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Abstract

We describea techniquefor generatingartoonstyle animationsof

smole. Our methodtakesthe outputof a physically-basedsimu-

lator andusesit to drive particlesthatarerenderedisinga variant
of the depthdifferencestechnique(originally usedfor rendering
trees). Speci ¢ issueswe addressncludethe placementandevo-

lution of primitivesin the ow andthe maintenancef temporal
coherenceTheresultsarevisually simple, ick er-free animations
that corvey the turbulent, dynamicnatureof the gaswith simple
outlines.
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1 Intro duction

Considera puff of smole. A cartoonisimightdrav a swirly bound-
ary with a solid white interior, andmaybesomeinternalswirls. A
photograptof smolere ects comple volumetriclight interactions,
drivenby the equation®f uid dynamics.For stylizedanimations
we preferthe abstractswirly form, while for specialeffectsa pho-
torealisticresultis desired.

This paperdescribesa techniquefor cartoonrenderingof ani-
matedsmole. Our aim is to generatestylized animationssuchas
theoneshowvn ontheleft in Figurel, which cornveys theturbulent,

uid natureof the gasusing only solid blocks of color and hard
silhouettes. Our methodis driven by the outputof a physically-
basedsimulator ensuringthatthe animatedo w is consistentvith
gaseoudhehaior. We alsohave accesso physicalpropertiesof the
0 w, suchasdensity which we canuseto modify therenderingas
in Figurel.

Our contritutionis amethodfor producinganartistic,animated
smole renderingfrom a physically-basedsimulation. The simula-
tor (in our caseFedkiw et. al's [2001] algorithm)ensureghatthe
basic uid motionis plausible;thevelocity eld evolvescorrectly
massis consered, andscalar elds suchaspressureandtemper
atureare consistent. We embedparticlesin the uid andadwect
themwith the ow. Theseare thenrenderedusing an extension
of DeusserandStrothottes [2000] depthdifferencedreerendering
technique.Particle primitives arerenderedandthen pixels whose
depthdiffers signi cantly from their neighborsare dravn as sil-
houettes.Several innovationswererequiredto adaptthe basical-
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Figure 1: Left: framefroma uid animationgeneated by our
systemjn an abstact renderingstyle reminiscenof hand-dawn
smole and clouds. Right: anotherframefrom our systemgolored
by velocity magnitude Our stylizedrenderingscaptue the same
senseof billowing, turbulent ow asphotoealisticsmole.

gorithmto smole animation,including a methodfor evolving the
primitivesto re ect propertiesof the o w (densitiestemperatures,
etc.), shapingandorientingparticlesdynamicallyto corvey infor-
mation,andstratgiesfor maintainingtemporalcoherence.

1.1 Related Work

Particle systemaaretypically usedto simulateandrendersmolein
real time applications,suchas computergames. Proceduratules
guidethe evolution of billboard particlesthatareblendedtogether
to give the appearancef smole. A stylizedlook canbe achieved
usingnon-photorealistibillboards;LamorletteandFosters[2002]

re modelingwork is avery high quality exampleof this approach.
An alternatve for stylizedrenderings adwectednon-photorealistic
textures [Witting 1999; Neyret 2003], in which a texture is de-
formed by the ow. This approachhowever, typically removes
detailasthe o w evolvesandthetexturemixes.

Our tamget styles,however, requirehardedgesin someregions
to de ne the shapeandmotion of the o w, but in coexistencewith
large low detail regions. Blendedbillboard or texture approaches
cannoteasily producethis result: renderinghard-edgebillboards
will produceunnecessargletail in the middle of the cloud, while
soft edgebillboardswould fail to de ne the edges.lt is similarly
dif cult tode ne texturesto capturethiseffectandmaintainit asthe

o w evolves.Billboard particlesystemshave the seconddisadwan-
tageof requiringa particle-basegroceduraimodelof the smole's
motion, which is not always easyto derive. While our work is at
hearta particle-basedpproachwe usephysically-basedsimula-
tions to ensureplausible o w, andfor the rst time apply a depth
differencesalgorithmto therenderingof smole billboards.

Yu et. al. [2000] describea proceduramodelfor generatingstill
imagesof cartoonsmole. They de ne a spinefor the smole-trail
consistingof a sine curve with frequeng and amplitudethat in-
creasewith heightfrom the source. Their modelonly appliesto



smole rising from a source(a cigaretteor smolestack)andis not
designedor animation.

