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Abstract
Gameand specialeffectsartists like to rely on textures(image or procedural) to specifythe detailsof surface
aspect.In this paper, we addressthe problemof applyingtexturesto animated�uids . Thepurposeis to allow
artiststo increasethedetailsof �owing water, foam,lava,mud,�ames,cloudlayers,etc.
Our �r st contribution is a new algorithmfor advecting textures, which compromisesbetweentwo contradictory
requirements:continuityin spaceandtimeandpreservationof statisticaltexture properties.It consistof combin-
ing layers of advected(periodically regenerated)parameterizationsaccording to a criterion basedon the local
accumulateddeformation.To correctlyachievethiscombination,weintroducea wayof blendingproceduraltex-
tureswhile avoidingclassicalinterpolationartifacts.Lastly, weproposea schemeto addandcontrol small scale
textureanimation amplifyingthe low resolutionsimulation.Our resultsillustratehowthesethreecontributions
solvethemajorvisual�aws of textured�uids.

1. Intr oduction

Fluidsphenomenasuchasrivers,lava,mud,�amesor clouds
aremoreandmorepresentin gamesandspecialeffects.Nu-
merousComputationalFluid Dynamics-orientedcontribu-
tionshavebeenproposedsofar to simulate�uids. However,
relying on this approachfor generatingdetailed�o ws is not
convenientsinceit suffers severedrawbackswhenusedat
high resolution:simulationrequireshugecomputationand
storagewhile offering very little control to the artist. Nu-
merousinterestingargumentsfor not usingCFD in CG sys-
tematicallyare given in Lamorletteet al 4. Moreover, the
physicsof smallscalephenomenacanbedifferentto theone
at largescale(seefootnoteI), or parameterscanbeunknown
which is frequentfor naturalobjects(e.g., mud,lava, foam,
cloud layer...). Conversely, artistswant to control thevisual
aspectof thedetails,e.g., usingtextures.Thus,a naturalso-
lution is to simulatea low resolution�uid, thento let it ad-
vect(i.e., carry)auser-de�ned texture.

Advecting textures usually consistsof advecting a pa-

y GRAVIR is a joint lab of CNRS, INRIA, Institut National
Polytechniquede Grenobleand Université JosephFourier.
http://www-imagis.imag.fr/Membres/Fabrice.Neyret/

rameterization.This suffersfrom severaldrawbackssinceit
shouldful�ll contradictorycriteria: spaceand time conti-
nuity of theresultshouldbeensuredwhile statistical prop-
erties of the texture shouldbe preservedI within a range.
Moreover, �uids exhibit motion and swirl at every scale.
Thus the texture shouldnot be simply passively advected:
It shouldamplify the low resolution animation the same
way it enhancesits spatialappearance(i.e., increasetheres-
olution) asseenin the �ame exampleon the teaserimage
andon thevideo.

In this paper, we proposea work�o w for advecting tex-
turesful�lling thesethreerequirements.For simplicity, we
illustrateit mostlyin 2D but themethodalsoappliesin 3D.

I Thephysicalbasefor thisconservationof thepatternis thatsmall
scaleactive phenomenaoftenopposelargescaleadvectionanddif-
fusion,restoringor recreatingthecharacteristicpattern.For exam-
ple theshapeof crustchunksin lavacorrespondsto mechanicaland
thermallocal constraints.Theshapeof individual cloudsin a cloud
layeris connectedto Benard-celllike local circulation.Vorticesare
permanentlyrecreatedin a turbulent�o w. Samefor foam,etc.
We certainly don't want to simulate this small scalephysically.
Moreover, the artist knows the global aspectthis shouldhave – or
hewantsthis to have.

c TheEurographicsAssociation2003.
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1.1. PreviousWork

We will not review here the previous work on Computa-
tional Fluid Dynamicsfor CG. In termsof performances,
the fastestalgorithmis theStableFluids 11; 12 approach,al-
lowing real-timesimulationat low resolutionby suppressing
thetime-stepconstraint.However, it still hasaNlogN com-
plexity (whereN is thenumberof grid vertices)andrequires
ahugeamountof memorysothatit canbecomeimpractical
athigh resolutions,especiallyin 3D.

