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ABSTRACT

Existing texture adwectiontechniqueswill produceunsatiséctoryrenderingresultswhenthereis a discrepang between
theresolutionof the ow eld andthatof the outputimage. This is becausanary existing texture advectiontechniques
suchasLine Integral Corvolution (LIC) areinherentlynoneview-dependentthatis, the resolutionof the outputtextures
dependsonly on the resolutionof the input eld, but not the resolutionof the outputimage. Whenthe resolutionof the
ow eld after projectionis much higherthan the screenresolution,aliasingwill happenunlessthe o w texturesare
appropriatelyltered throughsomeexpensye postprocessing.On the otherhand,Whenthe resolutionof the ow eld
is muchlower thanthe screenresolution,a blocky or blurredappearanc&iill presentn the renderingbecause¢he ow
texture doesnot have enoughsamplesin this paperwe present view-dependenmultiresolutional o w texture adwection
methodfor structuredrecti- andcurvi-linearmeshesQur algorithmis basedon a novel intermediateepresentationf the
ow eld, calledtraceslice,which allows usto computethe o w texture ata desiredresolutioninteractively basedon the
run-timeviewing parametersAs the userzoomsin andout of the eld, the resolutionof the resulting o w texture will
adaptautomaticallyso thatenough o w detailswill be presentedvhile aliasingis avoided. Our implementatiorutilizes
mipmappingandprogrammablé&PUsavailableon modernprogrammablgraphicshardware.

Keywords: o w visualization texture adwection,traceslices,multi-resolutiontechniquesiGPU

1.INTRODUCTION

Effective visualizationof ow elds playsanimportantrole in understandinglatageneratedrom a variety of scienti c
applicationssuchascomputationaluid dynamicsgclimatemodelling,andcomputationaphysics.Besideausingthemore
traditionaltechniquessuchasarrow plots or particletracing, texture adwectionhasbeenacceptedas an effective way to
displaysimultaneouslyhe o w's directionseverywherein the eld. In generalexisting texture advectiontechniquegor
structuredecti- andcurvi-lineargrid datacanbeclassi edinto objectspaceandimagespacanethodsin theobjectspace
methodssuchas!? thecomputatiorof texturesis rst performedn thedomainthatde nesthe ow eld usingtechniques
suchasLine Integral Convolution (LIC). The resultingtexture is then mappedto the proxy geometryrepresentinghe
underlyingsurfaceanddisplayedon the screen TheimagespacemethodssuchasIBFVS,® or ISA,* ontheotherhand,
performthe calculationdirectly on the screen.In thosemethodsthe computations doneat per fragmentlevel through
successie adwectionandblendingof textures.

In generalthe objectspacemethodsdo not considerthe viewing parameterselatedto the displaywhenthe texture
adwectionis performed.As theresulting o w texture is mappedo the surlacemesh,aliasingor distortioncanhappernif
thereis a large discrepang betweenthe densityof the meshandthe resolutionof the screen.Whenmultiple grid cells
areprojectecdto a singlepixel, for example,a directmappingof the o w texture to the geometrywill produceanaliasing
resultbecausehe texture is undersampled.Whenthe densityof the grid after projectionis muchlower thanthe screen
resolution,on the otherhand,the outputtexture doesnot possesgnoughgranularityto depictthe o w directionsclearly
becausedhe texels in the o w texture will only get enlaged or interpolated. In fact, both aliasingand a lack of clear
depictionof o w directionscanexist simultaneouslywhenthe grid densityvariessubstantiallyacrossthe eld domain.
Thisis particularlycommonfor datade ned on curvilineargrids.

For theimagespacemethodswhenthe underlying ow eld is de ned on a surfacemeshexisting in 3D spacethe
meshis rst projectedonto the imageplanebeforethe texture adwectionandblendingare performed.IBFVS? doesthe
projectionafter the verticesare adwectedin the ow eld while the ISA* algorithm projectsboth the verticesand the
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vector eld beforethe advectionis performed. In thosemethods sincethe input texture is de ned andadwectedin the
screerspacethe texture aliasingproblemis alleviated. Performingthe texture advectionafter projection,however, may
encounterseveral problems. First, sincethe input noiseis de ned in the screenspaceandthus hasthe samesize and
frequeny everywhereregardlessof the distancesforms, andsizesof the 3D objects,importantcuesfor depthandshape
reasoningn 3D spacearelost. Also, whenmultiple cellsareprojectedo the samepixel, sincetheadvectionandblending
areperformedin theimagespacethe pathof the texture adwectioncanbeincorrect. Finally, therestrictionof only using
imagespaceanput texturesmakesit moredif cult to controlthe appearancef the output,especiallyfor the casewhenit
is moredesirableo adwecttexturesthatareadheringto the objectsurfacesin 3D space.

