasand re. Qianetal. [1998] used
a front trackingmethodto simulatein nitely thin premixed ame

surface whichis explicitly representelly connectednarkerpoints.
Recently Nguyenet al. [2002] presentech methodbasedon the
Navier-Stokes equationgo modelfuel with hot gaseougproducts.
Usingthe level setmethodto trackthe moving ame surfacethey

producedealisticlooking turbulent ames.

Unlike thesestudieswe focusin this paperon the modelingof
re front propagtionandthe burning consumptiorof objectsrep-
resentedy volumetricdatasets,suchasthetableshownsin Figure
1. Splattingis usedto renderthe ames resultingin a realisticvi-
sual effect. King etal. [2000] rst usedtextured splatsin their
work to avoid the computationatompleity of large particle sys-
tems. In our earlierwork [Wei et al. 2002], textured splatswere
adoptedasthe basicdisplay primitivesandthe Lattice Boltzmann
Model (LBM) wasintroducedto modelthe interactionof the re



with wind. We expandourwork with LBM to generateheexternal
air velocity eld thataffectsthe movementof the re front.

Relatedto our work of re front simulation,both Perryand Pi-
card[1994] andBeaudoiret al. [2001] simulatedthe spreadingof
re on polygonmeshes.In their work [Beaudoinet al. 2001], the
air velocity eld wasgeneratedby userde ned functionsrelatedto
ervironmentalproperties.Isosurbiceswere built from densegrids
aroundthe ame skeletonby Marching Cubes,wherethe density
valuesof grid pointswerecalculatedrom ame skeletonsaccord-
ing to the re distribution properties.Leeetal. [2001] evolvedthe
geodesicon polyhedrakurfaces.They couldsimulatemultiple re
fronts simultaneoushaswell as re front meiging. In otherappli-
cations,somedifferent surface propagtion methods[Turk 1991;
Ruuthetal. 2000]have alsobeenproposed.

All theseprevious propagtion approache$ocusedon simulat-
ing the re front on surfacetrianglesor polygons. In this paper
we describea methodthatsimulateshe re evolution by usingan
enhancedlistance eld on volumetricdatasets. Given a speci ¢
densityisovalue, we do not generatehe isosuricefrom the vol-
umetric dataset. Instead,the re front propagtesdirectly on a
virtual surfacerelatedto this isovaluein the volumetrucobject. In
eachstep, re-front pointsmove alongatangentirectionof theob-
ject surfacede ned by externalforces. Distance eld information
guaranteeghatthe next positionof thesepointsalwaysadherego
the virtual surface. Our distanceeld is createdby a propagtion
methodfrom anarrav bandof spaceneartheisosuriice.Neighbor
ing bandsde ned by differentisovaluescan be rapidly generated
from a shellvolumethat saresthe densityrelationsbetweenrevery
voxel andits neighbors.

Along the re front, ame particlesareemittedaccordingto the
fuel valueof thecurrentpositionof theobject. Theirmovementfol-
lows the air velocity eld which is simultaneouslycomputedwith
a graphicshardware accelerated BM. We simply model the ob-
jectburningcomsumptiorby modifying thefuel propertyof object
voxels andremove the burnt voxels from the rendering. The com-
plicatedcomhustionprocedureandthe objectburningdeformation,
melting andbreakingareleft for future work. Splattingis usedas
our direct volume renderingmethodfor both ame particlesand
objectvoxels. The objectsplatsare createdaccordingto the user
de ned transferfunctionsso that the traditional volumerendering
effectscanbe achieved. Thesesplatsareprojectedontothe screen
planewith an opacity blendingfunctionto createthe nal image.
In this way, the internalstructuresof the volumetricobjectcanbe
renderedogethemith the re usingthesameenderingramevork.

Working on volumetric datasetshas several advantages. The
internal structureof the burning objectscan be revealedoncethe
outerlayeris burnt andrendereduniformly with the re amesto
achieve high quality results. The consumptiorof fuel in volumet-
ric objectsis more plausibleandeasyto implement. Furthermore,
dueto the useof distanceeld the computatiortime hasno direct
relationto the topologicalcompleity of the object. It mainly re-
latesto the volumedatasizeandis pre-calculatedIn contrastthe
computationatime of polygon-baseanethodsdependseaily on
thenumberof trianglesor polygonsandtheirtopologicalstructures.
Moreover, althoughwe currentlyfocuson volumetricdatasets,our
propagtionmethodcanbeeasilyappliedto polygonalobjects.

