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ABSTRACT

Existing texture advectiontechniqueswill produceunsatisfactoryrenderingresultswhenthereis a discrepancy between
the resolutionof the �o w �eld andthatof theoutputimage. This is becausemany existing textureadvectiontechniques
suchasLine Integral Convolution (LIC) areinherentlynoneview-dependent,that is, theresolutionof theoutputtextures
dependsonly on the resolutionof the input �eld, but not the resolutionof theoutputimage. Whenthe resolutionof the
�o w �eld after projectionis much higher than the screenresolution,aliasingwill happenunlessthe �o w texturesare
appropriately�ltered throughsomeexpensive postprocessing.On theotherhand,Whenthe resolutionof the �o w �eld
is muchlower thanthe screenresolution,a blocky or blurredappearancewill presentin the renderingbecausethe �o w
texturedoesnothave enoughsamples.In thispaperwepresentaview-dependentmultiresolutional�o w textureadvection
methodfor structuredrecti- andcurvi-linearmeshes.Our algorithmis basedon a novel intermediaterepresentationof the
�o w �eld, calledtraceslice,which allows usto computethe�o w textureat a desiredresolutioninteractively basedon the
run-timeviewing parameters.As the userzoomsin andout of the �eld, the resolutionof the resulting�o w texture will
adaptautomaticallyso thatenough�o w detailswill bepresentedwhile aliasingis avoided. Our implementationutilizes
mipmappingandprogrammableGPUsavailableonmodernprogrammablegraphicshardware.
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1. INTRODUCTION

Effective visualizationof �o w �elds playsan importantrole in understandingdatageneratedfrom a varietyof scienti�c
applicationssuchascomputational�uid dynamics,climatemodelling,andcomputationalphysics.Besidesusingthemore
traditionaltechniquessuchasarrow plots or particletracing,texture advectionhasbeenacceptedasan effective way to
displaysimultaneouslythe�o w's directionseverywherein the�eld. In general,existing textureadvectiontechniquesfor
structuredrecti-andcurvi-lineargrid datacanbeclassi�edinto objectspaceandimagespacemethods.In theobjectspace
methodssuchas,1,2 thecomputationof texturesis �rst performedin thedomainthatde�nesthe�o w �eld usingtechniques
suchasLine Integral Convolution (LIC). The resultingtexture is thenmappedto the proxy geometryrepresentingthe
underlyingsurfaceanddisplayedon thescreen.TheimagespacemethodssuchasIBFVS,3 or ISA,4 on theotherhand,
performthe calculationdirectly on the screen.In thosemethods,the computationis doneat per fragmentlevel through
successive advectionandblendingof textures.

In general,the objectspacemethodsdo not considerthe viewing parametersrelatedto the displaywhenthe texture
advectionis performed.As theresulting�o w texture is mappedto thesurfacemesh,aliasingor distortioncanhappenif
thereis a large discrepancy betweenthe densityof the meshandthe resolutionof the screen.Whenmultiple grid cells
areprojectedto a singlepixel, for example,a directmappingof the�o w textureto thegeometrywill produceanaliasing
resultbecausethe texture is under-sampled.Whenthedensityof thegrid afterprojectionis muchlower thanthescreen
resolution,on theotherhand,theoutputtexturedoesnot possessenoughgranularityto depictthe �o w directionsclearly
becausethe texels in the �o w texture will only get enlargedor interpolated. In fact, both aliasinganda lack of clear
depictionof �o w directionscanexist simultaneouslywhenthe grid densityvariessubstantiallyacrossthe �eld domain.
This is particularlycommonfor datade�ned oncurvilineargrids.

For the imagespacemethods,whenthe underlying�o w �eld is de�ned on a surfacemeshexisting in 3D space,the
meshis �rst projectedonto the imageplanebeforethe texture advectionandblendingareperformed.IBFVS3 doesthe
projectionafter the verticesare advectedin the �o w �eld while the ISA4 algorithm projectsboth the verticesand the
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vector �eld beforethe advectionis performed. In thosemethods,sincethe input texture is de�ned andadvectedin the
screenspace,the texturealiasingproblemis alleviated. Performingthe textureadvectionafterprojection,however, may
encounterseveral problems. First, sincethe input noiseis de�ned in the screenspaceand thushasthe samesizeand
frequency everywhereregardlessof thedistances,forms,andsizesof the3D objects,importantcuesfor depthandshape
reasoningin 3D spacearelost. Also, whenmultiplecellsareprojectedto thesamepixel, sincetheadvectionandblending
areperformedin theimagespace,thepathof thetextureadvectioncanbeincorrect.Finally, therestrictionof only using
imagespaceinput texturesmakesit moredif�cult to control theappearanceof theoutput,especiallyfor thecasewhenit
is moredesirableto advecttexturesthatareadheringto theobjectsurfacesin 3D space.