To addresghe issuesdescribedabove, in this paper we presenta view-dependento w texture adwectionalgorithm
basedon a hybrid imageandobjectspaceapproach.The algorithmcanbe appliedto 2D steadyandtime-varying vector
elds de nedonstructuredectilinearandcurvilinearsurfacemeshesOuralgorithmis animagespacenethodn thesense
thatthe o w textureis computedor eachfragmentatthe rasterizatiorstagewherethe meshhasalreadybeenprojectedo
thescreenlt is anobjectspacemethodbecaus¢heinputtextureto beadwectedandthe o w adwectionpathsall existin the
original domainwherethe ow eld is de ned. Our goalis to presere importantdepthcuesthatallow betterdepictions
of 3D shapesOur algorithmcangenerateo w patternswith sufcient granularityin the outputimageeven at the places
wherethe meshis sparse As the userzoomsin andout of the eld, theresulting o w texture of anappropriateesolution
will be computedat aninteractive speed.Whenthe view is moving, our algorithmwill not producea blurredresultasin
thoseimagespacemethod$# wherethetexturewill only clearup overthe courseof severalframes.

Thepapelis organizedasfollows. We rst review someexisting o w textureadwectiontechniquesn sectiorn2. Wethen
describeour algorithmin section3 andsectiond, which includea novel representationf the o w eld calledtraceslices,
atextureadwectionalgorithm,andanautomatidevel of detailadjustmenmechanismWe presenexperimentatesultsand
discusssomecharacteristicef our algorithmin section5, andconcludethis papemwith futurework in section6.

2. RELATED WORK

Texture adwectionhasbeenwidely usedfor visualizing ow elds. Comparedo the moretraditional particle adwection
methods texture adwection techniquescan bettershawv the global characteristicof the ow eld without the needfor
sophisticatedeedplacemenscheme’® for streamlineandstreaklinecomputation Amongthe existing texture advection
methods,Line Integral Corvolution (LIC)” and SpotNoise$ are generallyconsiderectlassic. In LIC, corvolution is
performedalongthe streamlinepathsoriginatedfrom eachpixel in a 2D grid to createcoherento w patterns.In Spot
Noise,randomspotsarewarpedalongthelocal o w directionsandblendedogethetto createthe nal image.Both of the
algorithmshave inspireda substantiahmountof follow-up researchin the pastdecade’13

Both LIC and SpotNoiseare primarily software basedmethods.As graphicsacceleratorbecomefasterandwidely
availablein consumetevel personatomputersthereis a trendto move the texture advectionoperationto hardware. van
Wijk proposecdan ImageBasedFlow Visualizationalgorithm (IBFV),'* which adwectsthe underlying2D meshby the

ow eld. Throughsuccessie updateof texture coordinatesat the meshvertices,aninput texture is beingcontinuously
advectedand blended. Jobardet al.proposeda Lagrangian-Euleriardvection (LEA) algorithmt® for unsteady o ws
which performsthe texture adwection at eachfragmentat an interactve speed. For non-parametricurfaces,van Wijk
recentlyextendedhis IBFV1* to IBVFS® which rst adwectsthe meshverticesin 3D spaceandthenprojectsthe vertices
to the screento adwect a screenspacealignedinput texture. Laremeeet al.proposedanotherimagespace-basethethod
calledISA,* which projectsthe meshverticesaswell asthe vector eld to the 2D screerbeforetexture advectionsare
performed. Weislopf et al.1® proposeda uni ed framework for 2D time-varying elds thatcangenerateanimatedo w
texturesto highlight both instantaneouandtime-dependenb w features.Recently Li, Bordoloi, and Shenproposecda
Chameleoralgorithmt” utilizing GPU-basedlependentexture hardwarefor amore e xible controlof textureappearance
to visualize3D steadyandunsteadyo ws.