The remainderof the paperis organizedasfollows: In the next
section,we introducethe distanceeld generation.In Section3,
the re propagtion methodon the virtual isosurficeis described.
Flamegeneratiorfrom the LBM is discussedin Section4. In Sec-
tions 5 and 6, we presentour splatrenderingmethodand several
simulationresults.

2 Distance Field

A distanceeld is ascalareld thatspeci esadistanceo ashape,
wherethe distanceis usuallysignedto distinguishbetweerthe in-
sideandoutsideof the shape.DatasetD representing distance
eld tosurfaceSisde nedas:D: R¥! Randfor p2 R3,

D(p) = sgr(p) minfjp q:q2 g (1)

wheresgn(p) = 1( 1) if pis inside (outside)of S, andjj is the
Euclideannorm. For eachvoxel in the 3D volume datasetgrid,
the distanceto the closestpoint on the surfaceis stored.In our re
propagtion method we useanenhancedlistanceeld to save not
only the distancevalue, but alsothe surfacepoint g in Equationl
that de nes this value. Whena re-front point movesto a posi-
tion outsideor insidethe surface,we caneasilymove it backto its
closestpointonthe surfaceusingthedistanceeld.

Distance elds have beenusedfor morphing[Cohen-Oret al.
1998], virtual endoscop or skeletal representatiorjZhou et al.
1998; Zhou and Toga 1999], digital charactergPerry andFrisken
2001], and otherapplications.Usually the distanceeld is calcu-
latedfrom the objectmodeledasa polygonmesh[Jonesl996]. For
the objectmodeledasa volumetricdataset,a meshmay be gener
ated rst [PayneandToga 1992]. Frisken et al. [2000] proposed
a hierarchicalcomputatiorfor distanceelds. JonesandSatherlg
[2001] gave a brief review of generatiormethodsand proposeca
chamferdistanceransformmethod.Breenetal. [1998] createdhe
distanceeld from a constructve solid geometrymodelin a two
stepprocess:First they calculatedthe shortestdistancedo a set
of pointswithin a narrav bandaroundthe evaluatedsurface. Sec-
ondthey usedafastmarchingmethodto propagtetheshortestis-
tancesandclosestpointsinformationover the whole volume. Our
approachusesa propagting methodsimilar to theirs,howvever, we
generatenarrov bandsfor ary givenisovaluedirectly via a special
shell volume of the volumetricdataset. Therefore the re fronts
canevolve ondifferentisosurbiceschoserby theuser

2.1 Shell Volume

For atraditionalvolumetricdatasetV which storesthe densitiesof

all the voxels, the shellvolumeis de ned asa datasetwhich has
the samegrid sizeasV but storesthreespecialdensityrangesfor

every voxel. The basicideaof usingthe shell volumeis that for

a givenisovaluewe canpromptly determinewhethera voxel of V

is inside,outsideor on the correspondingsosurfce. For this pur

pose,we save threerangeg(min0; max0), (minl; maxt) and(min-

1, max1) for eachvoxel by comparingthe densityvaluesin its

26-neighborhood.The (min0; max0) rangeis de ned as follows:

For eachcell C denoted. asthe densityof the cell anddy, asthe
minimum density of its neighbors(if one of its neighborsis out
of grid boundary dp, is setto 0). Then,min0 = min(dc;dmn) and
max0 = maxdc; dm). For the (minl; maxl) rangeof C, minl is de-
ned asthe smallestminO of its lower densityneighborgi.e., the
neighborof C which have thedensitiessmallerthanC). And maxt

is de ned asthe largestma)0 of its lower densityneighbors. Fi-

nally, for the (min-1, max1) rangeof C, min-1 is de ned asthe
smallestmin0 of its higherdensityneighborsandmax1 is de ned

asthe largestmay0 of its higher density neighbors. Straightfor

ward applicationof the above de nitions canproduceoverlapping
ranges.In suchcaseswe modify eithermin-1 or maxlL asneeded
toensurghatmaxk. min0andmax® min-1.