To addressthe issuesdescribedabove, in this paper, we presenta view-dependent�o w texture advectionalgorithm
basedon a hybrid imageandobjectspaceapproach.Thealgorithmcanbeappliedto 2D steadyandtime-varyingvector
�elds de�nedonstructuredrectilinearandcurvilinearsurfacemeshes.Ouralgorithmis animagespacemethodin thesense
thatthe�o w textureis computedfor eachfragmentat therasterizationstagewherethemeshhasalreadybeenprojectedto
thescreen.It is anobjectspacemethodbecausetheinput textureto beadvectedandthe�o w advectionpathsall exist in the
original domainwherethe �o w �eld is de�ned. Our goal is to preserve importantdepthcuesthatallow betterdepictions
of 3D shapes.Our algorithmcangenerate�o w patternswith suf�cient granularityin theoutputimageevenat theplaces
wherethemeshis sparse.As theuserzoomsin andout of the�eld, theresulting�o w textureof anappropriateresolution
will becomputedat an interactive speed.Whentheview is moving, our algorithmwill not producea blurredresultasin
thoseimagespacemethods3,4 wherethetexturewill only clearupover thecourseof severalframes.

Thepaperis organizedasfollows. We�rst review someexisting�o w textureadvectiontechniquesin section2. Wethen
describeouralgorithmin section3 andsection4, which includeanovel representationof the�o w �eld calledtraceslices,
atextureadvectionalgorithm,andanautomaticlevel of detailadjustmentmechanism.Wepresentexperimentalresultsand
discusssomecharacteristicsof ouralgorithmin section5, andconcludethispaperwith futurework in section6.

2. RELATED WORK

Texture advectionhasbeenwidely usedfor visualizing�o w �elds. Comparedto the moretraditionalparticleadvection
methods,texture advection techniquescanbettershow the global characteristicsof the �o w �eld without the needfor
sophisticatedseedplacementschemes5,6 for streamlineandstreaklinecomputation.Amongtheexisting textureadvection
methods,Line Integral Convolution (LIC)7 and Spot Noises8 are generallyconsideredclassic. In LIC, convolution is
performedalongthe streamlinepathsoriginatedfrom eachpixel in a 2D grid to createcoherent�o w patterns.In Spot
Noise,randomspotsarewarpedalongthelocal �o w directionsandblendedtogetherto createthe�nal image.Bothof the
algorithmshave inspiredasubstantialamountof follow-up researchin thepastdecade.9–13

Both LIC andSpotNoiseareprimarily softwarebasedmethods.As graphicsacceleratorsbecomefasterandwidely
availablein consumerlevel personalcomputers,thereis a trendto move thetextureadvectionoperationto hardware.van
Wijk proposedan ImageBasedFlow Visualizationalgorithm(IBFV),14 which advectsthe underlying2D meshby the
�o w �eld. Throughsuccessive updatesof texturecoordinatesat themeshvertices,an input texture is beingcontinuously
advectedand blended. Jobardet al.proposeda Lagrangian-EulerianAdvection (LEA) algorithm15 for unsteady�o ws
which performsthe texture advectionat eachfragmentat an interactive speed. For non-parametricsurfaces,van Wijk
recentlyextendedhis IBFV14 to IBVFS3 which �rst advectsthemeshverticesin 3D space,andthenprojectsthevertices
to the screento advect a screenspacealignedinput texture. Laremeeet al.proposedanotherimagespace-basedmethod
calledISA,4 which projectsthe meshverticesaswell asthe vector�eld to the 2D screenbeforetexture advectionsare
performed.Weiskopf et al.16 proposeda uni�ed framework for 2D time-varying �elds that cangenerateanimated�o w
texturesto highlight both instantaneousandtime-dependent�o w features.Recently, Li, Bordoloi, andShenproposeda
Chameleonalgorithm17 utilizing GPU-baseddependenttexturehardwarefor amore�e xible controlof textureappearance
to visualize3D steadyandunsteady�o ws.

