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Abstract

Dyeadvections anintuitive andversatiletechniqueto visualizebothsteadyandunsteadyow. Dye canbeeasily
combinedwith noise-basediensevector eld representationgndis animportantelementn usercentric visual
exploration processesHowever, fasttexture-basedmplementationsf dyeadvectionrely on linear interpolation
opemtionsthat lead to severe diffusionartifacts. In this paper a novel approac for dye advectionis proposed
to avoid this blurring and to achieve long and clearly de ned streaklinesor extendedstreak-like patterns.The
interface betweendye and badground is modeledas a level-setwithin a signeddistance eld. The level-set
evolutionis governedbytheunderlying ow eld andis computedya semi-LagrangianmethodA reinitialization
techniqueis usedto countenct the distortionsintroducedby the level-setevolution and to maintain a level-
setfunction that representsa local distance eld. This approacd worksfor 2D and 3D ow elds alike. It is
demonstatedhowthe texture-basedevel-setrepresentatioriendsitself to an efcient GPU implementatiorand
therefore facilitatesinteractivevisualization.

CatgyoriesandSubjectDescriptorgaccordingo ACM CCS) 1.3.3[ComputerGraphics]:Picture/Imageéseneration

1.3.7 [ComputerGraphics]:Three-DimensionabraphicsandRealism

1. Intr oduction

Vector eld visualizationplaysanimportantrole in various
scienti ¢ and engineeringdisciplines.Typical applications
stemfrom simulationsn computationaluid dynamicsgal-
culation of physical vector elds, suchas electromagnetic
elds or heat ow, or from measurementsf actualwind
or uid ows. Dye adwectionis an intuitive and versatile
techniqueo visualizebothsteadyandunsteadyector elds
andit canreadily be combinedwith noise-basedenserep-
resentationsDye is releasedat userspeci ed positionsand
thereforesupportsan interactve and usercentricvisual ex-
plorationprocessAt the sametime, a denserepresentation
can provide additionalinformationon the overall o w be-
havior andsene asa backgroundcontext in which the user
canfocuson detailsof the dye-basedisualization.

Thegoalof this paperis to provide afastandhigh-quality
dye adwectionschemehat canbe usedin conjunctionwith
texture-basedenseo w visualizationtechniquesReal-time
visualizationis particularlyimportantin this context because
dye adwection makes senseonly in an interactve erviron-
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mentin which seedpoints can be freely chosen.Unfortu-
nately previous implementationsof texture-basedlye ad-
vectionrely on linearinterpolationoperationsndarethere-
fore subjectto diffusion artifacts.A novel approactor dye
adwectionis proposedo avoid this blurring andto achiere
long and clearly de ned streaklines.The main ideais to
modeltheinterfacebetweerdye andbackgroundasalevel-
setwithin a signeddistanceeld. Thelevel-setevolutionis
governedby the ow eld thathasto bevisualized A reini-
tialization techniqueis usedto counteracthe negative ef-
fects of this evolution andto maintaina level-setfunction
that represents distance eld. It is demonstratedhat this
approachis suitablefor 2D and3D ow elds. The level-
setandthe correspondinghumericaloperationscan be di-
rectlymappedo aGPUimplementationAn ef cient, purely
GPU-basedpproachis describedor the2D case.

2. Previous Work

Dye adwection is typically applied in combinationwith
texture-based ow visualization techniques. The same
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mechanismsanoftenbe usedto realizebothdye andnoise
transportAn importantexamplefor this approachs texture
adwection [MB95], which canbe usedfor a dense,noise-
basedand a sparse dye-basedepresentatiorat the same
time. For example, ImageBased-low Visualization[vW02]
is a 2D texture advection techniquethat supportsdye ad-
vection. Similarly, the 2D Lagrangian-EuleriarAdvection
(LEA) schemeJEHO02] allows for simultaneousioiseand
dye transport.LEA addressethe issueof numericaldiffu-
sion in dye adwection by constantlyrestoringthe contrast
of the transporteddye. Within the contet of Line Integral
Convolution (LIC) [CL93], dye visualizationcan be used
to highlight featuredSIM96. This ideacanbe extendedto
transportseveral colorssimultaneousiyUIM  03].

