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Abstract

Gameand specialeffectsartists like to rely on textures (image or procedual) to specifythe details of surface
aspect.n this paper we addressthe problemof applyingtexturesto animated uids . The purposeis to allow
artiststo increasethe detailsof owing water foam,lava, mud, ames, cloudlayers, etc.

Our r stcontribution is a new algorithmfor adwecting textures which compomisesbetweertwo contradictory
requirementscontinuityin spaceandtime andpreservatiorof statisticaltexture properties.It consistof combin-
ing layers of advectedperiodically regeneated) parameterizationsaccoding to a criterion basedon the local
accumulatedieformation o correctlyachievethis combinationweintroducea way of blending proceduraltex-
tureswhile avoidingclassicalinterpolationartifacts. Lastly, we proposea schemeto add and control small scale
texture animation amplifyingthe low resolutionsimulation.Our resultsillustrate how thesethree contributions

solvethemajorvisual aws of textured uids.

1. Intr oduction

Fluidsphenomenauchasrivers,lava,mud, amesor clouds
aremoreandmorepresentn gamesandspecialeffects.Nu-
merousComputationaFluid Dynamics-orientedcontritu-
tionshave beenproposedsofarto simulate uids. However,
relying on this approacHor generatingletailed o wsis not
corvenientsinceit suffers severe dravbackswhen usedat
high resolution:simulationrequireshuge computationand
storagewhile offering very little control to the artist. Nu-
merousinterestingargumentgor notusingCFD in CG sys-
tematicallyare given in Lamorletteet al 4. Moreover, the
physicsof smallscalephenomenaanbedifferentto theone
atlargescale(seefootnotel), or parametersanbeunknavn
which is frequentfor naturalobjects(e.g., mud, lava, foam,
cloudlayer..). Corversely artistswantto controlthe visual
aspecbf thedetails,e.g., usingtextures.Thus,a naturalso-
lution is to simulatea low resolution uid, thento let it ad-
vect(i.e., carry)auserde ned texture.

Advecting textures usually consistsof adwecting a pa-

Y GRAVIR is a joint lab of CNRS, INRIA, Institut National
Polytechniquede Grenobleand Université JosepH-ourier
http://lwww-imagis.imag.fr/Membres/Fabrice.Neyret/
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rameterizationThis suffers from severaldravbackssinceit

shouldful Il contradictorycriteria: spaceand time conti-

nuity of theresultshouldbeensuredvhile statistical prop-

erties of the texture shouldbe preser\ed within a range.
Moreover, uids exhibit motion and swirl at every scale.
Thus the texture shouldnot be simply passvely adwected:
It shouldamplify the low resolution animation the same
way it enhanceds spatialappearancé.e., increaseheres-
olution) asseenin the ame exampleon the teaserimage
andonthevideo.

In this paper we proposea work ow for adwecting tex-
turesful lling thesethreerequirementskor simplicity, we
illustrateit mostlyin 2D but the methodalsoappliesin 3D.

I Thephysicalbasefor this conseration of the patternis thatsmall
scaleactive phenomenaften opposdarge scaleadwectionanddif-
fusion, restoringor recreatingthe characteristigattern.For exam-
ple theshapeof crustchunksin lava correspondso mechanicaand
thermallocal constraintsThe shapeof individual cloudsin a cloud
layeris connectedo Benard-cellike local circulation.Vorticesare
permanentlyecreatedn aturbulent o w. Samefor foam, etc.

We certainly don't want to simulatethis small scale physically.
Moreover, the artist knows the global aspectthis shouldhave — or
hewantsthis to have.
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1.1. Previous Work

We will not review herethe previous work on Computa-
tional Fluid Dynamicsfor CG. In termsof performances,
the fastestlgorithmis the StableFluids 11 12 approachal-
lowing real-timesimulationatlow resolutionby suppressing
thetime-stepconstraintHowever, it still hasaNlogN com-
plexity (whereN is thenumberof grid vertices)andrequires
ahugeamountof memorysothatit canbecomdampractical
athighresolutionsespeciallyin 3D.

