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Abstract

A velocity field, even onethat represents steadystateflow, implies a
dynamicalsystem.Animatedvelocity fields is animportanttool in un-
derstandingsguchcomplex phenomenar his paperlooks at a numberof
techniqueghatanimatevelocity fieldsandproposewo new alternatves.
Thesearetexture advectionandstreamlinecycling. Thecommontheme
amongthesetechniquess the useof adwectionon sometextureto gen-
eratea realistic animationof the velocity field. Texture synthesisand
selectionfor thesemethodsare presentedStrengthsandweaknessesf
thetechniquesrealsodiscussedn conjunctionswith severalexamples.
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1 INTRODUCTION

Animation bestcaptureghe dynamicalpropertiesof velocity fields. We
areremindedonceagainin the recentpapersof Stam[7] and Witting
[11], whereboth papersuseanimationto shav the complex natureof a
flow field. In thesepapersthe authorseffectively usedtexture advection
asthe primary mechanisnto depictthe resultsof their flow simulation
therebyachieaving effects suchas swirling and mixing of fluids. While
thesepapersmay have met their goalsfor aestheticvisual effects, the
basictechniquerequiresmodificationsto make it suitablefor scientific
visualizationpurposesSpecifically how doesonehandletexture advec-
tion beyondtheboundsof theflow field? Lik ewise,how doesonehandle
texture advectionfor critical pointssuchassourcesandsinks,etc.in the
flow field?

This paperreviews severalexistingtechniquedor animatingvelocity
field from the scientific visualizationcommunity (Section2). We then
proposetwo alternatve methods(Sections3 and4) thatdrav uponthe
strength®f existingmethoddo provide realisticdepictionsof thebehar-
ior of thevelocity field.

2 RELATED WORK

Thereare several excellentwork on the useof animationto aid in the
understandingf flow fields.We review a numberof approachekere.
Hin andPost[3] usedparticlemotionanimationto depicta turbulent
flow field. Theflow field is decomposethto a corvective andaturbulent
componentDuring eachstepof the animation,the pathof a particleis
stochasticallyperturbedo producearealisticturbulentflow effect.
Severalanimationtechniquesuseeithercolor tableanimationor cy-
cling of texture maps.Van GelderandWilhelms|[2] usedcolor tablean-
imation to animatestreamlinesn a 3D flow field. Streamlinesareren-
deredopaquelyusing z-buffer while coloreddots “move” along each
streamlinecreatingtheillusion of motion. YamromandMartin [12] used
a variationof this approachby first renderinga 3D flow field ashedge-
hogs.Thena seriesof 16 1D cycling texture patternof varying alpha
valuesis usedto animatethe hedgehogsNo particleintegrationstepis
requiredin their method.Jobardand Lefer [4] introducedthe ideaof a
motionmapthatstoreshe pathandvelocity magnitudeof streamlinesn



a steadyflow field. For animation they createa sequencef color table
indicesfor eachstreamline Animationis carriedout eitherby thetradi-
tional color tableanimationor by cycling of thetextures ,wherethe color
indexesareshifted.For textures highfrequeng randomtexturesaregen-
eratedandusedon streamlineproducingeffectssimilarto animatedine
integral corvolution (LIC) techniques.

LIC is anothempopularmethodfor visualizingflow fields.Oneof the
enhancementis animatedLIC to betterpresentthe dynamicnatureof
flow fields. Again, a numberof work in this areais summarizedere.
Wegenkittl etal. [10] describedrientedLIC (OLIC), asparseLIC ver-
sion whereorientationanddirection of the flow field are encodedwith
aramplike convolution kernel. Two differentapproaches$or animating
OLIC weresuggested(a) phaseshift of corvolution kernelin consecu-
tive framesand(b) color tableanimation.

Anotherapproactwith similar effectis with animatedspotnoise[8]
wherespotsareplacedrandomlyin a 2D flow field andassigneda ran-
dom phase.During animation,they appearto glow, move a shortdis-
tance,thenfade.In orderto handlevariable speedanimation,Forssell
and Cohen[1] proposedhat a differentcornvolution kernelis usedfor
eachpixel. Specifically the corvolution kernelhasa phaseshift propor
tionalto thecorrespondingyrid cell’s physicalvelocity magnitude Shen
andKao [6] extendedanimated.IC to UnsteadyFlow LIC (UFLIC), a
time-accuratanethodcapturingunsteadyflow fields. Anothervariation
is with Pseudo-LIQPLIC) [9] whereLIC-lik eimagesaregeneratedis-
ing texturedstreamlinesVariablespeedanimationis achiezedby varying
thecycling frequeng of textures.