Onereasorfor recentadvancesn texture-basedo w vi-
sualizationis the increasingperformanceand functionality
of GPUs.Sincedensetexture representationseeda large
numberof computationsgraphicshardwarecanbeexploited
to improve the performanceof 2D texture-basedo w visu-
alization[HWSE99,JEH00,WHEQ01, WEE03,vW02]. Tex-
ture adwection can be extendedto vector elds on curved
surfaces[LJH03,vWO03] andin 3D [TVvWO03, WEO04. The
Chameleorsystem[LBS03] allows the userto interactiely
changethe renderingstyle for 3D o w visualizationby us-
ing graphicshardware.An overvien onthestateof theartin
denseandtexture-basedector eld visualizationtechniques
canbefoundin [LHD 04,SMMO00].

Another relatedline of researchs focusedon level-set
techniquedor visualization,image processingpor simula-
tion. An overview on level-setsandtheir applicationscanbe
foundin [OF03. For example,level-setsare usedto model
the interfacebetweenuid andair in the simulationof the
dynamicsof water [FFO1,EMFO0Z. Applicationsof level-
setsin visualizationincludesurfaceprocessingTWBOO03],
thesggmentatiorof volumetricdataLKHWO03, MBZW02],
andanimplicit surfacerepresentatiom a o w [WJEOQQ.

Trackingof interfacesplaysanimportantrole in compu-
tational uid dynamicsand computationalphysics. In this
paper only a brief list of relatedpublicationsin this eld
can be given. One classof numericalmethodsmakes use
of a Lagrangiantracking of particles,as,e.g.,describedn
[UT92]. Volume-of- uid (VOF) techniguegHN81] model
thefractionof amaterialin eachcomputationatell to recon-
structthe materialinterface;examplesarethe SLIC method
(SimpleLine InterfaceCalculation)NW76], thePLIC tech-
nique(Piecavise LinearInterfaceConstruction]You83, or
a cubic-polynomiainterpolationto representhe VOF frac-
tion [YIW 91]. Anotherapproachs the ghost uid method
[FAMO99], in which alevel-setfunctionis usedto trackthe
motionof a materialinterface.

3. Dye Advection by Texture-BasedMaterial Transport

The traditional methodfor texture-baseddye adwectionis
brie y reviewed.Propertief thedye, suchasits color, are

storedon aregularly sampledgrid or texture. This property

eld is denotedby p(x). The pointsx arefrom the domain
of thenD vector eld, R". In this Eulerianapproachthe po-
sition of adye elements implicitly givenby thelocationof
the correspondindexel. Dye is transportedalongthe time-
dependentector eld v(x;t). The Lagrangianformulation
of theunderlyingequationof motion,

dx(t)

at ;
can be integratedto computethe pathline of an adwected
masslesgparticle,

v(x(t);t) =

z

th
X(t1) = x(to) +  v(x(t);t)dt : (1)

0
In the above equationst denotedime. Equation(1) canbe
usedto computethe transportof dyein a semi-Lagrangian
manner(seee.g.,[Sta99,JEHOQ). Onepossiblealternatve
for dye adwectionis realizedby a backward texture-lookup
in theproperty eld,

p(X(to);to) = p(x(to Dt);to Dt) : v

Startingfrom the currenttime steptp, an integration back-
wardsin time providesthepositionattheprevioustime step,
X(to D). The property eld is evaluatedat this previous
positionto accesshe valuethatis transportedo the current
position. Bilinear (in 2D) or trilinear (in 3D) interpolation
is appliedto reconstructhe property eld at locationsdif-
ferentfrom grid points.This methodcanbe consideredisa
semi-Lagrangiampproachbecauseropertyis represented
in a Eulerianway on atexture,while thetemporalevolution
relieson a Lagrangiarintegrationof particlepaths.

Similarly to Equation(2), anintegrationforwardin time
leadsto aforward mappingin which propertyvaluesareac-
tively scatteredrom their currentlocationto anew position.
In an analytic description,backward and forward mapping
areequialent.Slightdifferencesnayappeamwhenanumer
ical approximationfor path integrationis employed. Both
alternatves are usedin previous work, e.g., forward map-
ping occursin [vW02] andbackward mappingis employed
in [JEHO0,WHEOQ1, vW03].