For 2D curvilinearmeshes,Forssellproposedto performthe line integral convolution in the computationalspace.1

Additional stepsweretakento ensurea correctanimationspeedon thesurfaceby adjustingtheconvolution kernellength
basedon thegrid densityin thephysicalspace.To tacklethetexturealiasingproblem,Mao et al.2 proposedto usemulti-
granularitynoisetexturebasedon a stochasticsamplingtechniquecalledPoissonellipsesampling.Althoughtheproblem
of aliasing in grid of high density is alleviated, their methodis not interactive and cannotadaptto arbitrary viewing
conditionsasthe userzoomsin andout of the �eld. Both methodsaresoftwarebasedapproachesandthusareneither
interactive nor takingadvantageof thecapabilitynow availablein theprogrammablegraphicshardware.



3. ALGORITHM

Theprimarygoalof our researchis to visualize2D steadyandunsteady�o w �elds de�ned onrecti-or curvi-linearsurface
meshesthat exist in 3D space.An exampleof suchdatais a computationalplanefrom a curvilinearmeshasshown in
Figure7 presentedin the resultsection5. To provide the interactivity at run time, texture advectionin our algorithmis
computeddirectly at eachfragmentin the imagespaceusinggraphicshardware. Particlepathsandthe input texture that
will beadvectedarede�ned in theobjectspaceto generateaccurateandperceptuallycorrectappearances.For grid cells
thatcover multiple pixels,our goal is to generate�o w patternswith enoughdetailswithin theprojectionregion of those
cellsin theoutputimagewithoutup-samplingthe�o w �eld or integratingadditionalparticlepaths.

The main ideabehindour algorithmis that in order to generatetexturesof variousresolutionsto matchthe screen
resolutionastheuserzoomsin andout of thedata,it is importantto have anintermediaterepresentationfor the�o w �eld
whoseresolutioncanbe easilyadjustedat run time to allow �e xible andef�cient texture advection. This intermediate
representationshouldavoid theproblemscommonlyencounteredwhenup- or down-samplinga �o w �eld: up-sampling
the vector �eld would createa large overheadfor computingadditionalparticletraces,while down-samplingthe vector
�eld cangenerateincorrect�o w paths. The latter is becausea small error in eachvector from the down-sampled�eld
canaccumulateto a large error as the numericalintegration is computed.Another importantcriterion for devising our
algorithmis thatsuchanintermediaterepresentationshouldbeuseddirectlyby thetextureadvectionalgorithmandallows
for aneffective useof moderngraphicshardware.In thefollowing, wepresentouralgorithmin detail.

3.1.TraceSlice

The core of our algorithm is a novel representationof the underlying�o w �eld, calledTrace Slice, which is usedfor
multiresolutiontextureadvectionunderdifferentviewing conditions.Insteadof generatingmulti-resolutionalvector�elds
andusingtheapproximated�eld to performtextureadvection,theadvectionpathsof �o w texturescanbemoreaccurately
obtainedat arbitraryresolutionsusingthe traceslices. The traceslicesalsoallow us to exploit programmableGPUsto
performview dependenttextureadvectionfor eachfragmentat aninteractive speed.In thefollowing, we �rst presentthe
conceptof traceslices.

A traceslice STd
Ts

is a 2D arraywith the samedimensionasthe input grid, which is essentiallya parametricsurface.
Eachelementof the traceslice correspondsto a meshvertex, which canbe indexed by coordinates(i; j) de�ned on the
parametricsurface.Theattributestoredin thetraceslice,denotedasSTd

Ts
(i; j), is a 2-tuple(a;b), which meansif a particle

is releasedfrom (a;b) in the�o w �eld at time stepTs, it will reachvertex (i; j) at time stepTd, whereTd > Ts. In essence,
the informationstoredin a tracesliceSTd

Ts
is primarily usedto advecta textureN releasedat time stepTs to time stepTd.

This is doneby usingthe2-tuple(a;b) storedin STd
Ts

(i; j) asthetexturecoordinatesto look up theinput textureN de�ned
atTs.

To createthetraceslicesfor agiven2D �o w �eld, for everygrid point(i; j) in themesh,weperformthefollowing steps
for eachtime stepTd = 0::Tmax, whereTmax is themaximaltime stepin the time-varying �eld. Givena time Td, we �rst
performabackward advectionfrom thegrid point (i; j), whichwill resultin apathlinetravelling in thespace-timedomain.
Then,we samplethepathlineat a sequenceof time instantsti = Td � i � Dt; i = 1::K to getK positionsof thepathlinefor
a constantK whenti staysgreaterthanzero. Herewe deferthe discussionaboutthe choiceof K to section3.3. Since
thepathlineis advectedbackwards,this sampledspace-timeposition(a;b;ti) implies thata particlereleasedfrom (a;b)
at time stepti will travel forwardsandarrive at (i; j) at time Td. Accordingto the de�nition of traceslices,the position
(a;b) is storedinto STd

ti
(i; j). If werepeatthesameprocessfor all grid pointsfrom theinputmesh,a two-dimensionalarray