Threeclassesof approachesexist in theliteratureto put tex-
turesin motion:

� Simpleadvectionof theparametricspace:
For 2D �uids and3D mist,Ebert2; 1 procedurallydeforms
the spaceon which the proceduraltexture is computed.
(u;v) texture coordinatesaresimply advectedinsteadof
densityII . Thedrawbackis thatthenoisetexturestretches
alongtime sincethe parameterizationis moreandmore
deformed.Thusthe statisticalpropertiesof the noiseare
notpreserved.Moreover, theamountof stretchevolvesin
timeevenonasteady�o w.
Musgrave's �re ballsmodel6 follows a similar approach
withoutsufferingstretching.In hisspeci�c casetheabso-
lute deformationof thedomainis local (at theexpenseof
realism)andtheobjectshave limited spatialextension.
For scienti�c visualizationpurposes,Max and Becker 5

rely on theblendingof threetexturesthatareperiodically
regeneratedin time.Thisprincipleis alsousedby Stam11

for faking high resolutionsmoke by combiningdensity
textureswith the low resolution�o w. This regeneration
preventsthe stretchingfrom increasingon steady�o ws.
However, theamountof stretchingdependson theregen-
erationrate(called latency). Tuning this rate is an issue
sinceit shouldbetuneddifferentlydependingontheloca-
tion.Wediscussthisproblemfurtherin section1.3.More-
over, blendingintroducesclassicalimageinterpolationar-
tifactssuchasghostingeffectsandcontrastlosswhichal-
ter thestatisticalpropertiesof thetexture.

� Relying on particlesinsteadof parameterizationto con-
trol the location of texture patterns:DreamWorks intro-
ducedSpriticlesfor thefeaturemovie Questfor Eldorado.
PDI attachedsphericalhypertexturesto particlesto make
turbulent �ames for Shrek 7. A model for combininglo-
cal parameterizationandcontinuity constraintswaspro-
posedfor lava �o ws 14. In the �rst andlast cases,conti-
nuity is still an issue,which limits the useof thesetech-
niquesto choppy aspectsof �uid surfaces.Notethateach
of thesethreemethodsalso proposea small scaleani-
mation (i.e., at higher resolutionthan the particle sam-
pling): cartoon-animatedtexturefor the�rst oneandtime-
dependentproceduraltexturefor thetwo others.

I I Note that theStamet al ideaof inversewarpingof raysfor ren-
deringdistortedblobsin 13 is quiteequivalent.

� Introducingtime as a fourth dimensionin the procedu-
ral textureparameters:This is commonlydonein CG in-
dustryto getanimatedcloud,sky or mist basedon Perlin
noise8. Sincestatisticaltime propertiesof swirling �o ws
differ from statisticalspaceproperties,a �ownoisemodel
with embeddedtimepropertieshasbeenintroduced10.
However, theseproceduralmethodsembeddingtimeonly
addresstheampli�cation of animationdetails.To address
globaladvection(i.e., long rangemotion)onehasto rely
on either of the two classesof approachesmentioned
above.

1.2. Requirementsfor Quality AdvectedTextures

Therearetwo requirementsfor good-lookingadvection:

- Continuity in space(no cracks)and time (no popping,
steadyresultonsteady�o ws).

- Controlof thespatialstatisticalproperties(i.e., themax-
imumstretchallowed),asjusti�ed in footnoteI.

Methodsof the �rst classmentionedabove only ensurethe
�rst requirementwhile methodsof thesecondclassonly en-
surethesecond.Thus,correctadvectionis currentlyanopen
problem.

Two morerequirementsconcernthetemporalproperties:

- Blendingoperationswhencombiningtexturesshouldnot
alter the statisticalspaceproperties.Classical�a ws are
ghostingeffectsdueto the additionof imagesin which
a remarkablefeaturedoesn't show at thesameplaceand
contrastlossdueto averaging.

- In additionto their advection,the visual detailsbrought
by the texture shouldbe animatedat small scale.This
smallscaleanimationshouldberelatedto the�o w activ-
ity (i.e., peacefulor turbulent).