Threeclasse®f approachesxist in theliteratureto put tex-
turesin motion:

Simpleadwectionof the parametricspace:

For 2D uids and3D mist,Ebert2 1 procedurallydeforms
the spaceon which the proceduraltexture is computed.
(u;v) texture coordinatesare simply adwectedinsteadof
densit)}' . Thedrawbackis thatthe noisetexture stretches
alongtime sincethe parameterizatiols more and more
deformed.Thusthe statisticalpropertiesof the noiseare
not presered.Moreover, theamountof stretchevolvesin
time evenonasteady o w.

Musgrave's re ballsmodel® follows a similar approach
without suffering stretchingln his speci c casetheabso-
lute deformationof the domainis local (at the expenseof
realism)andthe objectshave limited spatialextension.
For scienti ¢ visualizationpurposesMax and Becler °
rely ontheblendingof threetexturesthatareperiodically
regeneratedh time. This principleis alsousedby Stam11
for faking high resolutionsmole by combiningdensity
textureswith the low resolution o w. This regeneration
preventsthe stretchingfrom increasingon steady o ws.
However, theamountof stretchingdepend®on theregen-
erationrate (calledlatency. Tuning this rateis anissue
sinceit shouldbetuneddifferentlydependingntheloca-
tion. Wediscusghis problemfurtherin sectionl.3.More-
over, blendingintroduce<lassicaimageinterpolationar-
tifactssuchasghostingeffectsandcontrastosswhich al-
terthe statisticalpropertiesof thetexture.

Relying on particlesinsteadof parameterizatiorto con-
trol the location of texture patterns:Dream\Wrks intro-

ducedSpriticlesfor thefeaturemovie Questfor Eldorada.

PDI attachedsphericahypertecturesto particlesto make
turbulent ames for Sheek?. A modelfor combininglo-

cal parameterizatiomnd continuity constraintswas pro-
posedfor lava ows 14, In the rst andlast casesgonti-
nuity is still anissue,which limits the useof thesetech-
niquesto chopyy aspect®f uid surfacesNotethateach
of thesethree methodsalso proposea small scaleani-
mation (i.e., at higher resolutionthan the particle sam-
pling): cartoon-animatetixturefor the rst oneandtime-
dependenproceduratexturefor thetwo others.

I Notethatthe Stamet al ideaof inversewarpingof raysfor ren-
deringdistortedblobsin 13 is quite equivalent.

Introducingtime as a fourth dimensionin the procedu-
ral texture parametersThis is commonlydonein CG in-
dustryto getanimateccloud, sky or mistbasedon Perlin
noises. Sincestatisticaltime propertiesof swirling o ws
differ from statisticalspacepropertiesa ownoise model
with embeddedime propertieshasbeenintroducedt©.
However, theseproceduramethodsembeddingime only
addressheampli cation of animationdetails.To address
globaladection(i.e., long rangemotion) onehasto rely
on either of the two classesof approachesnentioned
above.

1.2. Requirementsfor Quality AdvectedTextures
Therearetwo requirement$or good-lookingadwection:

- Continuity in space(no cracks)and time (no popping,
steadyresulton steady o ws).

- Controlof the spatialstatisticalpropertieq(i.e., the max-
imum stretchallowed),asjusti ed in footnotel.

Methodsof the rst classmentionedabore only ensurethe
rst requirementvhile method=f the secondtlassonly en-
surethesecondThus,correctadwectionis currentlyanopen
problem.

Two morerequirementgoncerrthetemporalproperties:

- Blendingoperationsvhencombiningtexturesshouldnot
alter the statisticalspaceproperties Classical aws are
ghostingeffectsdueto the addition of imagesin which
aremarkableeaturedoesnt shav atthe sameplaceand
contrastlossdueto averaging.

