
Voxels on Fire

YeZhao XiaomingWei ZheFan Arie Kaufman HongQin �

Centerfor VisualComputingandDepartmentof ComputerScience
Stony BrookUniversity

Stony Brook,NY 11794-4400

Abstract

Weintroduceamethodfor theanimationof �re propagationandthe
burningconsumptionof objectsrepresentedasvolumetricdatasets.
Our methodusesa volumetric�re propagationmodelbasedon an
enhanceddistance�eld. It cansimulatethe spreadingof multiple
�re frontsoveraspeci�edisosurfacewithoutactuallyhaving to cre-
atethat isosurface. Thedistance�eld is generatedfrom a speci�c
shell volumethat rapidly createsnarrow spatialbandsaroundthe
virtual surfaceof any given isovalue. The completedistance�eld
is thenobtainedby propagationfrom theinitial bands.At eachstep
multiple�re frontscanevolvesimultaneouslyonthevolumetricob-
ject. The�amesof the�re areconstructedfrom streamsof particles
whosemovementis regulatedby avelocity �eld generatedwith the
hardware-acceleratedLatticeBoltzmannModel (LBM). TheLBM
providesa physically-basedsimulationof the air �o w aroundthe
burningobject.Theobjectvoxelsandthesplatsassociatedwith the
�ame particlesarerenderedin thesamepipelinesothatthevolume
datawith its externalandinternalstructurescanbedisplayedalong
with the�re.

CR Categories: I.3.5 [ComputerGraphics]:ComputationalGe-
ometry and Object Modeling—Physically BasedModeling; I.3.7
[ComputerGraphics]:Three-DimensionalGraphicsandRealism—
Animation

Keywords: Fire Propagation,DistanceField, LatticeBoltzmann
Model,Splatting,GPUAcceleration

1 Intr oduction

Simulating�re phenomenais importantin many applicationssuch
as entertainment,visual simulation,battle�eld visualization,and
even landscapedesign. However, the visualizationandanimation
of �re is dif�cult. Extensive studies[Beaudoinet al. 2001;Chiba
et al. 1994;Leeet al. 2001;Nguyenet al. 2002;Perlin1985;Per-
lin andHoffert 1989;PerryandRicard1994;Reeves1983;Stam
andFiume1995] have beenconductedusingdifferentapproaches
to model and renderthe dynamicbehavior of �re. A good sur-
vey hasbeengivenby NielsonandMadsen[1999]. Over a decade
ago,Perlinet al. [1985; 1989]presenteda noise-basedmethodto
model�re wherefractalperturbationis 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 propagationor externaleffectssuchas
wind. Reeves[1983]proposedtheuseof aparticlesystemto model
�re. Themotionof the�re particleswasaffectedby externalforces,
suchasgravity. Dueto thediscretenatureof particles,ahugenum-
ber of themwasrequiredto achieve goodvisual effects. Chibaet
al. [1994]combinedauserde�nedvortex-basedvelocity�eld anda
2D fuel mapto describethemovementof �re. The�nite difference
solver for partial differentialequationswasusedin both the work
of Stamand Fiume [1995] and the work of Fosterand Metaxas
[1997] to simulateturbulent gasand�re. Qian et al. [1998] used
a front trackingmethodto simulatein�nitely thin premixed �ame
surface,whichis explicitly representedby connectedmarkerpoints.
Recently, Nguyenet al. [2002] presenteda methodbasedon the
Navier-Stokesequationsto modelfuel with hot gaseousproducts.
Using the level setmethodto track themoving �ame surfacethey
producedrealisticlooking turbulent�ames.

Unlike thesestudies,we focusin this paperon themodelingof
�re front propagationandtheburningconsumptionof objectsrep-
resentedby volumetricdatasets,suchasthetableshows in Figure
1. Splattingis usedto renderthe �ames resultingin a realisticvi-
sual effect. King et al. [2000] �rst usedtextured splatsin their
work to avoid the computationalcomplexity of large particlesys-
tems. In our earlierwork [Wei et al. 2002], texturedsplatswere
adoptedasthebasicdisplayprimitivesandtheLatticeBoltzmann
Model (LBM) wasintroducedto model the interactionof the �re



with wind. Weexpandourwork with LBM to generatetheexternal
air velocity �eld thataffectsthemovementof the�re front.