For 2D curvilinear meshesForssellproposedo performthe line integral corvolution in the computationakspacet
Additional stepsweretakento ensurea correctanimationspeedon the surfaceby adjustingthe corvolution kernellength
basedon thegrid densityin the physical space.To tacklethe texture aliasingproblem,Mao et al.? proposedo usemulti-
granularitynoisetexture basedon a stochasticsamplingtechniquecalledPoissorellipsesampling.Althoughthe problem
of aliasingin grid of high densityis alleviated, their methodis not interactve and cannotadaptto arbitrary viewing
conditionsasthe userzoomsin andout of the eld. Both methodsare software basedapproachesndthusare neither
interactve nor takingadwantageof the capabilitynow availablein the programmablgraphicshardware.



3. ALGORITHM

Theprimarygoalof ourresearcthis to visualize2D steadyandunsteadyo w elds de ned onrecti- or curvi-linearsurface
mesheghatexist in 3D space.An exampleof suchdatais a computationaplanefrom a curvilinearmeshasshavn in

Figure7 presentedn the resultsection5. To provide the interactivity at run time, texture advectionin our algorithmis

computeddirectly at eachfragmentin the imagespaceusinggraphicshardware. Particle pathsandthe input texture that
will be adwectedarede ned in the objectspaceto generateaccurateand perceptuallycorrectappearanced-or grid cells
that cover multiple pixels, our goalis to generateo w patternswith enoughdetailswithin the projectionregion of those
cellsin the outputimagewithout up-samplinghe ow eld or integratingadditionalparticlepaths.

The mainideabehindour algorithmis thatin orderto generateexturesof variousresolutionsto matchthe screen
resolutionasthe userzoomsin andout of the data,it is importantto have anintermediateepresentatiofor the ow eld
whoseresolutioncan be easily adjustedat run time to allow e xible andef cient texture advection. This intermediate
representatioshouldavoid the problemscommonlyencounteredvhenup- or dovn-samplinga ow eld: up-sampling
the vector eld would createa large overheadfor computingadditionalparticletraces,while down-samplingthe vector
eld cangeneratdéncorrect o w paths. The latter is becausea small error in eachvectorfrom the down-sampledeld
canaccumulatdo a large error asthe numericalintegrationis computed. Anotherimportantcriterion for devising our
algorithmis thatsuchanintermediateepresentatioshouldbe useddirectly by thetexture adwectionalgorithmandallows
for aneffective useof moderngraphicshardware.In thefollowing, we presenbur algorithmin detail.

3.1.Trace Slice

The core of our algorithmis a novel representatioof the underlying ow eld, called Trace Slice which is usedfor
multiresolutiontexture advectionunderdifferentviewing conditions.Insteadof generatingnulti-resolutionalector elds
andusingtheapproximatedeld to performtexture advection,theadwectionpathsof o w texturescanbemoreaccurately
obtainedat arbitrary resolutionsusingthe traceslices. The traceslicesalsoallow usto exploit programmableésPUsto
performview dependentexture advectionfor eachfragmentat aninteractve speed.n thefollowing, we rst presenthe
concepbf traceslices.

A traceslice STd is a 2D arraywith the samedimensionasthe input grid, which is essentiallya parametricsurface.
Eachelementof thetraceshce correspondso a meshvertex, which can be indexed by coordinateq(i; j) de ned onthe
parametricsurface.The attribute storedin thetraceshce,denotechsSTg (i; J), is a2-tuple(a; b), whichmeansdf a particle
is releasedrom (a;b) inthe ow eld attime stepTs, it will reachvertex (i; j) attime stepT,, whereT; > Ts. In essence,
the informationstoredin atraceslice SE is primarily usedto adwecta texture N releasedt time stepTs to time stepT.

Thisis doneby usingthe 2-tuple(a; b) storedin S¥d(i; j) asthetexture coordinatego look up theinput texture N de ned
atTs.