- In additionto their adwection,the visual detailsbrought
by the texture should be animatedat small scale.This
smallscaleanimationshouldberelatedto the o w activ-
ity (i.e., peacefubr turbulent).

Despitemorphingtechniques!® addressindeaturepreser
vation during the transitionbetweenimagesexist, no such
techniquehasbeendevelopedfor animatedextures.Thepa-
rameterof proceduratexturescanbeinterpolatedput this
would notmake sensdor texture coordinategseeFigurel).
Thusblendingissuesarenotaddressedty existing methods.

Figure 1: Fromleft to right: canonicalmapping swirledmapping
linear interpolation of the two mappings.This illustratesthat in-
terpolating betweernparameterizationsan yield arbitrary results.
Moreover, theweightshift alongtimeinducesunwantednotion.

¢ TheEurographicsAssociation2003.
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velocity field 64x64  color field % texture T ( 512x512
result
d a'i TI=T(u;,v)) alTi
X =
€] I
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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 (eitherimage or procedurl — here Perlin noiseis precomputednto animage ). We computetheinstantdeformation(normof the strain
tensorkek). We useit to updatethe accumulatedieformationd’ of each layer Knowingthetarget deformationd , we get theideal (decimal)
layer numberl (falsecolors red, greenand blue standfor 1,2 and 3). The fractional part is usedto weightthe correspondindayer, thus
yieldingthreemasksselectingthe appopriate pixels.By multiplyingwith the correspondingadvectedexture T', we get threeadaptedtexture
componentshat are blendedto getthe nal texture. Theresultingimage is obtainedby multiplyingthis texture by the density eld. Notethat
eac T' resultsfromthe blendingof threephase—shiftedia(turesTji (notdisplayedhere). Similarly each d' resultsfromthe sumof thethreed} .

1.3. Flaws of ClassicalRegeneratedTextures

Regeneratinga texture (imageor proceduralonsistof re-
setting texture coordinatesto window coordinatesafter a
givenlife time (or lateng) t. To ensureime-continuity the
textureis affectedwith aweightfactora fadingto zeroatthe
beginning and end of the life time, e.g., % 1 cos(Zp%) .
Blendingthree%g phase-shiftedexturesensures constant
weight. It works visually well for pseudo-periodf& tex-
turesdueto anopticalillusion: whenfollowing afadingspot
in motion, the obserer identi es it with surroundingspots
ratherthanwith the spotresetedo theinitial location.This
requireghatthespothastraveledmorethanapseudo-period
(considerafactorof 10in practice).

Thusthelateny mustneitherbetoo high (to preventlarge

I Note that one cannotexpect this to work for any texture: the

sameway thanseamlespatternmappingon surfacesis well-posed
for somecateoriesof patternge.g., isotropic)andill-posedfor oth-

ers(e.g., stronglyoriented)jnvisible blendingbetweenwo arbitrary
regionsof atextureis possibleonly for reasonabléexture contents
(namely self-similarandisotropicatlarge scale).

¢ TheEurographic#ssociation2003.

stretching)nor too low (to presere theillusion of motion).
Theidealvaluedepend®nthevelocity andthedeformation,
soit shouldbeadaptedo the uid state.Theproblemis that
atthis stagethereis asinglegloballateny valuewhile there
is arangeof velocity valuesalongthe simulatedspace(see
Figure3). A major contribution of our paperis to proposea
solutionto this problem.

1.4. Overview of Our Approach

Ourthreecontritutionsconsistof locally adapting the tex-

tur e latency which we describein section2, blending the

procedural noisein frequency spacewhich we describe
in section3, andde ning a control mechanismfor small

scaleanimation whichwe describen sectiond. Resultsare
presentedn section5.