Despitemorphingtechniques15 addressingfeaturepreser-
vation during the transitionbetweenimagesexist, no such
techniquehasbeendevelopedfor animatedtextures.Thepa-
rametersof proceduraltexturescanbeinterpolated,but this
wouldnotmakesensefor texturecoordinates(seeFigure1).
Thusblendingissuesarenotaddressedby existingmethods.

Figure1: Fromleft to right: canonicalmapping, swirledmapping,
linear interpolation of the two mappings.This illustratesthat in-
terpolatingbetweenparameterizationscan yield arbitrary results.
Moreover, theweightshift alongtimeinducesunwantedmotion.
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Figure 2: Our advectionschemeusingN = 3 layers: Low resolutiondensity(or color) �eld and velocity �eld are provided,as well as a
texture (eitherimageor procedural – herePerlin noiseis precomputedinto an image). Wecomputetheinstantdeformation(normof thestrain
tensorkek). We useit to updatetheaccumulateddeformationdi of each layer. Knowingthetarget deformationd� , weget theideal (decimal)
layer numberl � (falsecolors red, greenand blue standfor 1,2 and 3). Thefractional part is usedto weight the correspondinglayer, thus
yieldingthreemasksselectingtheappropriatepixels.By multiplyingwith thecorrespondingadvectedtexture T i , weget threeadaptedtexture
componentsthat are blendedto get the �nal texture. Theresultingimage is obtainedby multiplyingthis texture by thedensity�eld. Notethat
each T i resultsfromtheblendingof threephase-shiftedtexturesT i

j (notdisplayedhere).Similarlyeach di resultsfromthesumof thethreedi
j .

1.3. Flawsof ClassicalRegeneratedTextures

Regeneratinga texture(imageor procedural)consistsof re-
setting texture coordinatesto window coordinatesafter a
givenlife time (or latency) t . To ensuretime-continuity, the
textureis affectedwith aweightfactora fadingto zeroatthe
beginning andendof the life time, e.g., 1

2

�
1� cos(2p t

t )
�
.

Blendingthree 2p
3 phase-shiftedtexturesensuresa constant

weight 5. It works visually well for pseudo-periodicIII tex-
turesdueto anopticalillusion: whenfollowing afadingspot
in motion, the observer identi�es it with surroundingspots
ratherthanwith thespotresetedto the initial location.This
requiresthatthespothastraveledmorethanapseudo-period
(considera factorof 10 in practice).

Thusthelatency mustneitherbetoohigh(to preventlarge

I I I Note that one cannotexpect this to work for any texture: the
sameway thanseamlesspatternmappingon surfacesis well-posed
for somecategoriesof patterns(e.g., isotropic)andill-posedfor oth-
ers(e.g., stronglyoriented),invisibleblendingbetweentwoarbitrary
regionsof a texture is possibleonly for reasonabletexturecontents
(namely, self-similarandisotropicat largescale).

stretching)nor too low (to preserve the illusion of motion).
Theidealvaluedependsonthevelocityandthedeformation,
soit shouldbeadaptedto the�uid state.Theproblemis that
at thisstagethereis asinglegloballatency valuewhile there
is a rangeof velocity valuesalongthesimulatedspace(see
Figure3). A majorcontribution of our paperis to proposea
solutionto thisproblem.

1.4. Overview of Our Approach

Ourthreecontributionsconsistsof locally adapting the tex-
tur e latency which we describein section2, blending the
procedural noise in fr equencyspacewhich we describe
in section3, andde�ning a control mechanismfor small
scaleanimation whichwedescribein section4. Resultsare
presentedin section5.

Thesethreestepsde�ne acompleteanimated�uid textur-
ing schemerelyingonproceduraltextures.If imagetextures
areusedinstead(e.g., for basichardware-acceleratedrender-
ing), the�rst stepstill applies.

c TheEurographicsAssociation2003.
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2. Adapted Advection (seeFigure2)

We rely on a �uid simulationon a low resolutiongrid and
weadvecttexturecoordinatesaswell asdensitysimilarly to
Stam11; 12.