STd
Ti

(i; j); i 2 [0; Imax]; j 2 [0;Jmax] is formed,which is a traceslice. Becausewe samplethepathlinesK timesfor different

ti , wehaveK tracesliceswhichall have thesamedestinationtimestepTd. If theunderlying�eld is asteady�o w �eld, we
usethevirtual time typically usedfor computingstreamlinesin this process.Figure1 illustratestheprocessof creatingK
traceslices.

3.2.TextureAdvection

We now describehow the traceslicesare usedto perform �o w texture advectionsat run time for a �x ed resolution.
Multiresolutionaltexture advection will be describedin section4. Sincethe underlying�o w �eld is de�ned on a 2D
structuredrecti- or curvi-linearmesh,we canrenderthis meshsurfaceusingone(for a regularCartesiangrid) or multiple



Figure1. Thecreationof traceslicesby backwardadvection

polygons(onepercell for astructuredcurvilineargrid) mappedwith �o w texturesthatwecomputeatruntime. Ourtexture
renderingalgorithmtakesasinputaninitial texturethatis to beadvected,andasetof traceslicesloadedin as2D textures.
Without a lossof generality, in thefollowing we assumethetextureto beadvectedis a noisetexture,althoughany texture
canbeusedasaninput for theadvection.

Oneinformationneededis a mappingfrom the traceslice to the meshsurface. This is necessarybecausewhenthe
meshgeometryis rasterized,eachfragmentwill look up the traceslicesandusethe2-tuplesstoredin thecorresponding
locationsto accessthe noisetexture. In our algorithm,this mappingis establishedusingthe 2D meshparameters(i; j),
i 2 [0; Imax], j 2 [0;Jmax] asthetexturecoordinatesfor themeshvertices,whereImax andJmax arethedimensionsof the2D
structuredmesh.

Besidesthemappingbetweenthetraceslicesandthesurfacemesh,wealsoneedamappingfrom theinputnoisetexture
to themesh.Conceptuallythis mappingcanbeseenasdistributing thenoiseon thesurfacebeforeadvectionstake place.
In ouralgorithm,whenthe2D meshis a regularCartesiangrid, themappingis thesameashow wemapthetraceslicesto
themeshsurface.For a 2D curvilinearmesh,however, careshouldbetakensothatthenoiseis mappedto the2D meshin
thephysicaldomainasuniformaspossibleregardlessof cell sizesandshapes.

With themappingfromthetraceslicesandtheinputnoiseto themeshbeingestablished,thetextureadvectionalgorithm
cannow beexplainedasfollows. Givenaninput textureN releasedat timeTs, knowing thatthetexturecolorat (a;b) from
timestepTs will beadvectedto thepoint (i; j) at timestepTd if thetracesliceSTd

Ts
(i; j) = (a;b), wecanperformatwo-stage

texture look-up to advect the texture N to time stepTd. First, the meshpolygonis rasterized,whereeachfragmentwill
interpolatethetexturecoordinatesprovidedto thesurroundingmeshverticesandthenlook up thetraceslicetextureusing
the interpolatedtexturecoordinates.Then,the2-tuple(a;b) retrieved from the traceslice textureSTd

Ts
for the fragmentis

usedasthetexturecoordinatesto look uptheinputnoisetextureN. Wecanexpresstheadvectionof thenoisetexturefrom
Ts to Td as:

C(i; j;Td) = N(a;b) = N(STd
Ts

(i; j)) (1)

whereC(i; j;Td) is thecolor for thefragmentwith thetexturecoordinates(i; j) atTd, (a;b) is thetraceslice2-tuplestored
at (i; j) in the traceslice, andN(a;b) is the texel from the noisetexture. Figure2 illustratesour 2-stagetexture lookup
algorithmfor textureadvection.

3.3.Spatial Coherence

Theadvectionalgorithmpresentedaboveonly calculatesthein�uence of theinput texturereleasedatTs to theframeatTd.
In fact,a fragmentat time Td will receive contributionsfrom thenoisetexturereleasedat multiple time steps.That is, the
outputcolor for eachfragmentat timeTd is acombinationof input texturesreleasedearlier, whichcanbewrittenas:

C(i; j;Td) = å
i= 1::K

N(STd
Td� i� Dt

(i; j))

K
(2)



Figure2. Textureadvectionusing2-stagetexturelookups

whereK is thenumberof contributionsfrom texturesreleasedin theearliertime stepsbeforeTd. An averageof thecolor
contribution from theK inputnoisetextureis assignedto thefragment.