To createthetraceslicesfor agiven2D o w eld, for everygrid point(i; j) in themeshwe performthefollowing steps
for eachtime stepT; = 0::Tmax, WhereTnax is the maximaltime stepin thetime-varying eld. Givenatime T,, we rst
performabadward adwectionfrom thegrid point(i; j), whichwill resultin apathlinetravelling in thespace-timeomain.
Then,we samplethe pathlineata sequencef timeinstants; = T, i Dt;i = 1::K to getK positionsof the pathlinefor
aconstant whent; staysgreaterthanzero. Herewe deferthe discussioraboutthe choiceof K to section3.3. Since
the pathlineis adwectedbackwards,this sampledspace-timeposition(a; b;t;) implies thata particlereleasedrom (a; b)
attime stept; will travel forwardsandarrive at (i; j) attime T,. Accordingto the de nition of traceslices,the position

(a;b) is storedinto S[d(l i). If werepeathesameprocesdor all grid pointsfrom theinput mesh atwo-dimensionahrray

STd(I 1):12 [0;1max; j 2 [0;Imad is formed,which is atraceslice. Becausave samplethe pathlinesK timesfor different

, we have K tracesliceswhich all have the samedestinatiortime stepT,. If theunderlying eld is asteadyow eld, we
usethethual time typically usedfor computingstreamlinesn this processFigurel illustratesthe procesf creatingk
traceslices.

3.2. Texture Advection

We now describehow the trace slicesare usedto perform o w texture adwectionsat run time for a x ed resolution.
Multiresolutionaltexture adwectionwill be describedn section4. Sincethe underlying ow eld is de ned on a 2D
structuredrecti- or curvi-linearmesh we canrenderthis meshsurfaceusingone(for aregular Cartesiargrid) or multiple
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Figure 1. Thecreationof traceslicesby backwardadwection

polygons(onepercell for astructurecturvilineargrid) mappedvith o w texturesthatwe computeatruntime. Ourtexture
renderingalgorithmtakesasinputaninitial texturethatis to beadwected,anda setof traceslicesloadedin as2D textures.
Without alossof generalityin thefollowing we assumehetextureto be adwectedis a noisetexture, althoughary texture
canbeusedasaninputfor theadvection.

Oneinformationneededs a mappingfrom the traceslice to the meshsurface. This is necessarpecausavhenthe
meshgeometryis rasterizedeachfragmentwill look up thetraceslicesandusethe 2-tuplesstoredin the corresponding
locationsto accesdhe noisetexture. In our algorithm, this mappingis establishedisingthe 2D meshparametergi; j),

i 2 [0;1mad, j 2 [0;Inmay asthetexture coordinatedor the meshvertices wherel nax andJmax arethedimensionf the2D
structuredmesh.

Besideghemappingbetweerthetraceslicesandthesurfacemeshwe alsoneedamappingirom theinput noisetexture
to themesh.Conceptuallythis mappingcanbe seenasdistributing the noiseon the surfacebeforeadwectionstake place.
In our algorithm,whenthe 2D meshis aregular Cartesiargrid, the mappingis the sameashow we mapthetraceslicesto
themeshsurface.For a 2D curvilinearmesh however, careshouldbetakensothatthe noiseis mappedo the 2D meshin
the physicaldomainasuniform aspossibleregardlessof cell sizesandshapes.

With themappingirom thetraceslicesandtheinputnoiseto themeshbeingestablishedthetextureadwectionalgorithm
cannow beexplainedasfollows. GivenaninputtextureN releaseattime T, knowing thatthetexturecolorat (a;b) from
time stepTs will beadwectedto thepoint(i; j) attime stepT,; if thetracesliceSE(i; i) = (a;b), we canperformatwo-stage
texture look-up to adwectthe texture N to time stepT,. First, the meshpolygonis rasterizedwhereeachfragmentwill
interpolatethetexture coordinategprovidedto the surroundingmeshverticesandthenlook up thetraceslicetexture using
theinterpolatedexture coordinates.Then,the 2-tuple(a; b) retrieved from the traceslice texture STd for the fragmentis
usedasthetexture coordinateso look up theinputnoisetexture N. We canexpresgheadwectionof the noisetexturefrom
Tsto T, as:

C(i; j; Ty) = N(&b) = N(S[(i; })) @)

whereC(i; j; Ty) is thecolor for thefragmentwith thetexture coordinategi; j) atT,, (a; b) is thetraceslice 2-tuplestored
at (i; j) in thetraceslice,andN(a; b) is the texel from the noisetexture. Figure 2 illustratesour 2-stagetexture lookup
algorithmfor texture adwection.