We considera set of N layers f T i ; i = 1::Ng, where
each layer is made of three regeneratedtexture param-
eterizationsf (ui

j ;v
i
j ); j = 1::3g. Assuming linear blend-

ing is used (we will releasethis in section 3) we have
T i = å 3

j= 1 a i
j :T(ui

j ;v
i
j ) whereT() is the texture map, and

a i
j = 1

3

�
1� cos

�
2p

t� t0i
j

t i

��
. Each layer has its own

latencyt i (i.e., life durationof eachtexture),thusis adapted
to arangeof velocity. Theideais to chooseateachlocation,
the layer T � that is mostadaptedto the local deformation.
Similar to MIP-mapping,we choseandblendthe two lay-
ersthatmostcloselybracket thedesiredvalue,thusensuring
continuityin spaceandtime.

To forgeour criterion,we maintaina per-vertex measure
of the accumulateddeformationdi

j of eachtexture j i (this
datahasto beadvectedwith the�uid aswell). Wede�ne the
accumulateddeformationdi of the layer i asthesumof the
accumulateddeformationof its threetexture parameteriza-
tions j i . Notethatalthoughthis valueincreasesfor a texture
j i accordingto its age,theaverageonthethreephase-shifted
texturesis quasi-constantfor asteady�o w.

The user provides a target amount of deformationd�

balancingbetweenmotion illusion quality and maximum
stretchingallowed.Weobtaintheideal(decimal)layernum-
ber l � to beusedthroughback-interpolation:for i suchthat
di < d� andd� < di+ 1, l � = d� � di

di+ 1� di .
Then, we proceed with our `temporal tri-linear MIP-
mapping' by blendingthe layers i and i + 1 with weights
1� f and f respectively, where f is the fractional part
of l � . Thus the �nal texture (assuminglinear blending)is
T � = (1� f )T i + f T i+ 1 . This texture valueshouldthen
be multiplied by the local density (or color) interpolated
from thegrid values(this is handledby OpenGLif hardware
texturesareused).

To easethenotationswenotea0i thefactorof T i (i.e., f , 1-f
or 0) sothatwecanwrite T � = å i a

0iT i .
Wealsonote a0i

j = a0ia i
j sothat T � = å i; j a0i

j T(ui
j ;v

i
j ) .

But keepin mind that we areblending6 textures(2 layers
eachmadeof 3 regeneratedtextures)andnot3N ateachver-
texIV .

IV We rely on per-vertex adaptationcriterionto allow implementa-
tion onasimplehardware.Thiscanoccasionallyleadto thecombi-
nationof morethan6 texturesin a givenpixel. However, notethat
this criterion caneasilybe usedper pixel if necessaryon software
andfragmentprogramimplementations.

2.1. Measureof the Deformation

In continuummechanics,deformationis measuredby the
strain tensore = 1

2(G+ Gt ) whereG is the velocity gradi-

entmatrix ( ¶vi
¶x j

) i; j (takingthesymmetricpartof thegradient
matrix allows us to cancelthe effect of solid rotations).If

a scalarmeasureis required,the norm kek =
q

å i; j e2
i; j is

used.

As statedabove, for eachtexture j of eachlayer i we
maintainthe accumulatedlocal deformationdi

j (x;y) since
its last regeneration.This is the time integral of the instant
deformationkek for a given�uid parcel(so this datahasto
be advectedwith the �uid aswell). At eachtime stepand
for eachvertex wecomputekek(x;y) andupdatethevalues:
di

j (x;y) + = kek(x;y)dt .

Notethat integratinga normpreventsany reversemotion
to cancela previous deformation.This casedoesnot occur
with turbulent �uids. However, if sucheffect wasto be si-
multated,onewould simply have to storeandupdatethein-
tegral of the tensoritself, then to evaluatethe norm to be
comparedwith d� .

Global: (d� andt i areuserde�ned,othersareinternal)

d� thetargetamountof deformation.
t i thelatencyof layer i.

t0i
j thetimeof thelast regenerationof texture j i .

(in factwestoreandupdatet � t0i
j ).

a i
j theweightof texture j i

(storedto avoidthecosineevaluationat everyvertex)

Local: (to beadvectedwith the�uid)

(ui
j ;v

i
j ) thetextureparameterizationj i .
di

j thelocal accumulateddeformationof texture j i .
l � thedecimalideal layernumberfor at thisvertex.