There has been extensve work on the photorealisticrender
ing of smole and othergaseouso ws. Fedkiw StamandWann
Jensers [2001] work representshe currentstateof theartin pho-
torealisticsmole. This andothermethodgKajiya andVon Herzen
1984;Gardnerl985;Sakasl 990]simulateor approximateahescat-
tering, emissionandadsorptiorof light by smole particles. These
methodsare slowv comparedto billboard and texture approaches,
andit is not clearhow to adaptthemfor stylizedrenderings.

Non-photorealisticenderinghaspreviously beenappliedto the
problemof visualizing uids, with theaim of improving aviewer's
understandingf 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
and orientationshaws the velocity eld magnitudeand direction,
while anunderpaintingshaws the vorticity direction. Healey and
Enng[2002] presentveathemdatavisualizationghatusetextureand
stroke to corvey information. While thesetechniquegproduceim-
agesthat are both visually appealingand scienti cally useful,we
aim for a more abstractrepresentationhat explicitly hidesinfor-
mationin therendering.

The following sectiondiscussedhe details of our technique.
Section3 and our video shav someresults,while Section4 dis-
cusseghe limitations of our work and suggestdlirectionsfor im-
provement.

2 Implementation

Our smole renderingsystemconsistof threemaincomponentsa
simulatorfor driving the motion of embeddedmole particlesand
associateccalar elds (suchastemperature)a renderingsystem
that usesdepthdifferencegDeusserand Strothotte2000] to draw
theparticlesin a cartoonstyle; andaninterfacelayerthatmanages
the evolution of the particlesovertime.

2.1 Smoke Simulation

Thesmole simulatormustproducemotionfor thesmole particles,
aswell asassociatedlatasuchastemperaturesParticle systems
are one commonapproachto this problem,having the advantage
of intuitive parameterizedontrol. However, for a generalpurpose
smole simulatorit is unclearhow to createrealisticrulesthatcap-
ture all the possibleeffectswhile retainingusability The needto
trackscalar elds addsfurthercomplications.

Physical modelshave the advantageof producingrealistic par
ticle motion and ary associategparameters.Recentadvancesin
physically-baseduid simulationshave madethemaviablemethod
for real-timesmole animation. In particular Stams [1999] semi-
Lagrangianstable uids hasmadesmole simulationmore robust
andlesserrorprone. Fedkiw StamandWannJenser{f2001] im-
proved upon Stams approach.For larger simulations,Rasmussen
et. al!s [2003] layering approachenablesef cient, realistic simu-
lation. Finally, Treuille et. al. [2003] introduceda methodfor the
key-framecontrol of smole simulations.

We generateour smolke motion with the physically-based
methodof Fedkiw et. al. [Fedkiw et al. 2001]. However, we re-
quireonly the outputof a smole simulator— we do not modify the
simulationalgorithm— so ary proceduralor physically-basecdap-
proachcould be usedwith our systemif it generateshe required
data.

To generatea particle set, we simply run the smole simula-
tionintroducingmasslesmarker particlesperiodicallyatthesmole
source.Theseparticlesareadwectedthroughthe simulationveloc-
ity vector eld usingEulerintegration. Position,velocity, andden-
sity arelinearly interpolatedrom the simulationgrid. Thisis easy
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Figure2: Theimage on the right showsthe resultof the depthdif-
ferencesalgorithmperformedntheleftimage with thresholdvalue
g= a. Notethe pixelswith depthdifferencegreaterthan g are col-
oredblad.

toimplementecaussemi-Lagrangiasolversalreadyincludepar
ticle tracingasoneof the basicbuilding blocksof the simulation.

2.2 Rendering

To produceacartoorstylerenderingve mustgeneratesharpsilhou-
ettesat interestingpointsin the smole, but otherwiseuseconstant
color chunksto indicatethe body of smole. It is particularlyim-
portantto usethesilhouetteso corvey theappearancef turbulence
andvortices.

Particle basedrenderingsare advantageousn that, moving in
concertthey tendto capturerapid changesuchasturbulenceand
vortices.Oneapproachmightbeto identify theinterestingparticles
in the smole andrestrictsilhouetterenderingto those.However, it
is dif cult to identify suchregionsby looking at only oneparticle
atatime. It is alsonotclearhow to setthethresholdgor interesting
behaior, asthesemight changehroughouthe simulation.