As demonstratedby theLIC algorithm,7 acoherenceof thepixel intensityalongthe�o w linesprovideseffectivecues
to illustratethe underlying�o w direction. The combinationof texturesdescribedhereallows us to establishsuchpixel
intensitycoherencealongthe pathlinesthat arerelatively steady. This is becauseadjacentpixels alongthe pathlinewill
have a largeoverlapin their backwardadvectiontraces.

Note that our methodto createthe texture advectionresultat eachanimationframeTd is differentfrom someof the
existing methods(LEA,15 IBFV,14 IBFVS3) in the sensethat thereis no needto usethe outputof the previous frame
asthe input texture to computethe currentframe. Thereareseveral reasonsfor this choice. First, the removal of inter-
framedependency allows the userto changethe camerapositionor transformthe meshsurfacecontinuouslysincenow
theconsecutive framesdo not needto berenderedunderthesameview, a requirementfor thepreviousmethods.Second,
whentheunderlyingdomainis not a simple2D �at planeandhenceocclusionsmayoccur, it is not possibleto transform
theoutputfrom theframebuffer backto theobjectspaceandcontinuetheadvectionfor thenext frame. Furthermore,as
will bedescribedin thenext section,our algorithmcomputestheoutputimageusingdifferentresolutionsof traceslices
STd

Ts
andinput textureN basedon OpenGLmipmappingmechanism.Theresolutionof thetracesliceandnoisetextureto

useis determinedfor eachfragmentindependently. Therefore,unlesswe computethe textureadvectionfor theprevious
frameat all levels,which is expensive, it is dif�cult to satisfytheneedof all fragmentsthatmayberenderedat different
mipmaplevels. Finally, theanimationframesin our algorithmcanbegeneratedsimultaneously, soit becomespossibleto
usedifferentthreadswith multiplegraphicscardsto implementouralgorithmwhentheunderlyingdatasetis large.

4. MULTI-RESOLUTION AL TEXTURE ADVECTION

In essence,themotivationfor generatingmultiresolutiontexturesis to addresstheproblemsof aliasinganda lackof detail
whenvisualizingthe�o w �elds. With thetraceslicesandthetextureadvectionalgorithmpresentedabove,our algorithm
cangeneratemultiresolution�o w texturesundervariousviewing conditionsby adjustingtheresolutionsof theinputnoise
andthetracesliceson the�y . Speci�cally, to avoid therenderingartifact, it is importantto ensurethat theratio between
thesizeof a texel from theinputnoiseaswell asthetracesliceto thesizeof a fragmentwithin theobject'sprojectionarea
on thescreenremainsapproximatelyone.This requirementcanbeenforcedby usingtheclassicmipmappingalgorithm.

In ouralgorithm,weexploit OpenGL'smipmappingfunctionto implementtheideaof multi-resolutionaltextureadvec-
tion. Startingfrom abaselevel of theinputnoisetextureatapre-de�nedresolution,weaverageevery2x2texelsrecursively
to createa sequenceof mip-mappedinput textures.Thesameoperationwill beappliedto eachof thetraceslices,which
is equivalent to creatinga multi-resolutionalversionof the particletracelocations. We notethat althoughconceptually
creatinga lower resolutionof a tracesliceis similar to down-samplingthe�o w �eld, it is in factfundamentallydifferentin
thesensethatour traceslicesarecomputedfrom theoriginal �eld. Integratingtheparticleusinga vector�eld of a lower
resolutionis muchmoresusceptibleto accumulatingerrors,whichmakesthepathlinedrift away from thecorrectpath.



As the userzoomsout of the �eld, when the densityof the projectedmeshcells exceedsthat of the screenpixels,
OpenGLmipmappingwill betriggeredwhichwill automaticallychooseanlowerresolutionof traceslicefor eachfragment
to performthe texture advectionalgorithmpresentedabove. An appropriatelevel of the input noisetexture will alsobe
chosenwhenthetraceslice2-tupleSTd

Ts
(i; j) is usedto accessthenoisetexture. In ouralgorithm,mipmappingmainlyhelps

whenmultiple cells areprojectedto a singlepixel to prevent from generatingaliasedtextures. Whena cell is projected
to multiple pixels,on theotherhand,sinceour textureadvectionis computedat per fragmentlevel, �o w patternsof �ne
granularitywithin thecell will still begenerated.This is becauseeachfragmentwithin thecell will look up thetraceslice
basedon thetexturecoordinatesinterpolatedfrom thecornersof thecell andperformtheadvectionof noisetexelsalong
theinterpolatedpathlinelocations.As longastheinputnoisetexturehasenoughresolution,theresulting�o w texturewill
convey discernable�o w patterns.

