
Carto on Rendering of Smoke Animations

Andrew Selle�

StanfordUniversity
Alex Mohr

Pixar
StephenChenney

UW Madison

Abstract

We describea techniquefor generatingcartoonstyleanimationsof
smoke. Our methodtakesthe outputof a physically-basedsimu-
lator andusesit to drive particlesthatarerenderedusinga variant
of the depthdifferencestechnique(originally usedfor rendering
trees). Speci�c issueswe addressincludethe placementandevo-
lution of primitives in the �o w and the maintenanceof temporal
coherence.Theresultsarevisually simple,�ick er-freeanimations
that convey the turbulent, dynamicnatureof the gaswith simple
outlines.
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1 Intro duction

Considerapuff of smoke. A cartoonistmightdraw aswirly bound-
ary with a solid white interior, andmaybesomeinternalswirls. A
photographof smokere�ectscomplex volumetriclight interactions,
drivenby theequationsof �uid dynamics.For stylizedanimations
we prefertheabstract,swirly form, while for specialeffectsa pho-
torealisticresultis desired.

This paperdescribesa techniquefor cartoonrenderingof ani-
matedsmoke. Our aim is to generatestylizedanimationssuchas
theoneshown on theleft in Figure1, which conveys theturbulent,
�uid natureof the gas using only solid blocks of color and hard
silhouettes.Our methodis driven by the output of a physically-
basedsimulator, ensuringthat theanimated�o w is consistentwith
gaseousbehavior. Wealsohaveaccessto physicalpropertiesof the
�o w, suchasdensity, which we canuseto modify therenderingas
in Figure1.

Our contribution is a methodfor producinganartistic,animated
smoke renderingfrom a physically-basedsimulation.Thesimula-
tor (in our caseFedkiwet. al.'s [2001] algorithm)ensuresthat the
basic�uid motion is plausible;thevelocity �eld evolvescorrectly,
massis conserved, andscalar�elds suchaspressureandtemper-
atureare consistent. We embedparticlesin the �uid and advect
them with the �o w. Theseare then renderedusing an extension
of DeussenandStrothotte's [2000]depthdifferencestreerendering
technique.Particle primitivesarerenderedandthenpixels whose
depthdiffers signi�cantly from their neighborsare drawn as sil-
houettes.Several innovationswererequiredto adaptthe basical-
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Figure 1: Left: frame from a �uid animationgenerated by our
system,in an abstract renderingstyle reminiscentof hand-drawn
smoke andclouds.Right: anotherframefromour system,colored
by velocitymagnitude. Our stylizedrenderingscapture the same
senseof billowing, turbulent�ow asphotorealisticsmoke.

gorithm to smoke animation,including a methodfor evolving the
primitivesto re�ect propertiesof the�o w (densities,temperatures,
etc.),shapingandorientingparticlesdynamicallyto convey infor-
mation,andstrategiesfor maintainingtemporalcoherence.

1.1 Related Work

Particlesystemsaretypically usedto simulateandrendersmoke in
real time applications,suchascomputergames.Proceduralrules
guidetheevolution of billboardparticlesthatareblendedtogether
to give theappearanceof smoke. A stylizedlook canbeachieved
usingnon-photorealisticbillboards;LamorletteandFoster's [2002]
�re modelingwork is averyhighqualityexampleof thisapproach.
An alternative for stylizedrenderingis advectednon-photorealistic
textures [Witting 1999; Neyret 2003], in which a texture is de-
formed by the �o w. This approach,however, typically removes
detailasthe�o w evolvesandthetexturemixes.

Our target styles,however, requirehardedgesin someregions
to de�ne theshapeandmotionof the�o w, but in coexistencewith
large low detail regions. Blendedbillboard or texture approaches
cannoteasily producethis result: renderinghard-edgebillboards
will produceunnecessarydetail in the middle of the cloud, while
soft edgebillboardswould fail to de�ne the edges.It is similarly
dif�cult tode�ne texturestocapturethiseffectandmaintainit asthe
�o w evolves.Billboard particlesystemshave theseconddisadvan-
tageof requiringa particle-basedproceduralmodelof thesmoke's
motion, which is not alwayseasyto derive. While our work is at
hearta particle-basedapproach,we usephysically-basedsimula-
tions to ensureplausible�o w, andfor the �rst time apply a depth
differencesalgorithmto therenderingof smokebillboards.