An alternatve is to forgo particlesandwork with isosurbicede-
rivedfrom thesimulation.Thesilhouette®f suchsuriacescouldbe
renderedlirectly. However, isosurcesarenot well resohed from
the relatively coarsegrid of a physically-basedsimulationmodel,
andparticle-systenmodelsareruled out entirely Additionally, us-
ing anisosurbcemakestheimplicit andincorrectassumptiorthat
all theinterestingbehaior of smole occursat a small, readily de-

ned setof isovalues.

Oursystemworkswith particles but employs aglobalalgorithm
to nd placeswheresilhouettesshouldbe dravn. We adaptthe
depthdifferencegechniqueoriginally introducedby Deusserand
Strothotte[2000] for generatingoen-and-inkillustrationsof trees.
A renderingprimitive, suchasa disk, is associateavith eachpar
ticle andrenderedo the depthand color buffers. A secondpass
looks at the depth buffer for every pixel. If the central differ-
enceof the depthbuffer z acrossary of its four facesexceedsthe
depththrehsoldg thenits color is setto black as shawvn in Fig-
ure 2. Speci cally, the color of pixel i; j is overriddento be the

silhouettecolor (e.g. black)if %L1 > gor %L % > gor

ZJ%.YZ” > gor Z’ﬁé'l > g. Otherwisethecolorfrom the rst

passis retained.

We createda rangeof smole primitivesincludingacircle cloud,
a puffy cloud, and a “hairy” cloud shavn in Figure 3. We use
OpenGLto rasterizetheseprimitives andreadbackthe color and
depthbuffersto performthe depthdifferencecomputation.

The depthdifferencesalgorithmworks well on a single frame,
but whenappliedto an animatedsequencalistractingvisual arti-
factsmay be introduced.Thesearisewhenthereare suddershifts
in silhouettesedgedueto primitivescrossingthe depthdifference
thresholdasthey move forward andbackward. Advecting primi-
tivesin the o w remoresmostof theseartifactsbecausewhenthe

o w is coherentthe depthswitcheswill notcauseick ering. Inco-
herento w will still causeick ers,butin our casethatcorresponds
to turbulenceandvortices— preciselythe locationswherehigh fre-
queny effectsaredesirable.



Figure3: Threedifferentstencilsusedasrenderingprimitives,and
theresultingimages.

Figure4: Velocity directionand magnitudes effecton particle ren-
dering Notethe stretch is proportional to the velocity magnitude
while the orientationof the stencilis proportionalto theangle

Simpleadwectedparticlesarenot sufcient for high quality car
toonrenderings.Onewould like to eventuallyremove particlesif
their densityfalls below a certainthreshold. Simply removing the
particleswill creatgumps,socareis requiredin managingheevo-
lution of particlesovertime. Correspondinglyparticlesmaynotbe
adwectedinto all areaof density sonew particlesshouldbe added
in areasof sufcient density

2.3 Simulation-Rendering Interface

To improve temporalcoherencandgive more e xibility to theani-
matorwe modulateparticledraving basedn propertieof the par
ticles. The information our particlesprovide from the simulation
suggesintuitive controlsto thelook of ourrendererAll thesemod-
ulationsaremodeledassimplelinearinterpolationramps but more
complicatedschemesrepossible.

Thedensityarounda particledrivestheparticlesize. Thehigher
thedensitythelargerthe particleandthusthe morein uence it has
onthe nal image.Cornversely asa particledivergesfrom themain
actionof the simulation,it enterslow densityregionsandthusis
renderedsmaller This not only corveys the in uence of particles
but also helpstemporalcoherence.As the particle reachedower
densityregions, its resultingsmall size allows for its elimination
without causinga large temporaldiscontinuity

The color of the primitive renderingcanbe modulatedoy either
temperaturer density For example,a nuclearexplosioncould be
modeledwith a simulation. At the highesttemperaturein the core
of the explosion, the color of the primitive could be red fadingto
blackasthe sootcools. Or, at the highestdensity the smole could
berenderedlack, while at the lower densitythe particle primitive
couldberenderedvhite.