Relatedto our work of �re front simulation,bothPerryandPi-
card[1994] andBeaudoinet al. [2001] simulatedthespreadingof
�re on polygonmeshes.In their work [Beaudoinet al. 2001], the
air velocity �eld wasgeneratedby userde�ned functionsrelatedto
environmentalproperties.Isosurfaceswerebuilt from densegrids
aroundthe �ame skeletonby MarchingCubes,wherethe density
valuesof grid pointswerecalculatedfrom �ame skeletonsaccord-
ing to the�re distribution properties.Leeet al. [2001] evolvedthe
geodesicsonpolyhedralsurfaces.They couldsimulatemultiple�re
frontssimultaneouslyaswell as�re front merging. In otherappli-
cations,somedifferent surfacepropagation methods[Turk 1991;
Ruuthetal. 2000]havealsobeenproposed.

All theseprevious propagation approachesfocusedon simulat-
ing the �re front on surfacetrianglesor polygons. In this paper,
we describea methodthatsimulatesthe �re evolution by usingan
enhanceddistance�eld on volumetricdatasets. Given a speci�c
densityisovalue,we do not generatethe isosurfacefrom the vol-
umetric dataset. Instead,the �re front propagatesdirectly on a
virtual surfacerelatedto this isovaluein thevolumetrucobject. In
eachstep,�re-front pointsmovealongatangentdirectionof theob-
ject surfacede�ned by externalforces. Distance�eld information
guaranteesthat thenext positionof thesepointsalwaysadheresto
the virtual surface. Our distance�eld is createdby a propagation
methodfrom anarrow bandof spaceneartheisosurface.Neighbor-
ing bandsde�ned by different isovaluescanbe rapidly generated
from a shellvolumethatsavesthedensityrelationsbetweenevery
voxel andits neighbors.

Along the�re front, �ame particlesareemittedaccordingto the
fuel valueof thecurrentpositionof theobject.Theirmovementfol-
lows theair velocity �eld which is simultaneouslycomputedwith
a graphicshardwareacceleratedLBM. We simply model the ob-
jectburningcomsumptionby modifying thefuel propertyof object
voxelsandremove theburnt voxels from therendering.Thecom-
plicatedcombustionprocedureandtheobjectburningdeformation,
meltingandbreakingareleft for futurework. Splattingis usedas
our direct volume renderingmethodfor both �ame particlesand
objectvoxels. The objectsplatsarecreatedaccordingto the user
de�ned transferfunctionsso that the traditionalvolumerendering
effectscanbeachieved. Thesesplatsareprojectedontothescreen
planewith an opacityblendingfunction to createthe �nal image.
In this way, the internalstructuresof thevolumetricobjectcanbe
renderedtogetherwith the�re usingthesamerenderingframework.

Working on volumetric datasetshasseveral advantages.The
internalstructureof the burning objectscanbe revealedoncethe
outerlayer is burnt andrendereduniformly with the �re �ames to
achieve high quality results.Theconsumptionof fuel in volumet-
ric objectsis moreplausibleandeasyto implement.Furthermore,
dueto theuseof distance�eld thecomputationtime hasno direct
relationto the topologicalcomplexity of the object. It mainly re-
latesto thevolumedatasizeandis pre-calculated.In contrast,the
computationaltime of polygon-basedmethodsdependsheavily on
thenumberof trianglesor polygonsandtheirtopologicalstructures.
Moreover, althoughwecurrentlyfocusonvolumetricdatasets,our
propagationmethodcanbeeasilyappliedto polygonalobjects.

Theremainderof thepaperis organizedasfollows: In thenext
section,we introducethe distance�eld generation.In Section3,
the �re propagation methodon the virtual isosurfaceis described.
Flamegenerationfrom theLBM is discussedin Section4. In Sec-
tions 5 and6, we presentour splat renderingmethodandseveral
simulationresults.