To illustratethe useof the shellvolume,considera speci ¢ iso-
value lying in the (min0; max0) rangeof voxel C. From this we
know thatthe correspondingsosurfcelies betweerC andat least
oneof its neighbors. HenceC canbe consideredaslying on the
isosurfice. Now supposdhattheisovalueliesin the (minl; maxt)
rangeof voxel C. From this we can concludethat the isosurfice
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Figure2: The shellvolumeis usedto quickly andeasilygenerate
narrav bandsfor differentisovalues

lies one neighboraway from C. Thus, at leastone of C's neigh-
borscanbeconsideredslying onthesurfaceandC mustbeinside
theisosurfice(i.e., onthe higherdensityside). All the voxelslike
C, lying oneneighboraway from and on the high densityside of
theisosurice,comprisewhatis termedastheinsidenarrow band
Similarly, all the voxelslying oneneighboraway from andon the
low densitysideof theisosurfice,comprisewhatis termedasthe
outsidenarrow band And nally, the voxels betweenthosetwo
bandscomprisewhatis termedasthe surfaceband

2.2 Distance Field Generation

Let usdenotetheinside,outside andsurfacenarrav bandsasINB,

ONB, andSNB, respectiely. For eachvoxel p in INB, initial dis-

tanceeld informationcanbegenerate@sfollows: Findtheneigh-
borsbelongingto SNB andidentify g astheclosesbneto p. Rather
thansaving the scalarvalueD(p) (de ned in Equationl) astradi-

tional methodsdo, we insteadsave q which indirectly de nes the
D(p) for p. Thesetof all suchq de nesthelNB distanceeld. In

the sameway, we de ne the ONB distanceeld. Next, we prop-
agatethe computatiorthroughthe whole volumein a way similar
to the fastmarchingmethodof Breenet al. [1998]. Note thatour
distancevolume providesan alternaterepresentationf a standard
distanceeld.

Figure2ashavsa4 4 grid wherethevaluesrepresenthedensi-
ties. As anexample thevoxel A hasits (min0; max0), (minl; maxl)
and(min-1, max1) rangesas(3;12), (0;3) and(12;15). For the
voxel B, theserangesare(1;6), (0;1) and(6;15). While the user
choosegheisovalueas10,Aisin theSNB andB isin ONB. Figure
2b shaws the correspondingsosurfice. Whenthe isovalueis 14
which liesin the (min-1, max1) rangeof both A andB, Figure2c
shavs thatthey arebothin ONB. In Figure2d, wheretheisovalue
is 18, bothof themdonotbelongto ary narrov bandsandtheir dis-
tance elds are calculatedfrom propagtion by the fastmarching
method.

3 Fire Propagation

To simulate re propagtion on a volumetricobject,the re front
is representedly anevolving groupof front pointson avirtual iso-
surface.Thesefront pointscanbe consideredsthe emittersof the
ames.

3.1 Forwarding Fire Front

In eachstep,the re front evolveson thevirtual surfaceof the ob-

ject. In our implementation pointswhich representhe re front

move forward basedon the combinedeffect of their velocitiesand
externalforces,suchaswind. The wind forcesare calculatedby

LBM andthe detailswill begivenin the next section.Whensim-

ulating point propagtion on surfacemeshesthe points necessar
ily move acrosshoundariehetweendifferentpolygons[Beaudoin
et al. 2001; Lee et al. 2001]. The polygon geometricproperties,
suchas normal vectorsandtangentvectors,are typically usedto

computenew positionsof the points. In contrast,we modelthe
re propagitiononavolumetricdatasetwithoutgeneratinganiso-

surfaceand no geometricentitiesof the surfaceare useddirectly.

Neverthelessthe front pointsalwaysadhereo avirtual isosurfice.
In orderto achieve this, in eachtime step,every pointmovesin the
following way:

1. Findthetangentplaneof thevirtual surfaceatthe currentpo-
sition.

2. Calculatethe forward velocity from the currentvelocity and
thewind eld velocitywhichrepresenttheexternalforceand
is computedoy LBM.

3. Adjust the forward velocity within the tangentplane. Com-
puteatemporantargetpositionfrom this velocity.

4. De ne thenext positionastheclosesipointonthevirtual sur
faceto the temporarytarget positionusingthe distance eld
information.