4.1.Adjustment of AdvectionStepSize

Accordingto equation2, eachoutputfragmentwill take a sequenceof samplesfrom theinput noisetexturefollowing the
pathlinetraces.To avoid aliasingandensurespatialcoherencebetweenadjacentfragmentsalongthesamepathline,it is
importantfor eachfragmentto samplecontiguoustexelsfrom theinputnoise.Thiswill allow adjacentfragmentsalongthe
pathlineto averageasimilarsetof noiseinput,hencecreatingspatialcoherence.Previously, vanWijk andJobard14,15 have
madesimilarobservationsandsuggestedthatthestepsizefor theparticleintegrationshouldsatisfythefollowing rule:

jvj � Dt < = w (3)

wherev is thevelocityat thecurrentfragmentlocation,Dt is thestepsize,andw is thetexel width.

In ouralgorithm,Dt in equation2 shouldbeadjustedbasedon theresolutionof thenoisetextureusedfor thefragment
decidedby OpenGL's mipmappingalgorithm. However, sincethe level of detail for eachfragmentis determinedby
OpenGLindependentlyat run time andnot directly known to theapplicationprogram,it is moredif�cult to determineDt
for eachfragmentfrom our program.Fortunately, sinceDt is proportionalto thetexel size,andhencerelatedto thenoise
textureresolution,wecancomputeasetof mipmappedDt to accompany with themipmappednoisetexture.To dothis,for
thenoisetextureat thehighestresolution,we �rst mapthetexel sizeto thespacewherepathinesarecomputed.Then,we
computeaDt for eachgrid pointbasedonits localvelocity. Thiswill producea2D arrayof Dt at thesameresolutionasthe
noisetexture. Then,we createa sequenceof down-sampledDt texturesin a similar manneraswe createothermipmaps,
exceptthatnow at eachlevel, we will needto multiply thedown-sampledDt valuesby two sincethecorrespondingtexel
sizein thecorrespondingnoisetexturewhenmappedto themeshsurfacebecomestwice aslargein eachdimensionevery
time we reducethe resolutionby onelevel. OncetheDt mipmapsarecreated,at run time, we will usethesametexture
coordinatesfor thenoisetextureto look up themipmappedDt slices.SincetheDt texturehasthesameresolutionandthe
samenumberof mipmappinglevelsasthenoisetexture,eachfragmentwill useanappropriateDt to matchthenoisetexel
sizew.

Accordingto equation2, Dt valuesaccessedfrom themipmappedtexturewill beusedto accessthetraceslices. It is
possiblethat thevalueti = Td � i � Dt in theequationwill fall in betweenthe traceslicesthatwe have sampled.In this
case,a linearinterpolationfrom adjacenttraceslice2-tupleswill beperformedin our fragmentprogrambeforelookingup
thenoisetexture.

5. RESULTS AND DISCUSSIONS

Wehave implementedouralgorithmusingOpenGL1.5andOpenGLShadingLanguage(GLSL) 2.0runningonaPCwith
anIntel Pentium4 2.00GHz processor, 768MB memory, andannVIDIA 6800GT graphicscardwith 256MB of video
memory. The�o w advectionalgorithmdescribedabove is primarily implementedin a fragmentprogram.Eachfragment
is providedwith thetexturecoordinatesusedto accessthetraceslices.Thetexturesinput to thefragmentprograminclude
thenoisetexture, theDt texture,andK tracesliceswhereK is theconvolution kernelsizeaccordingto equation2. The
mipmapsfor all theinput texturesareimplicitly managedby OpenGLrun-timesystem,sodonotneedspecialhandlingin
thefragmentprogram.