Thesethreestepsde ne acompleteanimateduid textur-
ing schemerelying on proceduratextures.If imagetextures
areusednsteade.g., for basichardware-acceleratednder
ing), the rst stepstill applies.
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2. Adapted Advection (seeFigure 2)

We rely ona uid simulationon a low resolutiongrid and
we adwecttexture coordinatesaswell asdensitysimilarly to
Stam1t12,

We considera set of N layers fT'; i = 1::Ng, where
each layer is made of three regeneratedtexture param-
eterizationsf (uj;v}); j = 1::3g. Assuming linear blend-
ing is used (we will releasethis in section 3) we have

T = ajila'j T(uj;V}) whereT() is the texture map, and

1 t t0
1 cos 2p—

aj=3 . Each layer has its own
latencyt' (i.e., life durationof eachtexture),thusis adapted
to arangeof velocity. Theideais to chooseat eachlocation,
thelayer T thatis mostadaptedo the local deformation.
Similar to MIP-mapping,we choseandblendthe two lay-
ersthatmostcloselybracletthedesiredvalue, thusensuring

continuityin spaceandtime.

To forge our criterion, we maintaina pervertex measure
of the accumulated:leformationd} of eachtexture j; (this
datahasto beadwectedwith the uid aswell). We de ne the
accumulatedieformationd' of thelayeri asthe sumof the
accumulatedieformationof its threetexture parameteriza-
tions j;. Notethatalthoughthis valueincreasedor atexture
ji accordingo its age theaverageonthethreephase-shifted
texturesis quasi-constarfor a steady o w.

The user provides a target amountof deformationd
balancingbetweenmotion illusion quality and maximum
stretchingallowed.We obtaintheideal (decimal)layernum-
berl to beusedthroughback-interpolationfor i suchthat
d<d andd <d*? | = 4.9
Then, we proceed with our ‘tempoal tri-linear MIP-
mapping by blendingthe layersi andi + 1 with weights
1 f and f respectiely, where f is the fractional part
of I . Thusthe nal texture (assuminginear blending)is
T =@ f)T'+ fT™! . Thistexture valueshouldthen
be multiplied by the local density (or color) interpolated
from thegrid values(thisis handlecby OpenGLif hardware
texturesareused).

To easethenotationswe notea thefactorof T' (i.e., f, 1-f

or 0) sothatwe canwrite T = &;a%T'. o
We alsonote a? = aoa'j sothat T = éi;ja?T(u'j;v'j) )
But keepin mind thatwe areblending6 textures(2 layers

eachmadeof 3 regeneratedextures)andnot3N ateachver
tex!V

V' We rely on pervertex adaptatiorcriterionto allow implementa-
tion onasimplehardware.This canoccasionallyjeadto the combi-
nationof morethan6 texturesin a given pixel. However, notethat
this criterion caneasilybe usedper pixel if necessaryn software
andfragmentprogramimplementations.

2.1. Measure of the Deformation

In continuummechanicsdeformationis measureddy the
strain tensore = %(G+ G") whereG is the velocity gradi-

entmatrix(#—)‘f})i;j (takingthe symmetricpartof thegradient
matrix allows us to cancelthe effect of solid r@tations).lf

a scalarmeasurds required,the normkek = &;;; e,zJ is
used.

As statedabove, for eachtexture j of eachlayeri we
maintainthe accumulatedocal deformationd'j(x; y) since
its lastregenerationThis is the time integral of the instant
deformationkek for agiven uid parcel(sothis datahasto
be adwectedwith the uid aswell). At eachtime stepand
for eachvertex we computekek(x;y) andupdatethevalues:
dj(xy) + = kek(xy)dt .

Notethatintegratinga norm preventsary 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, thento evaluatethe norm to be
comparedvith d .

Global: (d andt' areuserde ned, othersareinternal)

d  thetargetamountof deformation.
t' thelatencyof layeri.

tOij thetimeof thelastregeneation of texture j;.
~ (infactwestore andupdatet tO'j ).
aj theweightof texture ji
(storedto avoidthe cosineevaluationat everyvertex)
Local: (to beadwectedwith the uid)
(uij ;\/i-) thetexture parameterizationj;.

d} thelocal accumulatedieformationof texture j;.
I thedecimalideal layer numberfor at this vertex.