We nd the tangentplaneat a point by utilizing the property
thatit is perpendiculato the densitygradientat thatpoint. During
preprocessingywe computethe gradientvectorsusing centraldif-
ferencedor every regularvoxel positionof thewholevolumedata.
If duringsimulation,a pointis notlocatedataregulargrid position,
we simply usetrilinear interpolationto calculateits gradientfrom
its eightregularneighbors.

Figure 3 illustratesthe procedurefor calculatingthe next posi-
tion, Py, of a re-front pointP. First, the gradientn of pointP is
obtained. For this gradient,thereare mary vectorsin the tangent
planeperpendiculato n, suchast andt®in Figure3a. Figure3b
shavs how we calculatethe forwardvelocity v, of P by the vector
addition of the currentvelocity vg and velocity v¢ resultingfrom
externalforces. In the next step,asshavn in Figure 3c, forward
velocity v; shouldbe projectedonto the tangentplaneso thatthe
point alwaysmovesalongthe surface. Note thatthe resultingvec-
tor v lies alongtheintersectiorof the tangentplanewith the plane
de ned by n andv;. Theprojection,v, is calculateddirectly from
vi andnasv=v; Vi n. Thisv isthetangentvectorwe want.
We just move its startpointto P andcall it t. Finally, we move P
alongt to atemporarytargetpositionP, by a prede nedstepsize.
AlthoughPy maynotbeexactlyontheisosurace from thedistance

eld wecan nd theclosestpoint P; to Py whichis onthesurface,
asshown in Figure3d. Thus,P; is the next positionof P. We also
setthe currentvelocity of P; to bein thedirectionof t for the next
stepof the calculation.

Note thatoneof the innovationsof our methodis the useof the
distanceeld asa crucialtool for the re front forwarding. This



Figure3: Calculatingthe next positionP; of a re front pointP .

methodis not limited to volumetricdatasets. After computingthe
distanceeld of the polygonalobjects,it canbe straightforvardly
appliedto the re front propagtion on theseobjects. In this way,
the propagtionmethoddoesnot needto handlecomplicatedoly-
gonsurfacepropertiesasprevious studiesdo. We shouldmention
thatto achieze moreaccuratedistancevalues,we needto increase
thegrid resolution.However, this computatiorcouldbe nished in
pre-computatiomndwill notin uence thesimulation.

3.2 Adjusting Fire Front

A re front consistof a groupof points. While thesepointsmove
forwardon thevirtual surface thefront shouldbe keptorderlyand
thepointsshouldbe uniformly sampledsothatno self-intersections
or large gapsbetweenconsecutie points appear To satisfy this
requirementpur methodinsertsor deletespointswhennecessary
andalsohandlesself-intersectiongthe swallow tail problem)after
eachforwardingstep. The similar methodwasalsousedby Lee et
al. [2001].

If the gap betweentwo consecutie pointsis too large, the re
front cannotrepresenthe exact surfaceshape. This is addressed
by insertingmore pointsin the following way. We calculatethe
midpoint of the gap and usethe distance eld to get the closest
pointto it on the surface. This pointis insertedandits velocity is
setto the averageof its two neighborsalongthe front. If, onthe
otherhand,the gapis too small, or even zero,oneof the pointsis
deleted.

The swallow tail problemoccurswhenthe re front intersects
with itself. We simply detectits occurrencéoy checkingthedirec-
tions of one point P relative to its two neighborsP; andR, along
thefront. If the anglebetweenP;P andPR, is too large, thereex-
ists a sharpcornerat P. To smoothout the swallow tail, we sim-
ply deleteP. Althoughthis methodmay occasionallydeletesome
pointswhereno swallow tail happensit only removes sharpcor
nersandbecausef our point insertionanddeletionprocedurejt
doesnotadwerselyaffect the propagtionof thefront.

Several re fronts can propagte simultaneouslyandthey may
meeteachother When they meet, the areaalready consumed
shouldnot be burntagain. Thatmeansone re front cannotpropa-
gateacrossanother We enforcethis by initializing thefuel property
of every voxel of thewhole object. This fuel valuealsorepresents
the ability of eachvoxel to emit different ux esof ame particles.
Whenafront point movesto a positionalreadyconsumedye sim-
ply deleteit. As aresult,two re frontsmaymeige andthenextin-
guish.

4  Fire Flames

The re front emitsparticlesinto the air spaceto form the ames.
Theseparticlesmove accordingo thewind velocity eld surround-

ing thevolumeobject.