3.3. Spatial Coherence

Thead\ectionalgorithmpresentedbove only calculateghein uence of theinputtexturereleasedt Ts to theframeat T,.
In fact,afragmentattime T, will receve contritutionsfrom the noisetexture releasedt multiple time steps.Thatis, the
outputcolor for eachfragmentattime T, is acombinationof inputtexturesreleasedarlie; which canbewritten as:

NCLEN())
ciimy= g ety = @
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Figure 2. Textureadwectionusing2-stagetexturelookups

whereK is the numberof contritutionsfrom texturesreleasedn the earliertime stepsbeforeT;. An averageof the color
contritution from the K input noisetextureis assignedo thefragment.

As demonstratetly the LIC algorithm! acoherencef the pixel intensityalongthe o w linesprovideseffective cues
to illustratethe underlying o w direction. The combinationof texturesdescribechereallows us to establishsuchpixel
intensity coherencalongthe pathlinesthat arerelatively steady This is becausedjacentpixels alongthe pathlinewill
have alarge overlapin their backward adwectiontraces.

Note that our methodto createthe texture advectionresultat eachanimationframe T, is differentfrom someof the
existing methods(LEA,*® IBFV,* IBFVS?®) in the sensethatthereis no needto usethe outputof the previous frame
astheinput texture to computethe currentframe. Thereare several reasondor this choice. First, the removal of inter-
frame dependeng allows the userto changethe cameraposition or transformthe meshsurfacecontinuouslysincenow
the consecutie framesdo not needto be rendereduinderthe sameview, a requirementor the previous methods.Second,
whenthe underlyingdomainis nota simple2D at planeandhenceocclusionsmay occur it is not possibleto transform
the outputfrom the framebuffer backto the objectspaceandcontinuethe adwectionfor the next frame. Furthermoreas
WiII be describedn the next section,our algorithmcomputeghe outputimageusingdifferentresolutionsof traceslices
STd andinput texture N basedon OpenGLmipmappingmechanismThe resolutionof the traceslice andnoisetexture to
useis determinedor eachfragmentindependently Therefore unlesswe computethe texture adwectionfor the previous
frameat all levels, which is expensve, it is dif cult to satisfythe needof all fragmentghatmay be renderedat different
mipmaplevels. Finally, the animationframesin our algorithmcanbe generatedgimultaneouslysoit becomegossibleto
usedifferentthreadswvith multiple graphicscardsto implementour algorithmwhenthe underlyingdatasetis large.

4. MULTI-RESOLUTION AL TEXTURE ADVECTION

In essencehemotivationfor generatingnultiresolutiontexturesis to addresshe problemsof aliasingandalack of detail
whenvisualizingthe ow elds. With thetraceslicesandthe texture adwectionalgorithmpresentedbore, our algorithm
cangeneratanultiresolution o w texturesundervariousviewing conditionsby adjustingtheresolutionsof theinput noise
andthetraceslicesonthe y . Speci cally, to avoid the renderingartifact, it is importantto ensurethatthe ratio between
thesizeof atexel from theinputnoiseaswell asthetracesliceto the sizeof afragmentwithin the objects projectionarea
onthescreerremainsapproximatelyone. This requirementanbe enforcedby usingthe classicmipmappingalgorithm.

In ouralgorithm,we exploit OpenGLs mipmappingunctionto implementheideaof multi-resolutionatextureadwec-
tion. Startingfrom abasdevel of theinputnoisetextureatapre-de nedresolutionwe averageavery 2x2 texelsrecursvely
to createa sequencef mip-mappednput textures. The sameoperationwill be appliedto eachof the traceslices,which
is equivalentto creatinga multi-resolutionalversionof the particletracelocations. We notethat althoughconceptually
creatingalowerresolutionof atracesliceis similarto dowvn-samplinghe ow eld, it is in factfundamentallydifferentin
the sensehatour traceslicesarecomputedrom the original eld. Integratingthe particleusinga vector eld of a lower
resolutionis muchmoresusceptibléo accumulatingerrors,which makesthe pathlinedrift away from the correctpath.



As the userzoomsout of the eld, whenthe densityof the projectedmeshcells exceedsthat of the screenpixels,
OpenGLmipmappingwill betriggeredwhichwill automaticallichooseanlowerresolutionof traceslicefor eachfragment
to performthe texture advectionalgorithmpresentedibore. An appropriatdevel of the input noisetexture will alsobe
chosenNhenthetraceslice2-tupIeSEj (i; j) is usedto accesshenoisetexture. In our algorithm,mipmappingmainly helps
whenmultiple cells are projectedto a single pixel to prevent from generatingaliasedtextures. Whena cell is projected
to multiple pixels, on the otherhand,sinceour texture adwectionis computedat per fragmentlevel, o w patternsof ne
granularitywithin thecell will still begeneratedThis is becaus@achfragmentwithin the cell will look up thetraceslice
basedon thetexture coordinatesnterpolatedrom the cornersof the cell andperformthe adwectionof noisetexelsalong
theinterpolatedpathlinelocations.As long astheinput noisetexture hasenoughresolution theresulting o w texture will
corvey discernableo w patterns.