Semi-Lagrangiariexture-basedlye adwectionis widely
usedbecausdt hasa numberof importantadwantagesit
is easyto implementand very efcient, andit canbe di-
rectly mappedo GPUsandcombinedwith otherinteractive
texture-basedsPU techniquesln particulay texture advec-
tion canbesimultaneoushappliedto dyeandnoisetextures,
saving computationalcostsfor separatetransportmecha-
nisms.Anotheradwantages the e xibility of atexturerep-
resentationFor example,dye canbe virtually paintedinto
the o w by theuser—withoutary restrictionwith respecto
orientation,size, or topology Finally, the texture approach
doesnot needmechanismgor particleremoval (in corver
gent o w regions)or particleinsertion(in divergent o w re-
gions),asit is requiredin purely particle-based.agrangian
methods.
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Figure 1. Numericaldiffusion causedby linear interpola-
tion.

Unfortunately texture-basedlye adwectionis subjectto
numericaldiffusion that leadsto an inappropriateblurring
of the visualization.The underlyingproblemis the contin-
uousresamplingwith a tensorproductof linear Iters (i.e.,
bilinearinterpolationin 2D andtrilinearinterpolationin 3D).
Figurelillustrateshow linearinterpolationieadsto arti cial
diffusionin a simple1D example.Thetop imageshons the
propertyvaluesp for thetime stept. Thedyeis represented
by large valuesp, the backgroundy vanishingp. The bot-
tom imageshaws the propertyvaluesfor thefollowing time
stept + Dt. A uniformvector eld is appliedto transporthe
dyeto theright. In this example the stepsizeDt andtheve-
locity v arechosenn awaythatthedyeis shiftedby onehalf
of the grid spacingDx, i.e., Dtv = Dx=2. Ideally, the pro le
for the valuesp shouldnot be changedby sucha transla-
tion. However, theaccesso positionsin betweergrid points
leadsto adilution of dyeby linearinterpolation As aresult,
the width of the interface betweendye and backgrounds
increasedrom onegrid spacingto two grid spacingsSub-
sequen@dwectionstepswill continuouslyincreasethe size
of thisinterfacelayer. Figure2 shavs anexampleof numer
ical diffusionwithin a 2D circular o w.

Thisblurring effectis notrelatedto physicaldiffusionthat
may occur in experimental o w visualization.In fact, the
smearings only causedyy the adwectionalgorithmandde-
pendson mary differentparameterssuchas stepsize, ve-
locity, grid resolution andtheorientationwith respecto the
mainaxesof thetexture. Furthermoretheblurring prevents
usersfrom clearly identifying streaklinesor otherisolated
visual patterns.In summarythis arti cial diffusion should
be avoidedfor aneffective vector eld visualization.
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Figure 2: Numericaldiffusionin a circular ow.

4. Level-SetTechniquesfor Tracking Dye Interfaces

A level-setapproachcan be usedto overcomethe above
mentionedproblemsin dye adwection.Level-settechniques
areemployedto trackinterfacesin mary otherapplications,
e.g.,theinterfacebetweenuid andair canbe modeledby
level-setan awatersimulation[FF01, EMF0Z. Thegoalof
thispaperis to provide adyeadwectionmethodthatis ableto
accuratelytracktheboundanbetweerdyeandbackground,
while it still retainsthe aforementioneadvantageof semi-
Lagrangiarpropertyadwection.

DistanceField asLevel-Set

In thelevel-setapproactof this papertheinterfacebetween
dye and backgroundis representedis an implicit surface
within asigneddistancdunction.A signeddistancedunction
f (X) describeshedistanceof the pointx to thesurface.The
interfaceis the implicit surfacefor f (x) = 0. It is assumed
thatf (x) is negative inside the dye region and positive on
the outside.Dye is modeledas a masslessnarker material
thatis perfectly advectedalong the input vector eld. For
sucha corvectionscenariothe evolution of the level-setis
governedby

fIf (x;1)

1t
This partial differential equationcould be discretizedand
solved by different EuleriantechniqueqOFO03]. Instead,a
semi-Lagrangiampproachs usedbecausaet is well-suited
for suchacorvectionprocessandleadsto a stableevolution

evenfor largestepsizegSta99].Equation(2) is now applied
tof (x;t):

f (x(to);to) = f(X(to

+v(x;t) rf(xt)=0

D)ito Dr) ®3)
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Figure 3: Comparisonbetweertraditional dye advection(a,b), the level-setappmoac without reinitialization (c,d), and the

level-setapproach with reinitialization (e,f).