Yu et.al. [2000]describeaproceduralmodelfor generatingstill
imagesof cartoonsmoke. They de�ne a spinefor the smoke-trail
consistingof a sine curve with frequency and amplitudethat in-
creaseswith height from the source.Their modelonly appliesto



smoke rising from a source(a cigaretteor smokestack)andis not
designedfor animation.

There has beenextensive work on the photorealisticrender-
ing of smoke and other gaseous�o ws. Fedkiw, Stamand Wann
Jensen's [2001] work representsthecurrentstateof theart in pho-
torealisticsmoke. This andothermethods[Kajiya andVon Herzen
1984;Gardner1985;Sakas1990]simulateor approximatethescat-
tering,emissionandadsorptionof light by smoke particles.These
methodsare slow comparedto billboard and texture approaches,
andit is not clearhow to adaptthemfor stylizedrenderings.

Non-photorealisticrenderinghaspreviously beenappliedto the
problemof visualizing�uids, with theaimof improving aviewer's
understandingof the underlying physics. Kirby, Marmanisand
Laidlaw [1999] encodea rangeof �o w-derived variablesin both
the strokes and layers of a painting. For example, stroke size
andorientationshows the velocity �eld magnitudeanddirection,
while anunder-paintingshows thevorticity direction. Healey and
Enns[2002]presentweatherdatavisualizationsthatusetextureand
stroke to convey information. While thesetechniquesproduceim-
agesthat areboth visually appealingandscienti�cally useful,we
aim for a moreabstractrepresentationthat explicitly hidesinfor-
mationin therendering.

The following sectiondiscussesthe details of our technique.
Section3 andour video show someresults,while Section4 dis-
cussesthe limitations of our work andsuggestsdirectionsfor im-
provement.

2 Implementation

Our smoke renderingsystemconsistsof threemaincomponents:a
simulatorfor driving themotionof embeddedsmoke particlesand
associatedscalar�elds (suchastemperature);a renderingsystem
thatusesdepthdifferences[DeussenandStrothotte2000] to draw
theparticlesin a cartoonstyle;andaninterfacelayerthatmanages
theevolutionof theparticlesover time.

2.1 Smoke Simulation

Thesmokesimulatormustproducemotionfor thesmokeparticles,
aswell asassociateddatasuchastemperatures.Particle systems
areonecommonapproachto this problem,having the advantage
of intuitive parameterizedcontrol. However, for a generalpurpose
smoke simulatorit is unclearhow to createrealisticrulesthatcap-
ture all the possibleeffectswhile retainingusability. The needto
trackscalar�elds addsfurthercomplications.

Physical modelshave the advantageof producingrealisticpar-
ticle motion and any associatedparameters.Recentadvancesin
physically-based�uid simulationshavemadethemaviablemethod
for real-timesmoke animation. In particular, Stam's [1999] semi-
Lagrangianstable�uids hasmadesmoke simulationmorerobust
and lesserror-prone. Fedkiw, StamandWannJensen[2001] im-
proveduponStam's approach.For largersimulations,Rasmussen
et. al.'s [2003] layeringapproachenablesef�cient, realisticsimu-
lation. Finally, Treuille et. al. [2003] introduceda methodfor the
key-framecontrolof smokesimulations.

We generateour smoke motion with the physically-based
methodof Fedkiw et. al. [Fedkiw et al. 2001]. However, we re-
quireonly theoutputof a smoke simulator– we do not modify the
simulationalgorithm– so any proceduralor physically-basedap-
proachcould be usedwith our systemif it generatesthe required
data.

To generatea particle set, we simply run the smoke simula-
tion introducingmasslessmarkerparticlesperiodicallyatthesmoke
source.Theseparticlesareadvectedthroughthesimulationveloc-
ity vector�eld usingEulerintegration.Position,velocity, andden-
sity arelinearly interpolatedfrom thesimulationgrid. This is easy
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Figure2: Theimage on theright showstheresultof thedepthdif-
ferencesalgorithmperformedontheleft imagewith thresholdvalue
g = a. Notethepixelswith depthdifferencegreaterthang are col-
oredblack.

to implementbecausesemi-Lagrangiansolversalreadyincludepar-
ticle tracingasoneof thebasicbuilding blocksof thesimulation.

2.2 Rendering

Toproduceacartoonstylerenderingwemustgeneratesharpsilhou-
ettesat interestingpointsin thesmoke, but otherwiseuseconstant
color chunksto indicatethe body of smoke. It is particularlyim-
portantto usethesilhouettesto convey theappearanceof turbulence
andvortices.