2 Distance Field

A distance�eld is a scalar�eld thatspeci�esa distanceto a shape,
wherethedistanceis usuallysignedto distinguishbetweenthe in-
sideandoutsideof the shape.DatasetD representinga distance
�eld to surfaceSis de�ned as:D : R3 ! Randfor p 2 R3,

D(p) = sgn(p) � minfj p� qj : q 2 Sg (1)

wheresgn(p) = 1(� 1) if p is inside (outside)of S, and jj is the
Euclideannorm. For eachvoxel in the 3D volumedatasetgrid,
thedistanceto theclosestpoint on thesurfaceis stored.In our �re
propagationmethod,we useanenhanceddistance�eld to save not
only thedistancevalue,but alsothesurfacepoint q in Equation1
that de�nes this value. Whena �re-front point moves to a posi-
tion outsideor insidethesurface,we caneasilymove it backto its
closestpointon thesurfaceusingthedistance�eld.

Distance�elds have beenusedfor morphing[Cohen-Oret al.
1998], virtual endoscopy or skeletal representation[Zhou et al.
1998;Zhou andToga 1999],digital characters[Perry andFrisken
2001], andotherapplications.Usually the distance�eld is calcu-
latedfrom theobjectmodeledasapolygonmesh[Jones1996].For
theobjectmodeledasa volumetricdataset,a meshmaybegener-
ated�rst [PayneandToga 1992]. Frisken et al. [2000] proposed
a hierarchicalcomputationfor distance�elds. JonesandSatherley
[2001] gave a brief review of generationmethodsandproposeda
chamferdistancetransformmethod.Breenetal. [1998]createdthe
distance�eld from a constructive solid geometrymodel in a two
stepprocess:First they calculatedthe shortestdistancesto a set
of pointswithin a narrow bandaroundtheevaluatedsurface.Sec-
ondthey usedafastmarchingmethodto propagatetheshortestdis-
tancesandclosestpointsinformationover thewholevolume. Our
approachusesa propagatingmethodsimilar to theirs,however, we
generatenarrow bandsfor any givenisovaluedirectly via a special
shell volumeof the volumetricdataset. Therefore,the �re fronts
canevolveondifferentisosurfaceschosenby theuser.

2.1 Shell Volume
For a traditionalvolumetricdatasetV whichstoresthedensitiesof
all the voxels, the shell volumeis de�ned asa datasetwhich has
the samegrid sizeasV but storesthreespecialdensityrangesfor
every voxel. The basicideaof using the shell volume is that for
a given isovaluewe canpromptlydeterminewhethera voxel of V
is inside,outsideor on thecorrespondingisosurface.For this pur-
pose,we save threeranges(min0;max0), (min1;max1) and(min-
1, max-1) for eachvoxel by comparingthe densityvaluesin its
26-neighborhood.The (min0;max0) rangeis de�ned as follows:
For eachcell C denotedc asthe densityof the cell anddm asthe
minimum densityof its neighbors(if one of its neighborsis out
of grid boundary, dm is set to 0). Then,min0 = min(dc;dm) and
max0 = max(dc;dm). For the(min1;max1) rangeof C, min1 is de-
�ned asthe smallestmin0 of its lower densityneighbors(i.e., the
neighborsof C whichhavethedensitiessmallerthanC). And max1
is de�ned asthe largestmax0 of its lower densityneighbors.Fi-
nally, for the (min-1, max-1) rangeof C, min-1 is de�ned as the
smallestmin0 of its higherdensityneighborsandmax-1 is de�ned
as the largestmax0 of its higher densityneighbors. Straightfor-
wardapplicationof theabove de�nitions canproduceoverlapping
ranges.In suchcases,we modify eithermin-1 or max1 asneeded
to ensurethatmax1 � min0 andmax0 � min-1.

To illustratetheuseof theshellvolume,considera speci�c iso-
value lying in the (min0;max0) rangeof voxel C. From this we
know that thecorrespondingisosurfacelies betweenC andat least
oneof its neighbors.HenceC canbe consideredas lying on the
isosurface.Now supposethat theisovaluelies in the(min1;max1)
rangeof voxel C. From this we canconcludethat the isosurface



(a)densitygrid (b) isovalue=10

(c) isovalue=14 (d) isovalue=18

Figure2: The shell volumeis usedto quickly andeasilygenerate
narrow bandsfor differentisovalues

lies oneneighboraway from C. Thus,at leastoneof C's neigh-
borscanbeconsideredaslying onthesurfaceandC mustbeinside
the isosurface(i.e., on thehigherdensityside). All thevoxels like
C, lying oneneighboraway from andon the high densitysideof
theisosurface,comprisewhatis termedastheinsidenarrow band.
Similarly, all thevoxels lying oneneighboraway from andon the
low densitysideof the isosurface,comprisewhat is termedasthe
outsidenarrow band. And �nally , the voxels betweenthosetwo
bandscomprisewhatis termedasthesurfaceband.