Figure5: Two blobsof smole colliding andforminga donut,show-
ing our rendeer handlesopolagical changesgracefully

Figure6: Anexplosionwhele thesmole is propelledsidevaysuntil
it coolsandfalls downwad.

Thevelocity of theparticleis usedto determineboththerotation
of the primitive andthe amountof stretch. While the primitive al-
waysfacesthe viewer, thereis a degreeof freedomin its in-plane
rotationwhichit isimportantto control. Keepinga x edalignment
produceaninterestingenderingswhile choosingit randomlyper
frameproducegemporalincoherencelnstead we orientthe sten-
cil in the velocity direction. In additionto maintainingcontinu-
ity, it alsomakessmole directionchangesnorevisually apparent.
Squashandstretch, rst introducedto the graphicscommunityby
Lassetef1987] canbeintroducedby stretchinghe primitive in the
velocity direction. This approachto settingorientationandstretch
is similar to thatusedby Chenng et. al. [2002]. Figure4 depicts
the effect velocity andanglehave on stretchandorientationof the
renderedarticle.

3 Results

We have simulatedandrenderedsereral examplesto illustrate our
system.Eachexamplestartedwith the simulationof thetargetsce-
nario,andtheresultsweresubsequentljed into our rendererOne
of thechiefadvantage®f our systemis thatit canrenderarny smole
behaior thatcanbe generatedvith the smole simulator

In Figure5, two separateloudsof smole arepropelledtowards
eachother Whenthey collide, they form a donut. This shawvs
thatevenwhentopology changespur adwectedparticlestrack the
changeproducingthe properrendering. In Figure 6, a cloud of
smole is violently propelledhorizontally The darknesss propor
tional to the magnitudeof the particle velocity. Figure 7 depicts
smole rapidly emittedfrom a sourceat the bottom of the frame.
As the smole movestowardthe top of the frameit collideswith a
ceiling causingthe smole to turn over onitself, causinginteresting
silhouettecontoursto form.

The smole simulationrequireda maximumof 3 secondsper
frameon a 128,000cell grid (40x80x40for Figure7) ona3 GHz
PentiumlV. A 2D layeredsimulationcould probablyreducethis
to real-timeperformance Our unoptimizedrendereproducedone
framein abouta secondfor a 640x480image, varying with the
numberof particles. This time could be reducedby implementing
thedepthdiscontinuityalgorithmin graphicshardware.



Figure7: A smole animationwhele the smole rushesupward and collideswith the ceiling causingthe smole to be pushedout and tumble
overitself. Thetopis rendeedwith color modulatedy velocitymagnitudewhile thebottomis the samesequenceendeedwith a xed white

coloring.

4 Conclusion

We have introduceda techniquefor renderingstylizedsmole. The
underlying dynamicsof the smole is generatedwvith a standard
Navier-Stokes uid simulatorand outputin the form of adwected
marler particles. Theseparticles are then renderedas texture
mapped2D stencils,andsilhouetteedgesareaddedusinga depth
differencetechniqueto emphasizehapeanddepth.

The mostsigni cant contritution of our techniques dispelling
the notion that physical simulationis incompatiblewith stylized
rendering.Indeed,animatingsmole by handis dif cult dueto the
comple, turbulentnatureof uids. Smole simulationandrealis-
tic renderinghave successfullyalleviatedthis dif culty for photo-
realisticapplications.Our techniqueshaws that simulation,when
combinedwith a stylized renderingtechnique,is similarly useful
for expressve applications.

Ourtechniquéhassomelimitations. Thereareseveralthresholds
andparameterso tune. However, while theseparametersieedto
be set,they alsoprovide artistsmore control over the output. The
techniquedoesnot work well with varyingviewpointsbecause¢he
featurelineswill move asthe “depth” directionchangesintroduc-
ing artifactsdueto the viewer motion, ratherthanthe o w. Finally,
the 3D smole simulationsare relatively slow, taking several sec-
ondsper frame. While layered2D simulationscould be usedto
increasehe speedthis problemsuggest&xaminingsimplermeth-
odsthat could replacethe physical simulation. In particular it is
unclearwhetherthe full detail generatedy the simulationis nec-
essary Moreover, it may be possibleto derive a fast procedural
modelthat captureghe salientturbulenceandbillowing. Despite
thesdimitations,our systemproduceisually rich andcompelling
stylizedrenderings.
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