The predominantdeaof animatingflow fieldsseento beeitherwith
colortableanimationor textureanimationn fact,oneof theearlierwork
is by Max etal. [5] where3D texturescoordinatesvereadwectedn acli-
mate simulationmodel. Two 3D textureswere linearly combinedover
time andthenpassedhrougha transparengfilter sothattexture distor
tionsandoverlappingtextureswereminimized.

Thework presentedn this paperextendsanimationof flow fieldsin
two ways.First,we examinethetextureadwectionapproactusedby Max
andmodify it to bettersupportboundaryconditionsandcritical pointsin
the flow. Secondwe look at the texture cycling alonga streamlineand
shov how a continuousanimationof a steadyflow canbe achiezedwith
afinite numberof integrationsteps.



3 TEXTURE ADVECTION

The ideabehindthis approachs to modify the texture imagesuchthat
it appeardo get distortedby someunderlyingflow field. This is best
carriedout by adwecting the texture coordinatesof the image.That s,

eachtexel is treatedas a particle and integratedbackwardsin time for

somenumberof integrationstepd.. Backwardintegrationis usednstead
of forwardintegration.For eachtexel, we calculatewhich texel(s) along
a streamlinecontributedto it. As time progressegexels contributing to

a particulartexel would have comefrom a fartherdistance(integration
step)away. By incrementallyincreasingL andsaving the outputimage
at eachtime step,we cangeneratean animatedlow field shoving how

theinputtextureimageis distortedby the flow field.

3.1 Boundary Conditions

Although the methodabore seemseasyand straightforvard, a couple
of issuesariseswhenthe integrationreachegshe boundaryor a critical
point. We will discusgheboundarycasesituationfirst. Sincethe particle
is adwectedbackward in time, dependingon the original seedlocation
andthe flow direction, it is mostlikely that after sometime period, a
particle will reachthe grid boundary This promptsthe question:what
texel value do we assignwhen a particle reachesa boundary?A sim-
ple andnaive solutionwould beto terminatethe particleatthe boundary
andusethe color of the texel at the boundarywherethe particle termi-
nated.We referto this approachasthe constantcolor boundarymethod.
The outcomeof this strategy will be that after sometime frames,the
boundarycolor is propagatednto the image.Sincethe boundarycolor
is constantwe will seea correspondingonstantcolor streakscoming
from the boundarieof theimage(SeeFigure 1, particularlythe regions
nearthe upperleft andlower right). Eventually the imagewill consist
of mary constanttexture color regions. While this may be undesirable
for mostsituations,it doeshave somevisualizationvalue. Specifically
it identifiesregionsin the flow thatarenot affectedby the boundariest
all andtheregionsof flows thatbecometime-invariant.To avoid “freez-
ing” theimagewith constantextureregions,theseboundarytexelsmust
somehav be changedr madedependenbn integrationtime.

We now considetthe periodicboundarycondition.If theinputtexture
is periodic,thenwe displacethe particlewhenit reacheghe boundary



Fig. 1. Effectof usingconstantolorsonceintegrationstepreachesheboundaryNoticehow the
colorsattheboundariegetstrealed out over theimage.

Fig. 2. Effect of usingperiodicboundaryconditions.Similar problemasconstanboundarycon-
ditionsbut new patternseemto feedin from theboundarieslthoughthey arenotvery coherent.



Fig. 3. Effect of usinga 3D checlerboardtexture pattern.Coherentheclerboardpatternappear
to feedin from theboundariesnto theimage.