Threedatasetswereusedto testour algorithm,as listed in Table1. The vortex dataset is a time-varying regular
Cartesiangrid data,andtherestaresteadycurvilineargrid data.We computedthetraceslicesby �rst startinga backward
pathlineatevery timestepfrom eachgrid point,andthensamplethebackwardpathlinelocations.We let eachpathlinego



DataSet Dimensions TotalSize
Post 32x76 28.5

Shuttle 52x62 37.7
Vortex 100x100 3747

Table1. Datasetsusedin ourexperiments.Notethatthesizefor thevortex dataincludesall 31 timesteps.Thesizesarein KBytes.

backwardsasfar asK time steps,whereK is equalto theconvolution sizedescribedin equation2. Whentheunderlying
datasetis a steadydataset,thepseudotime for theparticleintegrationis used.In all of our experiments,K wassetto 10.
Thevalueof K would affect whetherour convolution algorithmcanbecompletedin a singlepassor not. If K exceedsthe
maximalnumberof active texturesthat is allowedby GLSL, we needto split thetextureadvectioninto additionalpasses.
Theexperimentresultsrepresentedin thispaperwereall donein asinglerenderingpass.

In theprocessof computingthetraceslices,if aparticlegoesoutof boundbeforeK timesteps,we terminateit andthe
traceslicevaluesfor theremainingtimestepsaresetto wheretheparticleexits thedomain.All tracesliceswerecomputed
in a preprocessingstage.Table2 columntwo lists the total preprocessingtime for eachdataset. For a steadydataset,
thepreprocessingtime is within a few seconds.For the time-varyingdatavortex data,thepreprocessingtime is slightly
larger. It is worth notingthatthepreprocessingonly needsto bedoneonce,andcanbeusedfor all outputresolutionsand
differentviewing conditions.Thepreprocessingalsofreesup the run-timealgorithmfrom computingany particletrace,
whichsigni�cantly speedsup therun-timespeed.

DataSet Pre-Processing TextureCreation
andloading

Post 2.312 0.08
Shuttle 3.172 0.077
Vortex 8.875 0.24

Table2. Thetime for traceslicepreprocessingandtexturecreationandloading(in seconds)

When the userzoomsin and out of the �eld, the levels of detail for both the traceslicesand noiseare adjusted
automaticallyand the texture advection is computedon the �y . Using graphicshardware, this multi-resolutiontexture
advectioncanbedonevery fast.For all thedatasetswehave,afterthetextureswereloadedinto thevideomemory, which
only needsto be doneoncein the beginning of the program,the framerate to advect andrenderthe texture exceeded
severalhundredframespersecondwhile the level of detail is beingadjustedautomatically. This is in factnot a surprise
to usbecausethenVIDIA GeForce6800GT canrender5.6 billion texels,and525million verticesat eachsecond.The
amountof geometryandtextureswehadwereconsiderablylowerthanthepeakloadthatthegraphicshardwarecanhandle.
Table2 columnthreelists thetime for creatingandloadingall thenecessarytexturesto thevideomemory. Notethat it is
aprocessthatonly needsto bedonein thebeginningof theprogramsois partof theprogramset-uptime.

We performedthe following teststo verify the coreideaof traceslices,that is, creatinga down-sampledversionof
traceslice is moreaccuratethanintegratingparticlesusingthe down-sampled�o w �eld. Using the vortex datasetwith
a resolutionof 100x100,we �rst createdthe traceslicesS10

t (i; j); t 2 [0;9] at a resolutionof 100x100,andthendown-
sampledit to a resolutionof 50x50anda resolutionof 25x25. We alsodown-sampledthe �o w �eld to 50x50and25x25
andcomputedbackwardpathlinesusingthedown-sampleddata.For theparticlelocationscomputedbothfrom thedown-
sampledtraceslicesandthedown-sampled�elds, we comparedthemwith theparticlelocationsusingtheoriginal �eld.
Figure3 shows theresultsfor the50x50resolution.It canbeseenthatastheparticlestravelledfarther, largererrorswere
accumulatedwhenthedown-sampled�eld wasused.For the traceslices,theerrorswereboundedandno accumulation
took place. As thedatasetwasfurtherdown-sampledto 25x25,asshown in Figure4, theerrorof theparticlelocations
becamelargerwhenusingthedown-sampled�eld.

Figure5(a)showsasnapshotof thePostdatasetwith ourmulti-resolutionaltextureadvectionwhile Figure5(b)shows
a snapshotwithout sucha control. The meshof the Postdatasethassomeinterestingcharacteristics- the cells toward



Figure 3. Comparisonof particlepositionerrorsfor travelling 1 to 10 time stepsusingthe down-sampledtraceslicesandthe down-
sampledvortex datasetreducedfrom 100x100to 50x50. X axis indicatesthe time stepsthat the particleshave travelled,andY axis
indicatesparticlepositionerrorscomparedto theaccuratetracesusingtheEuclideandistancein the�eld.