Table1: Summaryof theintroducedparameters

Figure3: Left: texture strechedin fastregionsdueto low latency.
Right, top: ghosting artifact on procedural noise with classical
blendingof 3 textures.Right,bottom:our blendingwithoutartifact.

c TheEurographicsAssociation2003.



Neyret / AdvectedTextures

3. Blending ProceduralTextures

At this stage,we have de�ned how to passively advect tex-
turesalongthe�o w. This impliestheblendingof 6 textures
(in general).As statedin the introduction,computingthe
simpleblendingof textures(i.e., doing the weightedsum)
producesartifactssuchasghostingeffectsandcontrastfad-
ing: non-correspondingpatternfeaturesare super-imposed
andrenderedwith a weight lessthan1 (seeFigure3). If an
explicit texturemapis used,thereis no easyway to do bet-
ter. However, we canimprove this in thecaseof procedural
noisesuchasPerlinnoise(or hypertextures9 in 3D):

noise {bk} S t shad
+

1-a

a

noise {bk} S t shad

noise {bk}

noise {bk}

S t shad1-a

a
+

Figure4: Classicalvsour blendingof 2 procedural samples.

Sincepseudo-randomnoisebasefunctionsb() sharethe
samepseudo-periodandareuncorrelated,their linearcom-
binationis acorrectbasefunctionaswell. Sois theresulting
linear turbulentV noisevalue obtainedby addingthe base
function of harmonicfrequencies.Things turn badwhena
non-lineartransformis usedwhencombiningtheharmonic
components.Typically, a niceandfrequentlyusedturbulent
function is t(x) = å n

k= 0
1
2k j2b(2kx) � 1j: the absolutevalue

producesa discontinuityof thederivative that �ts well with
thelook of �uf fy clouds,choppy wavesor landscapescarved
with valleys. This non-linear featurewill yield the same
blendingartifactsasmentionedabove.To avoid this,wesep-
aratePerlin-basedproceduralshadersinto two parts:all the
basefunctions 1

2k b(2kui
j ) areevaluatedfor eachtexturepa-

rameterizationui
j andblendedclassicallysothatweobtaina

blendedspectrumf 1
2k b�

k () ; k = 0::Ng. Thentheshaderthat
computesthe visual attribute from this spectrumis applied
(includingthechosenturbulentsumt() andtheuser-de�ned
shadershad() basedonthisturbulence).I.e., insteadof com-
putingthelinearblendingasde�ned in section2:

å i; j a0i
j shad(t i

j ()) with t i
j () = å n

k= 0
1
2k f (b(2kui

j ))
(with f (b) = j2b� 1j in theexampleabove),

wecomputeinstead: (SeeFigure4)

shad(t � ()) with
t � () = å n

k= 0
1
2k f (b�

k ) and b�
k = å i; j a0i

j b(2kui
j )

Notethatthisschemealsosavescomputationsincethepo-
tentially complex shadershad() is now evaluatedonly once
perpixel or voxel.

V A proceduraltexturebasedon Perlinnoiseusuallyconsistsof a
shadershad() transformingoneor severalnoisesignalsinto color,
transparency or bump.Thenoisesignalitself is theresultof a pro-
cess:an interestingturbulent noiset() is producedfrom a fractal
combinationof asimplebasenoiseb() .

4. Animating Small Scales

Passively advecting the texture is generallynot suf�cient:
Sincethe texture increasesthe apparentspatialresolution,
we needto make this new detailedvisual informationswirl
at this scalethe sameway the low resolutionscalesmove.
I.e., we needto make thesmallscalesalive. As statedin the
introduction,this is classicallyachievedby addinganextra
dimensionto the noiseso that it is evaluatedboth in space
and time. Alas the time statisticalpropertiesof �uids are
verydifferentfromtheirspatialstatisticalpropertiesandthus
poorly representedby pseudo-randomnoise.Flownoise10

hasbeenintroducedto provide a betterswirling behavior to
Perlin noise.The key idea is to apply a user-de�ned rota-
tion alongtime to thebasegradientvectorsof regularPerlin
noiseVI . Theproblemis thento tunetheserotationparame-
tersalongspaceandscales.