4.1 Wind Field

To modelwind andotherenvironmentaleffectsthat greatly affect
thedirectionandspeedf thepropagtionof the re frontand ame
dynamicswe adoptthe LBM approachinsteadof usingthetradi-
tional noisefunctions[Beaudoinetal. 2001]. In our recentwork of
Wei etal. [2002;2003a;2003b],LBM hasbeenusedio modelopen
surface re, smole andspeci c wind eld. To achie/e interactve
speedsye alsoimplementedhe LBM computationon graphics
hardware[Li etal. 2003]. The designof the LBM andits simple
way of modelingcomplicatedboundaryobjectsmale it ideal for
ourapplication.In whatfollows, we brie y review the LBM.

TheLBM [Kandhail999;Muders1995]is a numericalscheme
for simulatingviscous uids using a regular lattice of cells and
links. Motivatedby kinetic theory the populationof uid parti-
clescontainedn avolumeelementof uid is representetly a par
ticle velocity distribution, or paclet distribution, at eachpoint in
space Whereadothspaceandtime arediscretizedthepacletdis-
tribution f4 (X;t) is acontinuousreal-\aluedfunctionthatspeci es
the densityof particlesat positionx, attimet with velocity vector
e, . Particle pacletsstreamalonglattice links from onesite to an-
otherin discretetime steps.Betweenstreamingstepsthey undego
collision. As in kinetic theory the collisions consere massand
momentum(and enegy for thermalmodels). In the limit of zero
lattice spacingandtime step,the LBM yields the incompressible
Navier-Stokesequation.

Figure4: TheD3Q19latticegeometry

To balancebetweeraccurag andspeedwe employ the D3Q19
lattice which is a 3D lattice with 19 cells (the centercell with 18
neighboringcells),asshavn in Figure4. Onthis lattice, the paclet
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Figure5: Streamlineshaving thewind eld aroundtwo objectboundaries(a) sphere(b) table.

distributionsaredenotedas f; wherei is aparticularink with its ve-
locity vectorshavn ase;. Fromthe pacletdistributions,themacro-
scopicdensity(mass)r andvelocity u arecalculatedasfollows:

o 10
r=afi uzFafia (2
| |

whereg is thevelocity vector associatedvith link i. At eachtime
step,every cell updatests paclet distribution valuesbasecdon col-
lision and streamingrules. Collision describeghe redistritution
of microscopicpaclets at eachlocal node. Streamingdescribes
the motion of the paclet distribution valuesto the nearesineigh-
boralongthelinks in thevelocity directions.Thesetwo rulesof the
LBM canbedescribedy thefollowing equations:

collision: f"(x;t)  fi(x;t) = W (3)
sreaming: fi(x+ g;t+ 1) = f"¥(x;t) 4

whereW is a generalcollision operator Since,from a statis-
tical perspectie, the effect of collisionsis to drive the systemto-
wardequilibrium,theBGK model[Kandhai1l999;Muders1995]is
employedto representhe collision operatiomrasrelaxationtowards
local equilibrium. Denotingthe equilibrium paclet distribution as
29, the BGK collision operatoiis representeds:

fix+eit+ 1) fioct) = %(fi(x;t) £°9(r;u)) (5)
9= r(A+Bi(a U)+Ci(a W+DI(W)  (6)

wheret istherelaxationtime scale determiningheviscosityof the
o w, andthecoefcients A; throughD; areconstanfor agivenlat-
tice geometry The simplestway to de ne boundaryconditionsin

theLBM is throughbounce-baclor periodicboundaryconditions.
However, to de ne thewind eld aroundaburningobjectwith arbi-

trary shapea moreaccurateboundaryconditionis needed.n this
paper we adoptthe curved boundarycondition proposedby Mei

et. al [2000]. Thesurfacesof theburningobjectsareresampledic-
curatelyastheintersectiorpointson thelinks betweenuid nodes
andsolid nodes.Theincomingpaclet distributionsarethencalcu-
latedexplicitly in away similar to Equation6. The densityr and
velocity u of nearby uid nodesandthe boundaryvelocity uy, of

theintersectiorpointsareusedin this computation.We have used
thisapproactin our previouswork to modelthe behaior of smole

in an urbancaryon [Wei et al. 2003a]Jandthe wind eld around
amoving object[Wei et al. 2003b]. In this paperwe bene t from

thesimpleandef cient way of LBM to generatéhe dynamicwind

velocity eld arounddifferentobjects. In Figure5, we shav the
wind eld generategroundtwo objects.Streamlinesareoriginat-
ing from a planecuttingthroughthe mostactive o w region of the
grid. Redstreamlinesndicateout-coming o w towardsthe user

greenstreamlinesndicateincoming o w away from the userand
blue streamlinesndicatethe o w ontheplane.