Particle basedrenderingsare advantageousin that, moving in
concert,they tendto capturerapidchangessuchasturbulenceand
vortices.Oneapproachmightbeto identify theinterestingparticles
in thesmoke andrestrictsilhouetterenderingto those.However, it
is dif�cult to identify suchregionsby looking at only oneparticle
atatime. It is alsonotclearhow to setthethresholdsfor interesting
behavior, asthesemight changethroughoutthesimulation.

An alternative is to forgoparticlesandwork with isosurfacesde-
rivedfrom thesimulation.Thesilhouettesof suchsurfacescouldbe
rendereddirectly. However, isosurfacesarenot well resolvedfrom
the relatively coarsegrid of a physically-basedsimulationmodel,
andparticle-systemmodelsareruledoutentirely. Additionally, us-
ing an isosurfacemakesthe implicit andincorrectassumptionthat
all the interestingbehavior of smoke occursat a small, readilyde-
�ned setof isovalues.

Oursystemworkswith particles,but employsaglobalalgorithm
to �nd placeswheresilhouettesshouldbe drawn. We adaptthe
depthdifferencestechniqueoriginally introducedby Deussenand
Strothotte[2000] for generatingpen-and-inkillustrationsof trees.
A renderingprimitive, suchasa disk, is associatedwith eachpar-
ticle andrenderedto the depthandcolor buffers. A secondpass
looks at the depth buffer for every pixel. If the central differ-
enceof the depthbuffer z acrossany of its four facesexceedsthe
depththrehsoldg then its color is set to black as shown in Fig-
ure 2. Speci�cally, the color of pixel i; j is overriddento be the
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Wecreateda rangeof smokeprimitivesincludingacirclecloud,

a puffy cloud, and a “hairy” cloud shown in Figure 3. We use
OpenGLto rasterizetheseprimitivesandreadbackthe color and
depthbuffersto performthedepthdifferencecomputation.

The depthdifferencesalgorithmworks well on a singleframe,
but whenappliedto an animatedsequencedistractingvisual arti-
factsmaybe introduced.Thesearisewhentherearesuddenshifts
in silhouettesedgesdueto primitivescrossingthedepthdifference
thresholdasthey move forward andbackward. Advectingprimi-
tivesin the�o w removesmostof theseartifactsbecause,whenthe
�o w is coherent,thedepthswitcheswill not cause�ick ering. Inco-
herent�o w will still cause�ick ers,but in ourcasethatcorresponds
to turbulenceandvortices– preciselythelocationswherehigh fre-
quency effectsaredesirable.



Figure3: Threedifferentstencilsusedasrenderingprimitives,and
theresultingimages.

Figure4: Velocitydirectionandmagnitude's effecton particle ren-
dering. Notethe stretch is proportional to the velocitymagnitude
while theorientationof thestencilis proportionalto theangle.

Simpleadvectedparticlesarenot suf�cient for high quality car-
toon renderings.Onewould like to eventuallyremove particlesif
their densityfalls below a certainthreshold.Simply removing the
particleswill createjumps,socareis requiredin managingtheevo-
lution of particlesover time. Correspondingly, particlesmaynotbe
advectedinto all areasof density, sonew particlesshouldbeadded
in areasof suf�cient density.

2.3 Simulation-Rendering Interface

To improvetemporalcoherenceandgivemore�e xibility to theani-
matorwemodulateparticledrawing basedonpropertiesof thepar-
ticles. The informationour particlesprovide from the simulation
suggestintuitivecontrolsto thelook of ourrenderer. All thesemod-
ulationsaremodeledassimplelinearinterpolationramps,but more
complicatedschemesarepossible.

Thedensityaroundaparticledrivestheparticlesize.Thehigher
thedensitythelargertheparticleandthusthemorein�uence it has
onthe�nal image.Conversely, asaparticledivergesfrom themain
actionof the simulation,it enterslow densityregionsandthus is
renderedsmaller. This not only conveys the in�uence of particles
but alsohelpstemporalcoherence.As the particle reacheslower
densityregions, its resultingsmall sizeallows for its elimination
withoutcausinga largetemporaldiscontinuity.

Thecolor of theprimitive renderingcanbemodulatedby either
temperatureor density. For example,a nuclearexplosioncouldbe
modeledwith a simulation.At thehighesttemperature,in thecore
of the explosion,the color of the primitive could be red fadingto
blackasthesootcools.Or, at thehighestdensity, thesmoke could
berenderedblack,while at thelower densitytheparticleprimitive
couldberenderedwhite.