4.1. Adjustment of Advection StepSize

Accordingto equation2, eachoutputfragmentwill take a sequencef samplesrom theinput noisetexture following the
pathlinetraces.To avoid aliasingandensurespatialcoherencdetweenadjacenfragmentsalongthe samepathline,it is
importantfor eachfragmentto samplecontiguougexelsfrom theinputnoise.Thiswill allow adjacenfragmentsalongthe
pathlineto averageasimilar setof noiseinput, hencecreatingspatialcoherencePreviously, vanWijk andJobard* 15 have
madesimilar obsenationsandsuggestedhatthe stepsizefor the particleintegrationshouldsatisfythe following rule:

jvj Dt<=w ()

wherev is the velocity atthe currentfragmentlocation,Dt is the stepsize,andw is the texel width.

In ouralgorithm,Dt in equation2 shouldbe adjustedbasedn theresolutionof the noisetexture usedfor the fragment
decidedby OpenGLs mipmappingalgorithm. However, sincethe level of detail for eachfragmentis determinedby
OpenGLindependenthat run time andnot directly known to the applicationprogram,it is moredif cult to determineDt
for eachfragmentfrom our program.Fortunately sinceDt is proportionalto thetexel size,andhencerelatedto the noise
textureresolutionwe cancomputea setof mipmappedX to accompan with the mipmappedoisetexture. To dorthis, for
the noisetexture at the highestresolution,we rst mapthetexel sizeto the spacevherepathinesarecomputed.Then,we
computea Dt for eachgrid pointbasednits local velocity. Thiswill producea2D arrayof Dt atthe sameresolutionasthe
noisetexture. Then,we createa sequencef down-sampledX texturesin a similar manneraswe createothermipmaps,
exceptthatnow at eachlevel, we will needto multiply the dowvn-sampled valuesby two sincethe correspondingexel
sizein the correspondingnoisetexturewhenmappedo the meshsurfacebecomedwice aslargein eachdimensionevery
time we reducethe resolutionby onelevel. Oncethe Dt mipmapsare createdat run time, we will usethe sametexture
coordinatedor the noisetextureto look up the mipmappedx slices.Sincethe Dt texture hasthe sameresolutionandthe
samenumberof mipmappingdevelsasthe noisetexture,eachfragmentwill useanappropriatebt to matchthe noisetexel
sizew.

Accordingto equation2, Dt valuesaccessedrom the mipmappedexture will be usedto accesghetraceslices.lt is
possiblethatthevaluet; = T, i Dt in the equationwill fall in betweerthe traceslicesthatwe have sampled.In this
casealinearinterpolationfrom adjacentraceslice 2-tupleswill be performedn ourfragmentprogrambeforelooking up
thenoisetexture.

5. RESULTS AND DISCUSSIONS

We have implementedur algorithmusingOpenGL1.5andOpenGLShading_anguagdGLSL) 2.0runningona PCwith

anIntel Pentium4 2.00GHz processqr768 MB memory andannVIDIA 6800GT graphicscardwith 256 MB of video
memory The o w adwectionalgorithmdescribedabove is primarily implementedn a fragmentprogram.Eachfragment
is providedwith thetexture coordinatesisedto accesshetraceslices. Thetexturesinputto thefragmentprograminclude
the noisetexture, the Dt texture,andK tracesliceswhereK is the corvolution kernelsizeaccordingto equation2. The
mipmapsor all theinputtexturesareimplicitly managedy OpenGLrun-timesystemsodo not needspecialhandlingin

thefragmentprogram.