Table 1: Summanpof theintroducedparametes

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

¢ TheEurographic#Association2003.
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3. Blending Procedural Textures

At this stage we have de ned how to passiely adwect tex-

turesalongthe o w. Thisimpliesthe blendingof 6 textures
(in general).As statedin the introduction,computingthe
simple blendingof textures(i.e., doing the weightedsum)
producesartifactssuchasghostingeffectsandcontrastfad-
ing: non-correspondin@atternfeaturesare superimposed
andrenderedvith aweightlessthan1 (seeFigure3). If an
explicit texture mapis used thereis no easyway to do bet-
ter. However, we canimprove this in the caseof procedural
noisesuchasPerlinnoise(or hypertetures?® in 3D):

s 16B_, _ l»a
noise ) a noise {l} = I
Figure 4: Classicalvsour blendingof 2 procedual samples.

Sincepseudo-randomoisebasefunctionsb() sharethe
samepseudo-perio@ndareuncorrelatedtheir linear com-
binationis acorrectbasefunctionaswell. Sois theresulting
linear turbulent’ noisevalue obtainedby addingthe base
function of harmonicfrequenciesThingsturn badwhena
non-lineartransformis usedwhencombiningthe harmonic
componentsTypically, a nice andfrequentlyusedturbulent
functionis t(x) = &2, 2—1kj2b(2kx) 1j: the absolutevalue
producesa discontinuityof the derivative that ts well with
thelook of uf fy clouds,choppy wavesorlandscapesared
with valleys. This non-linearfeaturewill yield the same
blendingartifactsasmentionedabore. To avoid this, we sep-
aratePerlin-basegrocedurakhadersnto two parts:all the
basefunctionsz—lkb(Zku'j) areevaluatedfor eachtexture pa-
rameterizationu'j andblendedclassicallysothatwe obtaina
blendedspectrunt xby (); k= 0:Ng. Thentheshadethat
computeghe visual attribute from this spectrumis applied
(includingthe choserturbulentsumt() andtheuserde ned
shadeshad)) basednthisturbulence).l.e., insteacf com-
putingthelinearblendingasde nedin section2:

aijalshadti()  with t)0) = &f o 4 f(b(2u})
(with f(b) = j2b 1] in theexampleabove),

we computeinstead: (SeeFigure4)
shadt ()) with _
t 0=&koxf(b) and b= & afb(2u)

Notethatthis schemealsosavescomputatiorsincethepo-
tentially complex shadershad) is now evaluatedonly once
perpixel or voxel.

V' A proceduratexture basedon Perlin noiseusually consistsof a
shadershad) transformingoneor several noisesignalsinto color,
transpareng or bump. The noisesignalitself is the resultof a pro-
cess:an interestingturbulent noiset() is producedfrom a fractal
combinationof a simplebasenoiseb() .

¢ TheEurographic#ssociation2003.

4. Animating Small Scales

Passvely adwecting the texture is generallynot sufcient:
Sincethe texture increaseghe apparentspatialresolution,
we needto male this new detailedvisualinformationswirl
at this scalethe sameway the low resolutionscalesmove.
|.e., we needto make thesmallscalesalive. As statedn the
introduction,this is classicallyachieved by addingan extra
dimensionto the noisesothatit is evaluatedbothin space
andtime. Alas the time statisticalpropertiesof uids are
verydifferentfrom their spatialstatisticalpropertiesandthus
poorly representedy pseudo-randonmoise. Flownoise1°
hasbeenintroducedto provide a betterswirling behaior to
Perlin noise. The key ideais to apply a userde ned rota-
tion alongtime to the basegradientvectorsof regularPerlin
noise’'. The problemis thento tunetheserotationparame-
tersalongspaceandscales.