Figure5: Twoblobsof smokecolliding andforminga donut,show-
ing our renderer handlestopological changesgracefully.

Figure6: Anexplosionwhere thesmoke is propelledsidewaysuntil
it coolsandfalls downward.

Thevelocityof theparticleis usedto determineboththerotation
of theprimitive andtheamountof stretch.While theprimitive al-
waysfacestheviewer, thereis a degreeof freedomin its in-plane
rotationwhich it is importantto control.Keepinga �x edalignment
producesuninterestingrenderings,while choosingit randomlyper
frameproducestemporalincoherence.Instead,we orient thesten-
cil in the velocity direction. In addition to maintainingcontinu-
ity, it alsomakessmoke directionchangesmorevisually apparent.
Squashandstretch,�rst introducedto thegraphicscommunityby
Lasseter[1987]canbeintroducedby stretchingtheprimitive in the
velocity direction. This approachto settingorientationandstretch
is similar to thatusedby Chenney et. al. [2002]. Figure4 depicts
theeffect velocity andanglehave on stretchandorientationof the
renderedparticle.

3 Results

We have simulatedandrenderedseveralexamplesto illustrateour
system.Eachexamplestartedwith thesimulationof thetargetsce-
nario,andtheresultsweresubsequentlyfed into our renderer. One
of thechiefadvantagesof oursystemis thatit canrenderany smoke
behavior thatcanbegeneratedwith thesmokesimulator.

In Figure5, two separatecloudsof smoke arepropelledtowards
eachother. When they collide, they form a donut. This shows
thatevenwhentopologychanges,our advectedparticlestrack the
changeproducingthe properrendering. In Figure 6, a cloud of
smoke is violently propelledhorizontally. Thedarknessis propor-
tional to the magnitudeof the particlevelocity. Figure7 depicts
smoke rapidly emittedfrom a sourceat the bottomof the frame.
As thesmoke movestoward thetop of the frameit collideswith a
ceilingcausingthesmoke to turnoveron itself, causinginteresting
silhouettecontoursto form.

The smoke simulation requireda maximumof 3 secondsper
frameon a 128,000cell grid (40x80x40for Figure7) on a 3 GHz
PentiumIV. A 2D layeredsimulationcould probablyreducethis
to real-timeperformance.Our unoptimizedrendererproducedone
frame in abouta secondfor a 640x480image,varying with the
numberof particles.This time couldbereducedby implementing
thedepthdiscontinuityalgorithmin graphicshardware.



Figure7: A smoke animationwhere thesmoke rushesupward andcollideswith theceiling causingthesmoke to bepushedout andtumble
over itself. Thetop is renderedwith color modulatedbyvelocitymagnitudewhile thebottomis thesamesequencerenderedwith a �xed white
coloring.

4 Conclusion

We have introduceda techniquefor renderingstylizedsmoke. The
underlyingdynamicsof the smoke is generatedwith a standard
Navier-Stokes �uid simulatorandoutput in the form of advected
marker particles. Theseparticles are then renderedas texture
mapped2D stencils,andsilhouetteedgesareaddedusinga depth
differencetechniqueto emphasizeshapeanddepth.

Themostsigni�cant contribution of our techniqueis dispelling
the notion that physical simulation is incompatiblewith stylized
rendering.Indeed,animatingsmoke by handis dif�cult dueto the
complex, turbulent natureof �uids. Smoke simulationandrealis-
tic renderinghave successfullyalleviatedthis dif�culty for photo-
realisticapplications.Our techniqueshows that simulation,when
combinedwith a stylized renderingtechnique,is similarly useful
for expressiveapplications.

Ourtechniquehassomelimitations.Thereareseveralthresholds
andparametersto tune. However, while theseparametersneedto
beset,they alsoprovide artistsmorecontrolover theoutput. The
techniquedoesnot work well with varyingviewpointsbecausethe
featurelineswill move asthe“depth” directionchanges,introduc-
ing artifactsdueto theviewermotion,ratherthanthe�o w. Finally,
the 3D smoke simulationsare relatively slow, taking several sec-
ondsper frame. While layered2D simulationscould be usedto
increasethespeed,this problemsuggestsexaminingsimplermeth-
odsthat could replacethe physical simulation. In particular, it is
unclearwhetherthe full detail generatedby thesimulationis nec-
essary. Moreover, it may be possibleto derive a fast procedural
model that capturesthe salientturbulenceandbillowing. Despite
theselimitations,oursystemproducesvisuallyrich andcompelling
stylizedrenderings.
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