Fig.4. A LIC imagethatdepictsthedynamicvorticesflow field usedin the previousfigures.



le.if then _ andif _ then .
This checkis alsoperformedfor the coordinate Assumethattheinput
texture is periodic,imposing periodic boundarymight, at first glance,
appearto solve the problem.However, this aloneis not sufficient. The
problemreally is that oncea particle goesoutsidethe boundaryof the
flow, theres no informationavailablefor carryingout the backwardin-
tegration.Hence it would alwaysbe draving from the sametexel value.
Figure 2 shaws the effects of imposinga periodic boundarycondition.
To combatthis problem,the following approachs used.A procedurally
defined3D textureis usedsuchthatwhena particleexits theboundaryof
the flow, integrationis stoppedWhenan animationcalls for time steps
beyond this point, texels valuesalong the depthof the 3D texturesare
used.The depthis determineby the numberof time stepsleft whenthe
particlereacheghe boundary The color of the texture to useis a func-
tion of this depthvalue.By guaranteeinghat the boundarytexturesare
differentasonegoesthroughthe depthof the 3D texture,adynamiccon-
tinuousfeed effect is achieved. Figure 3 illustratesthis approachwhen
a 3D checlerboardtexture patternis used.Note thatadjustingthe scales
andfrequeng of the checlerboardalongthe depthof the 3D texture af-
fectsthe quality of the resultinganimation.

3.2 Critical Points

The problemof what texture patternto feedinto the imagealsooccurs
whena particlereachesa critical point thatis sourceor repellingspiral
i.e. wherethe flow emanate$rom the critical point. Using the standard
adwectionof texture coordinatesvith constantolor boundarycondition
will produceanimagelik e Figure5. Whatis happenindhereis thatparti-
clesaroundtheregion of influenceof the sourcearebackwardintegrated
into the samepoint — the sourcecritical point. So, whatever texel value
happerto beatthatpoint getspropagateaut throughthe sourceregion.
A morerealisticeffectwould have beento seenew texture patternglow-
ing out of the sourcepoint. Again, we usethe 3D texture approachso
thatif we endup atthesamdocationduringa backwardintegrationstep,
(i.e. at a sourceor repellingspiral), the texel value assigneds the next
onein depth.Thisis illustratedin Figure6.

This texture adwectionis imagebasedandthe particle adwectionis
performedfor eachtexel. Basically thereis a oneto onemappingof the



outputimageandthe input image.For eachtexel in the outputimage,
thereis a correspondingexel in theinputimage.

The computationatime of this approachgrows linearly asthe num-
berof time stepsincreasesDuring theinitial time step,no integrationis
performedto show theinitial inputimage.At the secondtime step,the
texelsareadvectedto the next time step.Hence,at time n, the particles
would needto beadwectedby ntime stepsHowever, it is easyto improve
the computationatime by saving the currentpositionsof the particlesat
the currenttime stepand then continuethe adwectionto the next time
step.

This approachdoesnot requirelarge memoryoverheadoecausehe
integrationareperformedtexel by texel. The only informationsavedare
theresultingoutputimageobtainedfrom the particleintegration.

Fig. 5. Texel valueatthecritical sourcepoint (lower right) is replicatedover time. Eventuallythe
region of influenceof the sourcepointbecomeshomogeneouslyhite.

4 STREAMLINE CYCLING

As pointedout, a weaknes®f thetextureadwectionapproachevenwith
the 3D texturesfor feedingnew texturesat boundariesand sourceand
repellingspiral critical points,is the lack of cohereng of new textures.
Anotherpotentialdravbackis thesensitvity of thevisualeffectto the3D



Fig. 6. Effect of usinga 3D checlerboardtexture pattern.New patternsseemto continuously
appearfrom thesource.

Fig. 7. A LIC imagethatdepictsthe sourceandsink critical pointsin theflow whichwasusedas
asinputfor the previoustwo figures.



texture used.Thatis, differenttexturescanpotentiallyproducedifferent
visual effects even on the sameflow field. This sectiondiscussesan-
otherflow field animationapproachThis approactwasmotivatedby the
questionof how to feedtexturesinto theimagewhenaparticlereaches
boundaryor a sourceor repellingspiralcritical point. Insteadof creating
new textures,why not reusethe existing texturesin the streamlinehe
basicideais to first intersectstreamlineswith the underlyingtexturein

theimage thosetexturesarethencycledfor eachstreamlineBecause¢he
texture featureqe.g.aregion of thetexture suchasa partof a checler-

boardtexture) spanmary streamlinesthe movementof the texturesare
very prominentUsingthis approachflow aboutthesourceandsink crit-

ical pointsareclearlydepicted.