Our ideais inspiredby the1941theoryof Kolmogorov 3

(after a previous remarkby Richardsonthat “large eddies
breakinto smallereddiesandsoonto viscosity”):anenergy
cascadein theFourierdomaincanbeobservedandquanti-
�ed showing thatenergy travels from the large to thesmall
scales.Thus the rotation at a small scaleis relatedto the
vorticity at a larger scalewith a delay. However, the Kol-
mogorov cascadeapplieson aninertial range(i.e., homoge-
neousdistribution in space)while we want to apply it on a
�uid with heterogeneousactivity. We assumethat the iner-
tial rangecondition is valid within eachgrid cell, but that
the�uid activity canchangefrom cell to cell.

To model the local vorticity spectrumscorrespondingto
theenergy cascade,westoreandmaintainateachvertex the
vorticity wi to beappliedat eachproceduralscalebelow the
grid cells size (e.g., 4 valuesif the grid is 322 or 323 and
the�nal imageis 512� 512).Thesewi areusedasrotation
parametersfor the �o wnoise.Note that this datahasto be
advectedwith the�uid aswell.

At eachtime stepand for eachvertex, we simulatethe
energy transferthrough scalesby applying the relaxation

wk := bkwk + (1� bk)wk� 1 where bk = 2� dt
t k (t k is the

characteristicdelayof transferbetweenscalek � 1 andk)
andw0 is thevorticity correspondingto thegrid wavelength.
Energy cascadetheorysuggeststhat t k = gkt 0 , so that the
cascadeis de�nedby thetwo numbersgandt 0. But wecon-
siderthat the tuningof these4 transferdelayst k shouldbe
left to theusersinceit allowshim to controlthe`activity' of
the�uid.

VI The base noise used for Perlin noise is de�ned by
b(x) = å i c(x� xi )gi (x� xi ) with gi (~d) = ~gi :~d thegradientfunc-
tion associatedto the nodei of the virtual cell surroundingx, and
c(~d) adrop-off kernel.Thecomponentsof thegradientvector~gi are
randomvalues.

For �o wnoisethebasenoisefunctionappliedwith a rotationR(t)
is de�nedthesameway, with gi (~d) = ROT(~gi ;R(t)) :~d . Therotation
speedusuallydependson thescale.
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4.1. Evaluating w0

In principlew0 = ŵ( 2
h) whereŵ is theFouriertransformof

thevorticity andh thegrid cell size.However, we assumed
that the inertial rangeconditiononly applieswithin a cell,
sowe shouldmeasuretheenergy frequenciesonly within a
neighborhoodandnot throughthewholedomain.

Our initial ideawasto evaluatew0 usinga selective high
pass�lter on w. But we observedthatnumericaldissipation
aswell asdiscretizationof theoperatorsmake thisvalueun-
reliable.Sowe simply assumethatw0 is proportionalto the
normof thevorticity w at thisvertex. If largescaleeddiesdo
exist in a simulation,a non-selective high pass�lter could
beusedsuchasw̄n � w̄ wherew̄n is theaverageof w in a2n

neighborhoodandw̄ is theglobalaverage.

Global: (bk is userde�ned,othersareinternal)

bk thetransfercoef�cients betweenscalesk� 1 andk
(which areprocedural scales,i.e.,sub-cell).

Local: (to beadvectedwith the�uid)

wk thelocal vorticity for scalek.

Table2: Summaryof theintroducedparameters

5. Results

We have implementedthe presentedwork�o w upon the
stable�uid solver basedon FFT 12. We relied on 3 layers
(i.e., 9 textures)for all our examples.For classicaltexture
mapsor precalculatedproceduralnoisewe cantake advan-
tageof standardhardware-acceleratedOpenGL,thusourim-
plementationis realtimein thesecases.Notethatonly linear
blendingcanthenbeused.For proceduraltextures– which
requiresper-pixel calculations– our software rendererre-
quires1 to 20secondsperframedependingonthecomplex-
ity of theshaderandof theimage(theability of thenewcom-
ing graphicsboardsto computecomplex fragmentshaders
shouldeasethis task).