Ourideais inspiredby the 1941theoryof Kolmogorw 3
(after a previous remarkby Richardsonthat “large eddies
breakinto smallereddiesandsoonto viscosity”): anenegy
cascaddn the Fourierdomaincanbe obsened andquanti-
ed shaving thatenepy travels from the large to the small
scales.Thus the rotation at a small scaleis relatedto the
vorticity at a larger scalewith a delay However, the Kol-
mogorw cascadeapplieson aninertial range(i.e., homoge-
neousdistribution in space)while we wantto applyit on a
uid with heterogeneouactivity. We assumehatthe iner-
tial rangeconditionis valid within eachgrid cell, but that
the uid actiity canchangdrom cell to cell.

To modelthe local vorticity spectrumscorrespondindo
theenepgy cascadeye storeandmaintainateachvertex the
vorticity w; to be appliedateachprocedurakcalebelow the
grid cells size (e.g., 4 valuesif the grid is 32° or 32° and
the nal imageis 512 512).Thesew; areusedasrotation
parametergor the o wnoise.Note that this datahasto be
adwectedwith the uid aswell.

At eachtime stepandfor eachvertex, we simulatethe
enepy transferthrough scalesby applying the relaxation
Wy = bW+ (1 bwe 1 where b= 2 & (tyisthe
characteristiaelay of transferbetweenscalek 1 andk)
andwy is thevorticity correspondingo thegrid wavelength.
Enegy cascadeheorysuggestshatt = d‘to , Sothatthe
cascadés de ned by thetwo numbergyandt o. But we con-
siderthatthe tuning of these4 transferdelayst x shouldbe
left to the usersinceit allows him to controlthe “actvity' of
the uid.

VI The base noise used for Perlin noise is dened by
b(x) = &;c(x x)agi(x x) with gi(d) = gi:@ thegradienfunc-
tion associatedo the nodei of the virtual cell surroundingx, and
c(d) adrop-of kernel. Thecomponentsf thegradientvectorg; are
randomvalues.

For o wnoisethebasenoisefunctionappliedwith arotationR(t)
is de nedthesameway, with g; (&) = ROT(gi; R(t)) :d . Therotation
speedusuallydependonthescale.
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4.1. Evaluating wg

In principlewgp = \iv(ﬁ) whereWw is the Fouriertransformof
the vorticity andh the grid cell size.However, we assumed
that the inertial rangeconditiononly applieswithin a cell,
sowe shouldmeasurehe enegy frequencieonly within a
neighborhooandnotthroughthewholedomain.

Our initial ideawasto evaluatewg usinga selectve high
passlter onw. But we obsenedthatnumericaldissipation
aswell asdiscretizatiorof theoperatorsnale this valueun-
reliable.Sowe simply assumehatwy is proportionalto the
normof thevorticity w atthis vertex. If largescaleeddiesdo
exist in a simulation,a non-selectie high pass Iter could
beusedsuchasw” w wherew" is theaverageof w in a 2"
neighborhoodindw is the global average.

Global:  (by is userde ned, othersareinternal)

by thetransfercoefcients betweerscalesk 1andk
(which are procedual scalesj.e., sub-cell).

Local: (to beadwectedwith the uid)

wy thelocal vorticity for scalek.

Table 2: Summaryf theintroducedparametes

5. Results

We have implementedthe presentedwork ow upon the
stable uid solver basedon FFT 12, We relied on 3 layers
(i.e., 9 textures)for all our examples.For classicaltexture
mapsor precalculategrocedurahoisewe cantake adwan-
tageof standardhardware-accelerate@penGL thusourim-
plementations realtimein thesecasesNotethatonly linear
blendingcanthenbe used.For proceduratextures— which
requiresperpixel calculations— our software rendererre-
quiresl to 20 secondperframedependingn thecomple-
ity of theshademndof theimage(theability of thenewcom-
ing graphicsboardsto computecomple fragmentshaders
shouldeasethis task).