Threedatasetswere usedto testour algorithm, aslisted in Table 1. The vortex datasetis a time-varying regular
Cartesiargrid data,andtherestaresteadycurvilineargrid data.We computedhetraceslicesby rst startinga backward
pathlineat every time stepfrom eachgrid point, andthensamplethe backward pathlinelocations.We let eachpathlinego



DataSet | Dimensions| Total Size
Post 32x76 28.5
Shuttle 52x62 37.7
Vortex 100x100 3747

Table 1. Datasetsisedin our experiments Notethatthe sizefor thevortex dataincludesall 31 time steps.Thesizesarein KBytes.

backwardsasfar asK time stepswhereK is equalto the corvolution sizedescribedn equation2. Whenthe underlying
datasetis a steadydataset,the pseuddime for the particleintegrationis used.In all of our experimentsK wassetto 10.
Thevalueof K would affect whetherour corvolution algorithmcanbe completedn a singlepassor not. If K exceedghe
maximalnumberof active texturesthatis allowed by GLSL, we needto split the texture adwectioninto additionalpasses.
Theexperimentresultsrepresenteth this paperwereall donein asinglerenderingpass.

In the proces®f computingthetraceslices,if a particlegoesoutof boundbeforeK time stepswe terminateit andthe
traceslicevaluesfor theremainingtime stepsaresetto wherethe particleexits thedomain.All tracesliceswerecomputed
in a preprocessingtage. Table 2 columntwo lists the total preprocessingime for eachdataset. For a steadydataset,
the preprocessingime is within a few seconds.For the time-varying datavortex data,the preprocessingime is slightly
larger. It is worth notingthatthe preprocessingnly needso be doneonce,andcanbe usedfor all outputresolutionsand
differentviewing conditions. The preprocessinglsofreesup the run-timealgorithmfrom computingary particletrace,
which signi cantly speedsip therun-timespeed.

DataSet | Pre-Processing Texture Creation
andloading
Post 2.312 0.08
Shuttle 3.172 0.077
Vortex 8.875 0.24

Table 2. Thetime for traceslice preprocessingndtexture creationandloading(in seconds)

When the userzoomsin and out of the eld, the levels of detail for both the trace slicesand noise are adjusted
automaticallyand the texture adwectionis computedon the y . Using graphicshardware, this multi-resolutiontexture
adwectioncanbedoneveryfast.For all the datasetswe have, afterthetextureswereloadedinto thevideomemory which
only needsto be doneoncein the beginning of the program,the framerateto adwect and renderthe texture exceeded
several hundredframesper secondwhile the level of detailis beingadjustedautomatically This is in factnot a surprise
to usbecausehe nVIDIA GeForce6800GT canrender5.6 billion texels, and 525 million verticesat eachsecond.The
amountof geometryandtextureswe hadwereconsiderablfowerthanthepeakloadthatthegraphicshardwarecanhandle.
Table2 columnthreelists thetime for creatingandloadingall the necessaryexturesto the video memory Notethatit is
aprocesghatonly needgo bedonein thebeginningof the programsois partof the programset-uptime.

We performedthe following teststo verify the coreideaof traceslices,thatis, creatinga down-sampledversionof
traceslice is moreaccuratethanintegrating particlesusingthe down-sampledow eld. Usingthe vortex datasetwith
aresolutionof 100x100,we rst createdthe traceslicesS(i; j);t 2 [0;9] at a resolutionof 100x100,and then down-
sampledt to aresolutionof 50x50anda resolutionof 25x25. We alsodowvn-sampledhe ow eld to 50x50and25x25
andcomputedbackward pathlinesusingthe dowvn-samplediata. For the particlelocationscomputedboth from the down-
sampledraceslicesandthe dovn-sampledelds, we comparedhemwith the particlelocationsusingthe original eld.
Figure3 shavs theresultsfor the 50x50resolution.It canbe seernthatasthe particlestravelledfarther largererrorswere
accumulatedvhenthe down-sampledeld wasused. For the traceslices,the errorswereboundedandno accumulation
took place. As the datasetwasfurther dovn-sampledo 25x25,asshawvn in Figure4, the error of the particlelocations
becamdargerwhenusingthe down-sampledeld.