Figure 4. Comparisonof particlepositionerrorsfor travelling 1 to 10 time stepsusingthe down-sampledtraceslice andthe down-
sampledvortex datasetreducedfrom 100x100to 25x25. X axis indicatesthe time stepsthat the particleshave travelled,andY axis
indicatesparticlepositionerrorscomparedto theaccuratetracesusingtheEuclideandistancein the�eld.

thecenterof themeshquickly becomemuchsmallerthanthecells closeto theoutsideboundary, with severalordersof
magnitudedifference.It canbeseenthatouralgorithmcangeneratea resultwith lessaliasing.

Figure6(a)and(b) show thecomparisonof theimagesfor curvilinearmeshgeneratedby ouralgorithmandtraditional
LIC. Both of themweregeneratedat the original resolutionof 52x62for the portion that is shown. Our algorithmcan
generateclearer�o w patternswithout up-samplingthe �eld, while LIC imagein Figure 6(b) clearly doesnot include
enoughdetailto show the�o w directions.

Figure7 shows the testresultsfor theshuttledataset. Startingfrom a moreclose-upview andaswe zoomedout, it
canbeseenfrom theimageon theupperright thatourmulti-resolutionalalgorithmquickly switchedto a lower resolution
of tracesandnoisesandthusstill produceclear�o w pattern.Theimageon thelower right did notusethemulti-resolution
algorithm. The sametestwasperformedon the vortex dataset. The imageon the left of �gure 8 is a close-upview.
Theimageon theupperright is theresultgeneratedwith our multi-resolutionalgorithmandtheimageon thelower right
without. Similar to the shuttledataset, our algorithm was able to generatea clearer�o w patternssincealiasingwas
avoided.

Theoverheadof our algorithmis theadditionalspacefor storingthe traceslices. Table3 shows the total sizeof the
traceslicescreatedfor eachdataset. For the datasetsthat we testedin this paper, the overheadareall moderate.We
believe thereis still a large roomto optimizethespaceconsumptionsincethereis a high degreeof redundancy existing
betweentraceslicesof adjacenttimesteps.Thiswill beour futurework.

DataSet Sizeof TraceSlices
Post 1.00

Shuttle 1.32
Vortex 21.8

Table3. Thesizeof traceslices(in MBytes)includingall timesteps.NotethatVortex datasetis time-varying



(a) (b)

Figure5. Renderingof thepostdataset(a)with and(b) without themulti-resolutionlevel of detailcontrol

(a) (b)

Figure 6. (a)With the correctionof noisedistribution, no stretchedpatterncan be seen(b) Renderingusing LIC with the original
resolutionof 52x62.

6. CONCLUSIONS AND FUTURE WORK

We have presenteda view-dependenttechniquefor multi-resolution�o w texture advectionfor 2D structuredrectilinear
andcurvilineargrid data.Our algorithmcanadjusttheoutputtextureresolutionon the�y astheuserzoomsin andout of
the �eld to prevent from aliasingaswell asensuringenoughdetail is presentedin the imageregardlessof themeshsize
anddensity. Weproposeanovel representationfor theunderlying�o w �eld calledtraceslicewhichallows for �e xible up-
anddown-samplingof the�eld without scarifyingtheaccuracy or introducingadditionalcostfor particleadvections.Our
algorithmis animagespacemethodin thatthe�o w textureis directlycomputedateachfragment.It is alsoanobjectspace
methodbecauseboth theparticleintegrationandthe textureadvectionarecomputedin theobjectspace.This traceslice
representationcanbedirectlyusedby GPUsto performtextureadvectionatahighly interactive speed.

Thefuturework includesextendingtheproposedtechniqueto three-dimensionaldatathatallows theuserto perform
arbitraryzoom-inand-out. Wewill alsooptimizethespaceconsumptionfor thetraceslicessincewebelievethereis alarge
degreeof coherencebetweentraceslicesof adjacenttimesteps.Currentlytheamountof detailthatwecanprovidewithin
themeshis not dependenton theresolutionof thedata,but the resolutionof the input noisetexture. We will investigate



theuseof proceduraltexturesto performtheadvection.

Figure 7. Theimageon the left wasgeneratedwhenwe zoomedin. As we zoomedout from the imageon the left, our algorithmwas
ableto producea clearerpatternby switchingto a lower resolutionof traceslicesandnoisetexture (upperright), while thealgorithm
with noLOD controlproducedaliasingresult(lower right).
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