4.2 Flame Generation

A voxelwhereanemitterexistshasafuel value thatalsorepresents
thefuel of the emitter In eachsimulationstep, ame particlesare
emittedfrom the re-front pointswith an initial velocity de ned
by the currentwind velocity andthefuel of its emitter Thefuel of
theemittersis consumedby emittingdifferentnumberf particles.
At the sametime, the particlesareadwectedby the LBM velocity
eld in the air space. Sincethe particle positionsmay not lie on
theregulargrid siteswheretheLBM velocitiesareknown, trilinear



interpolationis usedasneeded.

The LBM velocity eld is calculatedas part of the simulation
using graphicshardware accelerationas detailedin our previous
work [Li etal. 2003]. We computeboth the developing velocity
eld andtheevolving re asthetime goeson.

Flame particleshave a nite life spandeterminedby the fuel
value of that part of the objectfrom which they areemenging. To
modelthis behaior, wheneachparticleis emitted,it is givenalife-
time valueproportionalto thefuel valueof its emitter Thelifetime
value subsequentlydecreasedy somefactorin every time step.
Whena particles lifetime reachesero, it is deletedandno longer
contributesto therendering A ame list is createdor eachemitter
onthe re front. Thislist connectsll active particlesemittedfrom
asingleemitterandrepresenta ame skeleton.

5 Rendering

In previousstudiegPerryandRicard1994;StamandFiume1995],
re was typically renderedas a collection of particleswith sur
roundingpropertiessetby the userandobjectsarerenderedastra-
ditional geometricprimitives. Beaudoinet al. [2001] introduced
well-de ned contoureffectsto build individual ames. They mod-
eled ames usingimplicit surfacesgeneratedy Marching Cubes
from densegrids around ame skeletonsassignediifferentcolors
to theresultingsurfacesandachieved goodvisual effects. Nguyen
etal. [2002]renderedhe re asaparticipatingmediumwith black-
bodyradiationusinga stochasticday marchingalgorithmandgave
realistic re results.Our methodinsteadworks on the volumedata
directly, thereforeit bene ts from direct volume renderingtech-
nigueswithout generatingsosurfices In thisway, externalandin-
ternalstructureof theobjectscanberenderedogethemith the re
ames in a uniform framework to achieve superiorvisual effects.

@ (b)

Figure 6: Renderingwidth-decreasingplatswith differentcolors
tosimulatea re ame: (a) Decreasingvidth splatsona re ame;
(b) A re ame renderedvith decreasingvidth splatswith multiple
colors.

We usesplatting[Westaer 1990]to renderthevoxelsand ame
particlestogether The traditional Gaussiarkernelis usedto cre-
atethe splats.Flameparticlesareaddedasa differenttype of splat
andthesearesortedtogethemwith all the voxel splatsaccordingto
their distanceto the screenplane. The sortedsplatsare projected
ontothescreenn front-to-backorderandthe nal imageis created
from their blending. Differentopacity valuesmustbe assignedo
differentsplatsto enableheblendingprocedureWe assigropacity
valuesto re particlesmanuallyfrom atablewhile the opacityval-
uesof voxels areassignedy classictransferfunctions. For ame
splats,small opacity valuesmake the re translucenwhile large
valueshide the objectsbehindthe re. To keeptherealisticshape

of each ame, we use Gaussiarspheresplatsto representame

particleson one ame skeleton. Becausehe numberof particles
emittedin a simulationof one ame is not denseenoughto shav

thecontinuoushapeof the ame, moresplatsareaddedustfor the

rendering.In addition,to modelthe decreasingvidth of the ame

fromtherootto thetip, we simply decreas¢heradiusof eachparti-

cle splatmoving from therootto thetip. Thecolorvariationcaused
by differentwavelengthdistributionsoverthe ame depend®nthe
distancefrom the baseof the ame. Our methodassignsdiffer-

entcolorsto differentpartsof the splatsaccordingto their distance
from the centerto producea single ame in coloredlayers. These
effectsareillustratedin Figure6. For bettervisual effects,we use
the noisebasedmethod,datashadef{Brian and Mackerras1993],
to choosehecolor of thesplatsin orderto synthesizé¢hetexture of

thevolumeobjects.