Hereis how the algorithmworks. For eachtexel, the particleis inte-
gratedforwardandbackwardin time. The particleis terminatedvhenit
(a) reacheghe boundary (b) reachesa sourceor repellingspiral critical
point, or (c) hasexceededhe maximumintegrationstepsallowed.While
the particleis beingintegratedalong the flow field, the color intensity
(RGB) of thetexel thatit traversedthroughis saved.For animation,the
saved color intensitiesalongthe streamlines cycled by a fixed amount
in eachtime step,thusproducingan animatedmage.This is illustrated
in Figures8 and9 usingdifferenttexture images.For simplicity, if the
streamlinehasA, B, C, D, andE colorintensitiesandwe shift thestream-
line by one position eachtime, thenwe will getB, C, D, E, A in the
secondime stepandC, D, E, A, B in thethird time step,andsoon. The
streamlindantegrationandshifting areperformedn texel spaceWe save
the morphedimagefrom eachtime stepto a file andthenplaybackthe
savedimagesfor animation.

Fig. 8. A sequencef time steps(attime steps5, 10 and30) from usingstreamlinecycling. The
flow aboutthe sourceis clearly shown.



In ourimplementationye seedthe streamlinesvery other3 texels.
Furthermorethe seedsarejittered to avoid artifactsfrom uniform sam-
pling. We found this seeddensitytendsto give us nearfull coverageof
theimage.For eachstreamlinethetexel positions(i,j) andthetexel color
(R,G,B)valuesarestored. Themaximumlengthof thestreamlinds setto
1,000.For thetestdatathatwe used,only a smallfractionof the stream-
linesreachthis maximum.Hence themaximumstorageequiremenper
streamline is 1,000*(4+3)=7KB, where(i,j) is 2 shortsand(R,G,B)is 3
bytes.For a 400x400imagewhich hasseedingat every other3 texels, it
would requireapproximatelyl 33x133x7KB,or 123.8MB.Notethatthis
is the size of the entireanimationaswell becauseve just needto cycle
throughthetexturefor eachstreamlingo do theanimation.

Fig. 9. Streamlinecycling usingthe samesequencef time steps(at time step5, 10 and30) as
Figure8 but usingadifferentinputimage.Thetextureimageis thatof galaxies Arbitrary texture
imagesmaybeused.

In this approachwe did not deal with the situationwhen multiple
streamlinedraversethroughthe sametexel. The main reasonwhy this
situationis not considereds dueto the extra memoryrequirementhat
is needfor normalization— storethe sum of the texel color from the
streamlineshatpassthroughandthe countof the numberof streamlines
thatpassthrougheachtexel. Furthermoreadditionalcomputationis re-
quiredto averagethetexel colors.A relatedconsequences thatbecause
streamlinesare calculatedndependentlytexturesbeingcycled on each
streamlinemay notlook coherenparticularlywhencomingout of a crit-
ical sourcepoint. Thisis anareafor furtherimprovement.

There are several advantagedo the streamlinetexture cycling ap-
proach.Onenicefeatureis thatit is pretty muchautomatedi.e. the user
doesnot needto specifyarny parameterdesideghe input flow field, an
inputimage,andthe numberof time steps.Basedon theseinformation,



the programproducesan animationthat morphsthe input image over
time to depicttheflow field. Anotheradwantagds thatunlike the texture
adwectionapproachjntegration doesnot continueindefinitely with the
animationtime. Becauseve arecycling the textureson the streamlines,
thelongestintegrationrequiredwould bethatof thelongeststreamlingn
theflow field. Finally, anotheradvantagds thatarbitrarytextureimages
maybeused.(Thevideoillustratesthis methodwith a checlerboardand
agalaxyimageastextures) Whenspeciallydesignedexturesareusedas
in [4, 9], animated_IC-lik eimagescanbe producedLik ewise,thesame
techniquecanbeusedo produceanimationssimilarto animatediroplets
(streamletsyvhereink dropletsaresmearedo revealflow orientationand
animatedo shav the flow direction. The dropletsare approximatedy
smalldiskswith varyingintensities Animation of thesedropletsis done
by eitherphaseshifting of the corvolution kernelin consecutie frames
or by color table animation.The sameeffect can be easily simulated
using streamlinecycling. The key is to startwith aninput texture that
consistf scatterediroplets.By cycling throughthetexturealongeach
streamlinethe dropletsget smearedand orientedproperlyandmove in
the direction of the flow whenanimated Figure 10 illustrateshow this
approachworks.

We foundthestreamlinecycling approacto be mostappropriategor
depictingthe flow aboutthe sourceand sink critical pointsin the flow
field. Theresultinganimationgivesa striking appearancef the texture
beenswallowed nearthe sink critical point andthe bursting of texture
from the sourcecritical points.This dynamicdepictionof theflow is not
possiblewith ary staticflow depictionincluding thosegeneratedrom
theLIC algorithm.