2.2 Distance Field Generation

Let usdenotetheinside,outside,andsurfacenarrow bandsasINB,
ONB, andSNB, respectively. For eachvoxel p in INB, initial dis-
tance�eld informationcanbegeneratedasfollows: Findtheneigh-
borsbelongingto SNB andidentify q astheclosestoneto p. Rather
thansaving thescalarvalueD(p) (de�ned in Equation1) astradi-
tional methodsdo, we insteadsave q which indirectly de�nes the
D(p) for p. Thesetof all suchq de�nes theINB distance�eld. In
the sameway, we de�ne the ONB distance�eld. Next, we prop-
agatethecomputationthroughthewholevolumein a way similar
to the fastmarchingmethodof Breenet al. [1998]. Note thatour
distancevolumeprovidesanalternaterepresentationof a standard
distance�eld.

Figure2ashowsa4� 4gridwherethevaluesrepresentthedensi-
ties.As anexample,thevoxel A hasits (min0;max0), (min1;max1)
and(min-1, max-1) rangesas(3;12), (0;3) and(12;15). For the
voxel B, theserangesare(1;6), (0;1) and(6;15). While theuser
choosestheisovalueas10,A is in theSNB andB is in ONB. Figure
2b shows the correspondingisosurface. When the isovalue is 14
which lies in the(min-1, max-1) rangeof bothA andB, Figure2c
shows thatthey arebothin ONB. In Figure2d,wheretheisovalue
is 18,bothof themdonotbelongto any narrow bandsandtheirdis-
tance�elds arecalculatedfrom propagation by the fastmarching
method.

3 Fire Propagation

To simulate�re propagation on a volumetricobject, the �re front
is representedby anevolving groupof front pointsonavirtual iso-
surface.Thesefront pointscanbeconsideredastheemittersof the
�ames.

3.1 Forwar ding Fire Front
In eachstep,the�re front evolveson thevirtual surfaceof theob-
ject. In our implementation,pointswhich representthe �re front
move forwardbasedon thecombinedeffect of their velocitiesand
external forces,suchaswind. The wind forcesarecalculatedby
LBM andthedetailswill begiven in thenext section.Whensim-
ulating point propagation on surfacemeshes,the pointsnecessar-
ily move acrossboundariesbetweendifferentpolygons[Beaudoin
et al. 2001; Lee et al. 2001]. The polygongeometricproperties,
suchasnormalvectorsand tangentvectors,are typically usedto
computenew positionsof the points. In contrast,we model the
�re propagationonavolumetricdatasetwithoutgeneratinganiso-
surfaceandno geometricentitiesof the surfaceareuseddirectly.
Nevertheless,thefront pointsalwaysadhereto avirtual isosurface.
In orderto achieve this, in eachtimestep,everypointmovesin the
following way:

1. Find thetangentplaneof thevirtual surfaceat thecurrentpo-
sition.

2. Calculatethe forward velocity from the currentvelocity and
thewind �eld velocitywhichrepresentstheexternalforceand
is computedby LBM.

3. Adjust the forward velocity within the tangentplane. Com-
putea temporarytargetpositionfrom thisvelocity.

4. De�ne thenext positionastheclosestpointonthevirtual sur-
faceto the temporarytarget positionusingthe distance�eld
information.

We �nd the tangentplaneat a point by utilizing the property
that it is perpendicularto thedensitygradientat thatpoint. During
preprocessing,we computethe gradientvectorsusingcentraldif-
ferencesfor every regularvoxel positionof thewholevolumedata.
If duringsimulation,apoint is not locatedataregulargrid position,
we simply usetrilinear interpolationto calculateits gradientfrom
its eightregularneighbors.