6 Results

We have implementedur methodandtestedt on severalvolumet-
ric datasetsusinga 2.53GHzP4 CPU and 1GB ramhus memory
Figure7 shavs the simulationof asingle re front onasphere As
the re evolvesfrom the bottomto thetop, the outsidelayer of the
sphereis consumeddy burning andthe internal structuresare re-
vealed. We render re particlesandvoxels togetherby traditional
splatting. The volume objectsappearances controlledby transfer
functionseasilytunedby theuser Figure8 simulateswo re fronts
thatstartfrom two legsof avolumetrictableandpropagteoverthe
tabletop. Eventuallythetwo fronts meige together The othertwo
legs are not consumecdbecauseof the wind eld direction. The
wood layer of thetableis burnedandthe internalnoncomlistible
materialis revealed. Thecomputationatesultsandtheaveragesim-
ulationratesareshavn in Tablel. The re simulationalgorithm

Tablel: Simulationresults

Volume | No.of | No. of | Propagtion Average
data object ame | simulation| simulationrate
size voxels | particles| time (msec)| (frames/sec)

3745 15
Sphere 64 64 64 | 22872| 11167 31 24.6
Fig. 7 12454 78

5230 16
Table | 67 128 67| 58837, 11096 62 14.2
Fig. 8 25814 156

which includespropagtion and ame particle generatiorruns at
an averagerate of 24.6 framesper secondfor the sphereand 14.2
framespersecondor thetable. This is anaveragevaluesincethe
numberof re emittersandthe ame lengthis dynamicallychang-
ing duringthe simulation,whichmeanghatthenumberof particles
beingemittedis changing.Reducingthe numberof the ame par

ticlesfurther, the simulationcanrun muchfasterwhile losingsome
imagequality.

We usethe graphicshardwareaccelerated BM [Li etal. 2003]
to calculatethewind eld aroundthe object. The grid sizefor the
LBM computations 60 80 60andthespeeds aboutl7 msper
stepon an Nvidia GeForce4Ti 4600 cardwith 128MB memory
while acomparabléeCPU computatiorspeeds 384 msperstep.

7 Conclusions
We have presentedh new methodfor simulatingthe evolution of

the re frontsandtheburning of objectsrepresentedsvolumetric
datasets.Our methodcanbe summarizeds:



Figure7: Simulationof one re front evolving on a volumetricsphere.Oncethe outsidesphericalayeris consumedtheinternalstructures
arerevealed.

Figure8: Simulationof two re frontsevolving onavolumetrictablesimultaneouslyThe re startsfrom two legsof thetableandpropagtes
to thetabletop. Eventuallythe two fronts meige together Oncethe outsidewoodenlayeris consumedthe noncomhistible metalframeis
revealed.



Usingenhancedlistanceeld representationre-front points
areguaranteedo stick to the virtual surfacewhile propagt-
ing. This propagtion methodcan be easily appliedalsoto
polygonalobjects.

A shellvolumeis employedto rapidly generatearrav bands,
which areusedin a fastmarchingmethodto createthe dis-
tance eld for thevolumetricdatafor ary givenisovalue.

Thehardware-acceleratedBM generates physically-based
ow eld aroundcomplex burning objectsat an interactve
speed.

Fire ame particlesemittedfrom the objectsurfacemove ac-
cordingtothe ow eld. They arerenderedogethewith the
objectvoxels by splattingto producetherealistic re visuals
while keepingthe volumerenderingeffectsof the object.

Our future work will focuson the re comhustionprocessand
the burning effects on volume objectswhich are not addressed
here.For example,volumeobjectsmaydeformbecaus®f the heat
and someobjectswill even melt or break. We plan to introduce
physically-basednethodso modelsuchphenomenaAt the same
time, we will work on the new GeForce FX cardwhich supports
oating point computationto acceleratehe LBM. The real time
simulationwill beimplementedn higherresolutiongrids.
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