The various parameterour methodaddsto the simula-
tion sharethe samelow resolutionasthe grid (andare ad-
vectedlike the density eld). Only the givenimagetexture
(if ary) andthe nal imagesare high resolution,thusvery
little memoryis neededMoreover, using proceduralnoise
allows usto predictwhethermaterialwill appearor notin a
grid cell. Thusthe high resolutionevaluationsaredoneonly
in usefulregions.Thisimpliesthatthe renderingcostgrows
lessthanlinearly with respecto thenumberof grid vertices.
Corversely increasingthe resolutionof the simulatedgrid
yieldslinearincreasef thestorageandsupetlinearincrease
of thecomputatiortime.

The animationsjoined to the paper(checkthe CDROM
andour web site) illustratesthe effects of adwectedtexture
with low or high constantateng, andwith locally adapted

latengy. Somerely onimagetextures(thetwo rst examples,
i.e., thecolor ow of Fig 5aandthe pasteof Fig 5b), while
the othersrely on proceduralPerlin noise(the cloudslayer
andthe reball) usingthe ownoise extension?©.

We have generatednary differentkinds of imagesand
animationsasshavn in theteaseimage,in Figure5, andon
thevideo (notethatthe atmospheri@animationsdo not pre-
tendary plausibility!). Theresolutiongrid was64 64, but
mostimagesweretakenin al6 16 region of interest.The

nal resolutionis generally512 512.We alsodid earlyex-
perimentin 3D, thusshawving thatour schemeappliesto 3D
aswell: thelastsequencef thevideoshavs how ourmethod
canamplify boththe shapeandanimationin a8 8 8re-
gionof a3D o w. Therenderingis thenthe mostdemand-
ing partsincevolumetrichypertexturerendering is required
(pleasedon't pay attentionto the poor renderingquality of
our hardware-basedolume shademprototype).Note thatin
3D, vorticity is a vector We usedrandomorientationsfor
this test,but this issuedeseresdeepeinvestigation.

Thecombinationof our new parametersvith the uid pa-
rametersandthe proceduratexture parameterspensavery
wide eld of tuningfor experimentation.

6. Conclusion

This paperhaspresented completesolutionfor animating
a texture adwectedby a uid. We rely on 3 stepsthatwere
unsohedin previousapproaches:

- Advectingthe texture without stretchingit by introduc-
ing alocaladaptve schemeriggeredby theaccumulated
local deformation.

- Blendingthe basetextureswithout interpolationartifact
(ghostingeffect), atleastfor Perlinproceduratexture.

- Handlinganimationbelow the sizeof the simulationgrid
relying on ownoise, and controling it to ensureco-
hereng with thesimulateduid actiity.

Ourresultsshaw thatvisually pleasingadvectedtexture can
be obtained.This allows us to fake very high resolution
uids basedon correctlow resolutionCFD. Moreover, the
user can phenomenologicallycontrol the aspectof details
similarly to the usualschemefor surfaces.A purely phys-
ical approachwould have requiredto modeland solve the
small scalephenomenaboth tasksare generallyvery dif-
cult sincenaturalobjects(e.g., foam, lava...) combinenu-
merousphenomengsomenot understoodr with unknavn
parameteralues),andrequiresolving non-linearequations
atvery highresolution.

For futurework, we would lik e to adaptheentirescheme
to the new generationof graphicshardware offering frag-
mentprogrammabilityandto furtherexploretheapplication
of textured uids to 3D suchascloud simulation.In sucha
casemostof the spacds emptywhich shouldbetakeninto
accounffor deepoptimization.We arealsointerestedn ex-
tendingour blendingapproachto other proceduralnoises,
e.g., Worley noise’S.

¢ TheEurographic#Association2003.



Neyret/ Advectedlextures

Figure 5: Various kind of geneated images (seealso the teaserimage). The two on left rely on hardware textures. The two on right are
procedurlly geneated.Notethat the maximurrstretching is controlled (on therightestit is high on purpose).

Acknowledgments

We wish to thank Jos Stamfor discussionson uids and
uid deformationand FrancoisFaure for a discussionon

the meaningof the straintensorcomponentsn mechanics.