Figure3 illustratesthe procedurefor calculatingthe next posi-
tion, P1, of a �re-front point P. First, the gradientn of point P is
obtained.For this gradient,therearemany vectorsin the tangent
planeperpendicularto n, suchast andt0 in Figure3a. Figure3b
shows how we calculatetheforwardvelocity v1 of P by thevector
additionof the currentvelocity v0 andvelocity vf resultingfrom
external forces. In the next step,asshown in Figure3c, forward
velocity v1 shouldbe projectedonto the tangentplaneso that the
point alwaysmovesalongthesurface.Notethat theresultingvec-
tor v lies alongtheintersectionof thetangentplanewith theplane
de�ned by n andv1. Theprojection,v, is calculateddirectly from
v1 andn asv = v1 � v1 � n. This v is the tangentvectorwe want.
We just move its startpoint to P andcall it t. Finally, we move P
alongt to a temporarytargetpositionP0 by a prede�nedstepsize.
AlthoughP0 maynotbeexactlyontheisosurface,from thedistance
�eld we can�nd theclosestpoint P1 to P0 which is on thesurface,
asshown in Figure3d. Thus,P1 is thenext positionof P. We also
setthecurrentvelocity of P1 to bein thedirectionof t for thenext
stepof thecalculation.

Notethatoneof the innovationsof our methodis theuseof the
distance�eld asa crucial tool for the �re front forwarding. This
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Figure3: Calculatingthenext positionP1 of a �re front pointP .

methodis not limited to volumetricdatasets.After computingthe
distance�eld of thepolygonalobjects,it canbestraightforwardly
appliedto the �re front propagationon theseobjects. In this way,
thepropagationmethoddoesnot needto handlecomplicatedpoly-
gonsurfaceproperties,aspreviousstudiesdo. We shouldmention
that to achieve moreaccuratedistancevalues,we needto increase
thegrid resolution.However, this computationcouldbe�nished in
pre-computationandwill not in�uence thesimulation.

3.2 Adjusting Fire Front
A �re front consistsof a groupof points.While thesepointsmove
forwardon thevirtual surface,thefront shouldbekeptorderlyand
thepointsshouldbeuniformly sampledsothatnoself-intersections
or large gapsbetweenconsecutive points appear. To satisfy this
requirement,our methodinsertsor deletespointswhennecessary,
andalsohandlesself-intersections(theswallow tail problem)after
eachforwardingstep.Thesimilar methodwasalsousedby Leeet
al. [2001].

If the gap betweentwo consecutive points is too large, the �re
front cannotrepresentthe exact surfaceshape.This is addressed
by insertingmore points in the following way. We calculatethe
midpoint of the gap and usethe distance�eld to get the closest
point to it on thesurface. This point is insertedandits velocity is
set to the averageof its two neighborsalongthe front. If, on the
otherhand,thegap is too small,or evenzero,oneof thepointsis
deleted.

The swallow tail problemoccurswhenthe �re front intersects
with itself. We simply detectits occurrenceby checkingthedirec-
tions of onepoint P relative to its two neighborsPa andPb along
the front. If theanglebetweenPaP andPPb is too large, thereex-
ists a sharpcornerat P. To smoothout the swallow tail, we sim-
ply deleteP. Althoughthis methodmayoccasionallydeletesome
pointswhereno swallow tail happens,it only removessharpcor-
nersandbecauseof our point insertionanddeletionprocedure,it
doesnotadverselyaffect thepropagationof thefront.

Several �re fronts canpropagatesimultaneouslyandthey may
meet eachother. When they meet, the areaalreadyconsumed
shouldnot beburnt again. Thatmeansone�re front cannotpropa-
gateacrossanother. Weenforcethisby initializing thefuel property
of every voxel of thewholeobject. This fuel valuealsorepresents
theability of eachvoxel to emit different�ux esof �ame particles.
Whena front pointmovesto apositionalreadyconsumed,wesim-
ply deleteit. As a result,two �re frontsmaymergeandthenextin-
guish.

4 Fire Flames

The �re front emitsparticlesinto theair spaceto form the �ames.
Theseparticlesmoveaccordingto thewind velocity �eld surround-

ing thevolumeobject.