The variousparametersour methodaddsto the simula-
tion sharethe samelow resolutionasthe grid (andaread-
vectedlike the density�eld). Only the given imagetexture
(if any) andthe �nal imagesarehigh resolution,thusvery
little memoryis needed.Moreover, usingproceduralnoise
allows usto predictwhethermaterialwill appearor not in a
grid cell. Thusthehigh resolutionevaluationsaredoneonly
in usefulregions.This impliesthattherenderingcostgrows
lessthanlinearlywith respectto thenumberof grid vertices.
Conversely, increasingthe resolutionof the simulatedgrid
yieldslinearincreaseof thestorageandsuper-linearincrease
of thecomputationtime.

The animationsjoined to the paper(checkthe CDROM
andour web site) illustratesthe effectsof advectedtexture
with low or high constantlatency, andwith locally adapted

latency. Somerely onimagetextures(thetwo �rst examples,
i.e., thecolor �o w of Fig 5aandthepasteof Fig 5b), while
the othersrely on proceduralPerlin noise(the cloudslayer
andthe�reball) usingthe�ownoiseextension10.

We have generatedmany different kinds of imagesand
animationsasshown in theteaserimage,in Figure5, andon
thevideo(notethat theatmosphericanimationsdo not pre-
tendany plausibility!). Theresolutiongrid was64� 64,but
mostimagesweretakenin a 16� 16 region of interest.The
�nal resolutionis generally512� 512.Wealsodid earlyex-
perimentin 3D, thusshowing thatourschemeappliesto 3D
aswell: thelastsequenceof thevideoshowshow ourmethod
canamplify boththeshapeandanimationin a 8� 8� 8 re-
gion of a 3D �o w. The renderingis thenthemostdemand-
ingpartsincevolumetrichypertexturerendering9 is required
(pleasedon't pay attentionto the poor renderingquality of
our hardware-basedvolumeshaderprototype).Note that in
3D, vorticity is a vector. We usedrandomorientationsfor
this test,but this issuedeservesdeeperinvestigation.

Thecombinationof ournew parameterswith the�uid pa-
rametersandtheproceduraltextureparametersopensavery
wide �eld of tuningfor experimentation.

6. Conclusion

This paperhaspresenteda completesolutionfor animating
a texture advectedby a �uid. We rely on 3 stepsthat were
unsolvedin previousapproaches:

- Advectingthe texture without stretchingit by introduc-
ing alocaladaptiveschemetriggeredby theaccumulated
localdeformation.

- Blendingthe basetextureswithout interpolationartifact
(ghostingeffect),at leastfor Perlinproceduraltexture.

- Handlinganimationbelow thesizeof thesimulationgrid
relying on �o wnoise, and controling it to ensureco-
herency with thesimulated�uid activity.

Our resultsshow thatvisually pleasingadvectedtexturecan
be obtained.This allows us to fake very high resolution
�uids basedon correctlow resolutionCFD. Moreover, the
usercan phenomenologicallycontrol the aspectof details
similarly to the usualschemefor surfaces.A purely phys-
ical approachwould have requiredto modelandsolve the
small scalephenomena:both tasksare generallyvery dif-
�cult sincenaturalobjects(e.g., foam, lava...)combinenu-
merousphenomena(somenot understoodor with unknown
parametervalues),andrequiresolvingnon-linearequations
at veryhigh resolution.

For futurework, wewould like to adapttheentirescheme
to the new generationof graphicshardware offering frag-
mentprogrammability, andto furtherexploretheapplication
of textured�uids to 3D suchascloudsimulation.In sucha
case,mostof thespaceis emptywhich shouldbetakeninto
accountfor deepoptimization.We arealsointerestedin ex-
tendingour blendingapproachto other proceduralnoises,
e.g., Worley noise16.
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Figure 5: Various kind of generated images(seealso the teaserimage). The two on left rely on hardware textures.The two on right are
procedurally generated.Notethat themaximumstretching is controlled (on therightestit is highonpurpose).