5 SUMMARY

We have presentechow two easyto implementand useflow field an-
imation techniquescan be modifiedto becomeuseful for scientific vi-

sualizationapplications.In particular the methodspresentedrovided
mechanism$or feedingnew texturesinto theanimationbothatboundary
regionsaswell ascritical pointssuchassourcesandrepellingspiralsin

the flow field. Conventionalparticletraceanimationtechniquesisually
segmentthe particletracesinto fragmentsandthenmove the fragments



Fig. 10. Animateddropletscanbe achiezed usingthe streamlinecycling approachogetherwith
aninitial textureimageof randomspots.This sequencshawvs severalfour framesfrom thedata
setusedin Figuresl to Figure4.

alongtheparticlepath.Ourtechniquedliffer from theconventionaltech-
nigquesin thatwe morphthe giventexture imageto help reveal the dy-
namicsin theflow andwe proposesolutionson how to feedtexturesfrom
the flow boundariesandthe critical points. Thereare still several areas
for improvements One areais to extend our approachfor 3D velocity
flow fields. This would involve usinga 3D input texture patternand it
would be bestgenerategbrocedurally Currently our 3D texture bound-
ary approachonly generatecheclerboardlik e patternsfor feedinginto
theflow field. We alsoplanto includeothertexture patterns.

ACKNOWLEDGMENTS

We would like to thank David Kenwrightfor discussionsn crossflow
coordinatesWe would alsolik e to thankthe member=f the Advanced
VisualizationandInteractve Systemdaboratoryat UC, SantaCruz for
theirfeedbaclkandsuggestionsThis projectis supportedy NASA grant
NCC2-5281LLNL AgreementNo. B347879underDOE ContractNo.



W-7405-ENG-48DARPA grantN66001-97-8900andNSF grantACI-
9619020.

References

[1]

(2]
(3]
[4]
[5]

(6]

[7]
(8]
[9]

(10]

(11]

(12]

L. K. Forsselland S. D. Cohen. Using line integral convolution for flow visualization:
curvilinear grids, variable-speednimation,and unsteadyflows. |EEE Transactions on

Visualization and Computer Graphics, 1(2):133-141,Junel995.

Allen Van GelderandJaneWilhelms. Interactve visualizationof flow fields. In Proceed-

ings of Werkshop on Volume Visualization, pagesA7 —54.ACM, 1992.

A.J.S.Hin andF.H. Post. Visualizationof turbulentflow with particles.In Proceedings of

Visualization 93, pagesA6-52.IEEE, 1993.

B. JobardandW. Lefer. The motionmap:Efficient computatiorof steadyflow animations.
In Proceedings of Visualization 97, pages323— 328.1EEE, October1997.

N. Max, R. Crawfis, and D. Williams. Visualizingwind velocitiesby adwecting cloud
textures. In Proceedings: Visualization '92, pagesl79 — 184. IEEE ComputerSociety
1992.

Han-Wei ShenandDavid L. Kao. A new line integral corvolution algorithmfor visualizing
time-varying flow fields. |EEE Transactions on Misualization and Computer Graphics,

4(2):98-108April-June1998.

JosStam. Stablefluids. In Computer Graphics, pagesl21-128).os Angeles,Ca.,August
1999.ACM SiggraphConferencdroceedings.

J.J.vanWijk. SpotNoise: Texture synthesidfor datavisualization. Computer Graphics,

25(4):309-318,1991.

Vivek Verma,David Kao,andAlex Pang.PLIC: Bridging thegapbetweerstreamlinesand
LIC. In Proceedings of Visualization ' 99, pages341— 348,0October1999.

R. Wegenkittl, E. Groller, and W. Puigathofer Animating flow fields: renderingof ori-

entedline integral convolution. In Computer Animation ' 97, pagesl5-21.IEEE Computer
SocietyPress,Junel997.

Patrick Witting. Computationalfluid dynamicsin a traditional animationenvironment.
In Computer Graphics, pages129-136,Los Angeles,Ca., August1999. ACM Siggraph
Conferencé’roceedings.

B. YamromandK.M. Martin. Vectorfield animationwith texture maps. |[EEE Computer

Graphics and Applications, 15(2):22—24March 1995.