4.1 Wind Field
To modelwind andotherenvironmentaleffectsthat greatlyaffect
thedirectionandspeedof thepropagationof the�re front and�ame
dynamics,we adopttheLBM approach,insteadof usingthetradi-
tionalnoisefunctions[Beaudoinetal. 2001]. In our recentwork of
Wei etal. [2002;2003a;2003b],LBM hasbeenusedto modelopen
surface�re, smoke andspeci�c wind �eld. To achieve interactive
speeds,we alsoimplementedthe LBM computationson graphics
hardware[Li et al. 2003]. The designof the LBM andits simple
way of modelingcomplicatedboundaryobjectsmake it ideal for
ourapplication.In whatfollows,webrie�y review theLBM.

TheLBM [Kandhai1999;Muders1995] is a numericalscheme
for simulatingviscous�uids using a regular lattice of cells and
links. Motivatedby kinetic theory, the populationof �uid parti-
clescontainedin avolumeelementof �uid is representedby apar-
ticle velocity distribution, or packet distribution, at eachpoint in
space.Whereasbothspaceandtimearediscretized,thepacketdis-
tribution fa (x;t) is acontinuous,real-valuedfunctionthatspeci�es
thedensityof particlesat positionx, at time t with velocity vector
ea . Particlepacketsstreamalonglattice links from onesite to an-
otherin discretetimesteps.Betweenstreamingsteps,they undergo
collision. As in kinetic theory, the collisions conserve massand
momentum(andenergy for thermalmodels). In the limit of zero
lattice spacingandtime step,the LBM yields the incompressible
Navier-Stokesequation.

Figure4: TheD3Q19latticegeometry

To balancebetweenaccuracy andspeed,we employ theD3Q19
lattice which is a 3D lattice with 19 cells (the centercell with 18
neighboringcells),asshown in Figure4. On this lattice,thepacket
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Figure5: Streamlinesshowing thewind �eld aroundtwo objectboundaries:(a) sphere;(b) table.

distributionsaredenotedas fi wherei is aparticularlink with its ve-
locity vectorshown asei . Fromthepacketdistributions,themacro-
scopicdensity(mass)r andvelocityu arecalculatedasfollows:

r = å
i

fi u =
1
r å

i
fiei (2)

whereei is thevelocity vector, associatedwith link i. At eachtime
step,every cell updatesits packet distribution valuesbasedon col-
lision and streamingrules. Collision describesthe redistribution
of microscopicpackets at eachlocal node. Streamingdescribes
the motion of the packet distribution valuesto the nearestneigh-
boralongthelinks in thevelocitydirections.Thesetwo rulesof the
LBM canbedescribedby thefollowing equations:

coll ision: f new
i (x;t) � fi(x;t) = Wi (3)

streaming: fi(x+ ei ; t + 1) = f new
i (x;t) (4)

whereW is a generalcollision operator. Since, from a statis-
tical perspective, the effect of collisionsis to drive the systemto-
wardequilibrium,theBGK model[Kandhai1999;Muders1995]is
employedto representthecollisionoperationasrelaxationtowards
local equilibrium. Denotingtheequilibriumpacket distribution as
f eq
i , theBGK collisionoperatoris representedas:

fi(x+ ei ; t + 1) � fi(x;t) = �
1
t

( fi(x;t) � f eq
i (r ;u)) (5)

f eq
i = r (Ai + Bi(ei � u) + Ci(ei � u)2 + Di(u)2) (6)

wheret is therelaxationtimescale,determiningtheviscosityof the
�o w, andthecoef�cients Ai throughDi areconstantfor agivenlat-
tice geometry. Thesimplestway to de�ne boundaryconditionsin

theLBM is throughbounce-backor periodicboundaryconditions.
However, to de�ne thewind �eld aroundaburningobjectwith arbi-
trary shape,a moreaccurateboundaryconditionis needed.In this
paper, we adoptthe curved boundaryconditionproposedby Mei
et. al [2000]. Thesurfacesof theburningobjectsareresampledac-
curatelyastheintersectionpointson thelinks between�uid nodes
andsolid nodes.Theincomingpacket distributionsarethencalcu-
latedexplicitly in a way similar to Equation6. Thedensityr and
velocity u of nearby�uid nodesandthe boundaryvelocity uw of
the intersectionpointsareusedin this computation.We have used
thisapproachin ourpreviouswork to modelthebehavior of smoke
in an urbancanyon [Wei et al. 2003a]and the wind �eld around
a moving object[Wei et al. 2003b]. In this paperwe bene�t from
thesimpleandef�cient wayof LBM to generatethedynamicwind
velocity �eld arounddifferentobjects. In Figure5, we show the
wind �eld generatedaroundtwo objects.Streamlinesareoriginat-
ing from a planecuttingthroughthemostactive �o w region of the
grid. Redstreamlinesindicateout-coming�o w towardsthe user,
greenstreamlinesindicateincoming�o w away from the userand
bluestreamlinesindicatethe�o w on theplane.