Acknowledgments

We wish to thank JosStamfor discussionson �uids and
�uid deformationand FrançoisFaure for a discussionon
the meaningof the straintensorcomponentsin mechanics.
Thanksarealsodueto Marie-PauleCani andLaks Raghu-
pathi for rereadingandto Lionel Reveret,Jean-Dominique
GascuelandGillesDebunnefor last-minutevideoediting.

References

1. David Ebert, Kent Musgrave, Darwyn Peachey, Ken
Perlin,andWorley. Texturing andModeling:A Proce-
dural Approach. AcademicPress,October1994.ISBN
0-12-228760-6.

2. David S. Ebert and Richard E. Parent. Rendering
and animationof gaseousphenomenaby combining
fastvolumeandscanlineA-buffer techniques.In For-
est Baskett, editor, ComputerGraphics (SIGGRAPH
'90 Proceedings), volume24, pages357–366,August
1990.

3. A.N. Kolmogorov. The local structureof turbulence
in incompressibleviscous�uid for very largeReynolds
number. DokladyAkad.NaukSSSR, pages9–13,1941.

4. ArnauldLamorletteandNick Foster. Structuralmodel-
ing of natural�ames. ACM Transactionson Graphics,
21(3):729–735,July2002.

5. NelsonMax andBarry Becker. Flow visualizationus-
ing moving textures. In NASA ConferencePublica-
tion 3321-Series,editor, Proceedingsof theICAS/LaRC
Symposiumon Visualizing Time-Varying Data, pages
77–87,1996.

6. Ken Musgrave. Greatballs of �re. Technicalreport,
Digital Domain,1997.
http://www.kenmusgrave.com/balls_o_fire.ps .

7. PDI. 'Shrek': The story behindthe screen. In Sig-
graphCourseNotesCD-ROM, Course#19, pages59–
66.ACM-Press,2001.
http://terra.cs.nps.navy.mil/DistanceEducation/online .

siggraph.org/2001/Courses/cd1/cnav/cnavc19.html .

8. Ken Perlin. An imagesynthesizer. In B. A. Barsky,
editor, ComputerGraphics(SIGGRAPH'85 Proceed-
ings), volume19(3),pages287–296,July1985.

9. Ken Perlin and Eric M. Hoffert. Hypertexture. In
Jeffrey Lane,editor, ComputerGraphics(SIGGRAPH
'89 Proceedings), volume23(3), pages253–262,July
1989.

10. KenPerlinandFabriceNeyret. Flow noise. Siggraph
Technical Sketches and Applications, page187, Aug
2001.http://mrl.nyu.edu/˜perlin/flownoise-talk/
http://www-imagis.imag.fr/Publications/2001/PN01/ .

11. JosStam.Stable�uids. In Proceedingsof SIGGRAPH
99, ComputerGraphicsProceedings,Annual Confer-
enceSeries,pages121–128,Los Angeles,California,
August 1999. ACM SIGGRAPH / Addison Wesley
Longman.ISBN 0-20148-560-5.

12. JosStam.A simple�uid solverbasedonthefft. Journal
of GraphicsTools, 6(2):43–52,2001.

13. JosStamandEugeneFiume. Depicting�re andother
gaseousphenomenausing diffusion processes. Pro-
ceedingsof SIGGRAPH95, pages129–136,August
1995.ISBN 0-201-84776-0.Held in LosAngeles,Cal-
ifornia.

14. Dan Stora, Pierre-Olivier Agliati, Marie-Paule Cani,
FabriceNeyret,andJean-DominiqueGascuel.Animat-
ing lava �o ws. In GraphicsInterface(GI'99) Proceed-
ings, pages203–210,Jun1999.
http://www-imagis.imag.fr/LAVA/ .

15. G. Wolberg. Digital Image Warping. IEEE Computer
SocietyPress,LosAlamitos,CA, 1990.ISBN0-81868-
944-7.

16. Steven P. Worley. A cellular texturing basisfunction.
In Holly Rushmeier, editor, SIGGRAPH96Conference
Proceedings, pages291–294.ACM SIGGRAPH,Ad-
disonWesley, August1996.

c TheEurographicsAssociation2003.