Thanksarealsodueto Marie-Paule Caniand Laks Raghu-

pathifor rereadingandto Lionel Reveret,Jean-Dominique

GascuehndGilles Detunnefor last-minutevideo editing.

References

1.

David Ebert, Kent Musgrave, Darwyn Peachg, Ken
Perlin,andWorley. Texturing andModeling: A Proce-
dural Approach. AcademicPressQctoberl994.ISBN
0-12-228760-6.

David S. Ebert and Richard E. Parent. Rendering
and animationof gaseousphenomenay combining
fastvolumeandscanlineA-buffer techniques.In For-

est Baslett, editor, ComputerGraphics (SIGGRAPH
'90 Proceedings)volume 24, pages357-366,August
1990.

A.N. Kolmogora. The local structureof turbulence
in incompressibleiscous uid for verylargeReynolds
number DokladyAkad.NaukSSSRpage<9-13,1941.

ArnauldLamorletteandNick Foster Structuralmodel-
ing of natural ames. ACM Transactionn Graphics
21(3):729-735July 2002.

NelsonMax andBarry Becker. Flow visualizationus-
ing moving textures. In NASA ConferencePublica-
tion 3321-Seriexditor, Proceeding®fthel CAS/LaRC
Symposiunon Visualizing Time-\arying Data, pages
77-87,1996.

Ken Musgrave. Greatballs of re. Technicalreport,
Digital Domain,1997.

http://www.kenmusgrave.com/balls_o_fire.ps

PDI. 'Shrek’: The story behindthe screen. In Sig-
graph CourseNotesCD-ROM, Course#19, pagesb9—
66. ACM-Press2001.

http://terra.cs.nps.navy.mil/DistanceEducation/online
siggraph.org/2001/Courses/cd1/cnav/cnavc19.html

¢ TheEurographic#ssociation2003.

8.

10.

11.

12.

13.

14.

15.

16.

Ken Perlin. An imagesynthesizer In B. A. Barsky,
editor, ComputerGraphics(SIGGRAPHS85 Proceed-
ings), volume19(3),pages287—-296,July 1985.

Ken Perlin and Eric M. Hoffert. Hyperteture. In

Jefrey Lane,editor, ComputerGraphics(SIGGRAPH
'‘89 Proceedings)volume 23(3), pages253-262,July
1989.

Ken PerlinandFabriceNeyret. Flow noise. Siggraph
Tedhnical Sletches and Applications page 187, Aug

2001. http://mrl.nyu.edu/"perlin/flownoise-talk/
http://www-imagis.imag.fr/Publications/2001/PN0O1/

JosStam. Stable uids. In Proceeding®f SIGGRAPH
99, ComputerGraphicsProceedingsAnnual Confer

enceSeries,pages121-128,Los Angeles,California,
August 1999. ACM SIGGRAPH/ Addison Wesle/

Longman.ISBN 0-20148-560-5.

JosStam.A simple uid solverbaseddnthefft. Journal
of GraphicsTools 6(2):43-522001.

JosStamandEugeneFiume. Depicting re andother
gaseousgphenomenausing diffusion processes. Pro-
ceedingsof SIGGRAPH95, pages129-136,August
1995.ISBN 0-201-84776-0Held in Los Angeles Cal-
ifornia.

Dan Stora, Pierre-Olvier Agliati, Marie-Paule Cani,
FabriceNeyret,andJean-Dominiqu&ascuel Animat-
ing lava o ws. In Graphicsinterface(GI'99) Proceed-
ings pages203-210,Jun1999.

http://www-imagis.imag.fr/LAVA/

G. Wolbeg. Digital Image Warping. |IEEE Computer
SocietyPresslLosAlamitos,CA, 1990.ISBN 0-81868-
944-7.

Steven P. Worley. A cellular texturing basisfunction.
In Holly Rushmeiereditor, SIGGRAPH6 Confeence
Proceedingspages291-294.ACM SIGGRAPH,Ad-
disonWesley, August1996.