4.2 Flame Generation
A voxel whereanemitterexistshasafuel value,thatalsorepresents
the fuel of theemitter. In eachsimulationstep,�ame particlesare
emittedfrom the �re-front points with an initial velocity de�ned
by thecurrentwind velocity andthefuel of its emitter. Thefuel of
theemittersis consumedby emittingdifferentnumbersof particles.
At the sametime, the particlesareadvectedby the LBM velocity
�eld in the air space.Sincethe particlepositionsmay not lie on
theregulargrid siteswheretheLBM velocitiesareknown, trilinear



interpolationis usedasneeded.
The LBM velocity �eld is calculatedaspart of the simulation

usinggraphicshardwareacceleration,asdetailedin our previous
work [Li et al. 2003]. We computeboth the developingvelocity
�eld andtheevolving �re asthetimegoeson.

Flameparticleshave a �nite life spandeterminedby the fuel
valueof that part of the objectfrom which they areemerging. To
modelthisbehavior, wheneachparticleis emitted,it is givenalife-
timevalueproportionalto thefuel valueof its emitter. Thelifetime
value subsequentlydecreasesby somefactor in every time step.
Whena particle's lifetime reacheszero,it is deletedandno longer
contributesto therendering.A �ame list is createdfor eachemitter
on the�re front. This list connectsall active particlesemittedfrom
asingleemitterandrepresentsa �ame skeleton.

5 Rendering

In previousstudies[PerryandRicard1994;StamandFiume1995],
�re was typically renderedas a collection of particleswith sur-
roundingpropertiessetby theuserandobjectsarerenderedastra-
ditional geometricprimitives. Beaudoinet al. [2001] introduced
well-de�ned contoureffectsto build individual �ames. They mod-
eled�ames usingimplicit surfacesgeneratedby MarchingCubes
from densegridsaround�ame skeletons,assigneddifferentcolors
to theresultingsurfaces,andachievedgoodvisualeffects.Nguyen
etal. [2002]renderedthe�re asaparticipatingmediumwith black-
bodyradiationusinga stochasticray marchingalgorithmandgave
realistic�re results.Our methodinsteadworkson thevolumedata
directly, thereforeit bene�ts from direct volume renderingtech-
niqueswithoutgeneratingisosurfaces.In thisway, externalandin-
ternalstructuresof theobjectscanberenderedtogetherwith the�re
�ames in auniform framework to achievesuperiorvisualeffects.

(a) (b)

Figure6: Renderingwidth-decreasingsplatswith differentcolors
to simulatea �re �ame: (a)Decreasingwidth splatsona �re �ame;
(b) A �re �ame renderedwith decreasingwidth splatswith multiple
colors.

Weusesplatting[Westover1990]to renderthevoxelsand�ame
particlestogether. The traditionalGaussiankernel is usedto cre-
atethesplats.Flameparticlesareaddedasa differenttypeof splat
andthesearesortedtogetherwith all thevoxel splatsaccordingto
their distanceto the screenplane. The sortedsplatsareprojected
ontothescreenin front-to-backorderandthe�nal imageis created
from their blending. Differentopacityvaluesmustbe assignedto
differentsplatsto enabletheblendingprocedure.Weassignopacity
valuesto �re particlesmanuallyfrom a tablewhile theopacityval-
uesof voxelsareassignedby classictransferfunctions.For �ame
splats,small opacityvaluesmake the �re translucentwhile large
valueshide theobjectsbehindthe �re. To keeptherealisticshape

of each�ame, we useGaussianspheresplatsto represent�ame
particleson one�ame skeleton. Becausethe numberof particles
emittedin a simulationof one�ame is not denseenoughto show
thecontinuousshapeof the�ame, moresplatsareaddedjust for the
rendering.In addition,to modelthedecreasingwidth of the �ame
from theroot to thetip, wesimplydecreasetheradiusof eachparti-
clesplatmoving from theroot to thetip. Thecolorvariationcaused
by differentwavelengthdistributionsover the�ame dependsonthe
distancefrom the baseof the �ame. Our methodassignsdiffer-
entcolorsto differentpartsof thesplatsaccordingto their distance
from thecenterto producea single�ame in coloredlayers.These
effectsareillustratedin Figure6. For bettervisualeffects,we use
the noisebasedmethod,datashader[Brian andMackerras1993],
to choosethecolorof thesplatsin orderto synthesizethetextureof
thevolumeobjects.