Figure5(a)shavs a snapshoof the Postdatasetwith our multi-resolutionatexture adwectionwhile Figure5(b) shavs
a snapshotvithout sucha control. The meshof the Postdatasethassomeinterestingcharacteristics the cells toward
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Figure 3. Comparisorof particle positionerrorsfor travelling 1 to 10 time stepsusingthe down-sampledraceslicesandthe down-
sampledvortex datasetreducedfrom 100x100to 50x50. X axisindicatesthe time stepsthatthe particleshave travelled,andY axis
indicatesparticlepositionerrorscomparedo the accurataracesusingthe Euclideandistancen the eld.
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Figure 4. Comparisorof particle position errorsfor travelling 1 to 10 time stepsusingthe down-sampledraceslice andthe down-
sampledvortex datasetreducedirom 100x100to 25x25. X axis indicatesthe time stepsthat the particleshave travelled,andY axis
indicatesparticlepositionerrorscomparedo the accuratearacesusingthe Euclideandistancen the eld.

the centerof the meshquickly becomemuchsmallerthanthe cells closeto the outsideboundary with several ordersof
magnitudaifference.lt canbeseenthatour algorithmcangenerate resultwith lessaliasing.

Figure6(a)and(b) shav the comparisorof theimagedor curvilinearmeshgeneratedby our algorithmandtraditional
LIC. Both of themwere generatedat the original resolutionof 52x62for the portionthatis shavn. Our algorithmcan
generateclearer o w patternswithout up-samplingthe eld, while LIC imagein Figure 6(b) clearly doesnot include
enoughdetailto shav the o w directions.

Figure7 shavs the testresultsfor the shuttledataset. Startingfrom a moreclose-upview andaswe zoomedout, it
canbeseerfrom theimageon the upperright thatour multi-resolutionalklgorithmquickly switchedto alower resolution
of tracesandnoisesandthusstill produceclear o w pattern.Theimageon thelower right did not usethe multi-resolution
algorithm. The sametestwas performedon the vortex dataset. The imageon the left of gure 8 is a close-upview.
Theimageon the upperright is the resultgeneratedavith our multi-resolutionalgorithmandtheimageon the lower right
without. Similar to the shuttledataset, our algorithmwas able to generatea clearer o w patternssince aliasingwas
avoided.

The overheadof our algorithmis the additionalspacefor storingthe traceslices. Table 3 shaows the total size of the
traceslicescreatedfor eachdataset. For the datasetsthat we testedin this paper the overheadare all moderate.We
believe thereis still a large roomto optimizethe spaceconsumptiorsincethereis a high degreeof redundang existing
betweertraceslicesof adjacentime steps.Thiswill be our futurework.

DataSet | Sizeof TraceSlices
Post 1.00
Shuttle 1.32
Vortex 21.8

Table 3. Thesizeof traceslices(in MBytes)includingall time steps.NotethatVortex datasetis time-varying



(a) (b)

Figure 5. Renderingpf the postdataset(a) with and(b) without the multi-resolutionlevel of detailcontrol

@) (b)

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

6. CONCLUSIONS AND FUTURE WORK

We have presentedh view-dependentechniquefor multi-resolution o w texture advectionfor 2D structuredrectilinear
andcurvilineargrid data.Our algorithmcanadjustthe outputtextureresolutiononthe y astheuserzoomsin andout of

the eld to preventfrom aliasingaswell asensuringenoughdetailis presentedn the imageregardlessof the meshsize
anddensity We proposea novel representatiofor theunderlying o w eld calledtraceslicewhichallowsfor e xible up-

anddown-samplingof the eld without scarifyingtheaccurag or introducingadditionalcostfor particleadwections.Our

algorithmis animagespacemethodin thatthe o w textureis directly computecdat eachfragment.lt is alsoanobjectspace
methodbecausdooth the particleintegrationandthe texture advectionarecomputedn the objectspace.This traceslice

representatiosanbedirectly usedby GPUsto performtexture advectionat a highly interactve speed.

The future work includesextendingthe proposedechniqueto three-dimensionadatathat allows the userto perform
arbitraryzoom-inand-out. We will alsooptimizethespaceconsumptiorior thetraceslicessincewe believethereis alarge
degreeof coherencdetweertraceslicesof adjacentime steps.Currentlytheamountof detailthatwe canprovide within
the meshis not dependenbn the resolutionof the data,but the resolutionof the input noisetexture. We will investicate



theuseof proceduratexturesto performthe advection.

Figure 7. Theimageon the left wasgeneratedvhenwe zoomedin. As we zoomedout from theimageon theleft, our algorithmwas
ableto producea clearerpatternby switchingto a lower resolutionof traceslicesandnoisetexture (upperright), while the algorithm
with no LOD controlproducedaliasingresult(lower right).
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