6 Results

Wehave implementedourmethodandtestedit onseveralvolumet-
ric datasetsusinga 2.53GHzP4 CPU and1GB rambus memory.
Figure7 shows thesimulationof a single�re front on a sphere.As
the�re evolvesfrom thebottomto thetop, theoutsidelayerof the
sphereis consumedby burning andthe internalstructuresarere-
vealed.We render�re particlesandvoxels togetherby traditional
splatting.Thevolumeobjectsappearanceis controlledby transfer
functionseasilytunedby theuser. Figure8 simulatestwo �re fronts
thatstartfrom two legsof avolumetrictableandpropagateover the
tabletop. Eventuallythetwo frontsmergetogether. Theothertwo
legs are not consumedbecauseof the wind �eld direction. The
wood layerof the tableis burnedandthe internalnoncombustible
materialis revealed.Thecomputationalresultsandtheaveragesim-
ulation ratesareshown in Table1. The �re simulationalgorithm

Table1: Simulationresults

Volume No. of No. of Propagation 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 includespropagation and �ame particlegenerationrunsat
an averagerateof 24.6framesper secondfor the sphereand14.2
framespersecondfor thetable. This is anaveragevaluesincethe
numberof �re emittersandthe�ame lengthis dynamicallychang-
ing duringthesimulation,whichmeansthatthenumberof particles
beingemittedis changing.Reducingthenumberof the �ame par-
ticlesfurther, thesimulationcanrunmuchfasterwhile losingsome
imagequality.

We usethegraphicshardwareacceleratedLBM [Li et al. 2003]
to calculatethewind �eld aroundtheobject. Thegrid sizefor the
LBM computationis 60� 80� 60andthespeedis about17msper
stepon an Nvidia GeForce4Ti 4600cardwith 128MB memory,
while acomparableCPUcomputationspeedis 384msperstep.

7 Conc lusions

We have presenteda new methodfor simulatingthe evolution of
the�re frontsandtheburningof objectsrepresentedasvolumetric
datasets.Ourmethodcanbesummarizedas:



Figure7: Simulationof one�re front evolving on a volumetricsphere.Oncetheoutsidesphericallayer is consumed,theinternalstructures
arerevealed.

Figure8: Simulationof two �re frontsevolving onavolumetrictablesimultaneously. The�re startsfrom two legsof thetableandpropagates
to thetabletop. Eventuallythetwo frontsmergetogether. Oncetheoutsidewoodenlayer is consumed,thenoncombustiblemetalframeis
revealed.



� Usingenhanceddistance�eld representation,�re-front points
areguaranteedto stick to thevirtual surfacewhile propagat-
ing. This propagation methodcanbe easilyappliedalso to
polygonalobjects.

� A shellvolumeis employedto rapidlygeneratenarrow bands,
which areusedin a fastmarchingmethodto createthe dis-
tance�eld for thevolumetricdatafor any givenisovalue.

� Thehardware-acceleratedLBM generatesa physically-based
�o w �eld aroundcomplex burning objectsat an interactive
speed.

� Fire �ame particlesemittedfrom theobjectsurfacemove ac-
cordingto the�o w �eld. They arerenderedtogetherwith the
objectvoxelsby splattingto producetherealistic�re visuals
while keepingthevolumerenderingeffectsof theobject.

Our future work will focuson the �re combustionprocessand
the burning effects on volume objectswhich are not addressed
here.For example,volumeobjectsmaydeformbecauseof theheat
and someobjectswill even melt or break. We plan to introduce
physically-basedmethodsto modelsuchphenomena.At thesame
time, we will work on the new GeForceFX cardwhich supports
�oating point computationto acceleratethe LBM. The real time
simulationwill beimplementedonhigherresolutiongrids.
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