According to Equation (1), the Lagrangianintegration of
X(tg Dt) takesinto accounta time-dependentector eld.
Therefore,the level-setadwection schemecan be usedfor
steadyandunsteadyo w alike.

Besidesthe transportof dye, the injection of additional
dyehasto bemodeledn thislevel-setapproactaswell. The
newly injecteddyeis representetly a signeddistanceeld,
finject- After eachintegrationstep(3), the new dye andthe
“old”, transportedalye,f ransp arecombinedaccordingo

f(x) = finject(X) i finject(X) < f trans(X)
ftransfX) otherwise

In this way, the signeddistancds modi ed by theinjection

eld atpositionsthatarecloserto thenew dyeregion,com-

paredto theoriginal distancefrom theinterface.

Thedistanceeld itself cannotbe directly usedfor the -
nalvisualization.In fact,dyeis dravn wherethe signeddis-
tanceis negative andthe backgroundemainsvisible where
the distanceis positive. Figures3 (c) and (d) demonstrate
level-setdyead\ection.Dye s injectedin thelower left part
of thedomainandtransportedy a uniform vector eld that
pointstowardstheupperright of thedomain.Image(c) visu-
alizesthedistanceeld: Bright regionscorrespondo nega-
tive distanceswhile darkregionscorrespondo positive dis-
tancesThisillustrationusesanonlineargray-scalenapping
to cover all relevantdistancevalues.Figure3 (d) shovs the

nal visualizationof the dye, which is displayedin yellow
color.

For comparisonthe traditional adwection methodis in-
cludedin Figures3 (a) and(b). Image(a) shavs agray-scale
tableappliedto the propertyvalues,image(b) displaysthe
samevaluesby a color table that resembleghe color cod-
ing from Figure 3 (d). As discussedreviously, traditional
dyeadwectionleadsto ablurringandwideningof thestreak-
line. In contrast.the level-setapproachin Figure 3 (d) ex-
hibits a sharpinterfaceboundary Unfortunately the streak-
line shrinksandeventuallydisappeargompletely Therea-
sonfor this behaior canbe seenin the underlyingdistance
eld (Figure3 (c)). Thesemi-Lagrangiatevel-setevolution
builds upon a bilinear resamplingin the distance eld and
thereforeis affectedby interpolationartifactsthat are simi-
lar to thosein traditionaldye adwection.Here, positive dis-
tancevaluessurroundthe rathersmalldye region anddilute
the negative distancesnsidethe dye. Therefore this simple
distance-baseschemds not appropriatdor dyeadvection.

Reinitialization of the Level-Set

The underlying problemis that, as the level-set evolves,
f drifts away from its initialized value as signeddistance.
This issueis apparenin otherlevel-setapplicationsaswell

[OF03]. Therefore,in general,the level-set needsto be
reinitializedperiodicallyto a signeddistanceFortunately a
completereconstructiorof the signeddistance eld is not

¢ TheEurographicfssociationandBlackwell Publishing2004.
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Df=1

Figure 4: Reinitializationof Df bad to unit distancealong
theintersectionedge.

requiredfor dye adwection. In fact, only a local level-set
aroundthe interfacehasto be modeledas signeddistance.
Unlike mary otherapplicationsof level-settechniquesywe

do not needa higherorder representatiorof the level-set
function and can thereforerestrict oursehes to reinitialize
only thosegrid pointsthat are adjacentto the interface.In

whatfollows,only alocal“distanceeld” is usedwheredis-

tancevaluesare clampedto therange[ 1;1]. The spacing
of theuniform grid is assumedo have unit length.

Figure4 illustratesthe initialization methodin 1D. First,
the edgesbetweengrid pointsare classi ed aseitherinter
sectionor non-intersectioredgesDueto the linearinterpo-
lation betweergrid points,anintersectiorwith theinterface
is uniguelyidenti ed by asignchangeof f betweertwo ad-
jacentgrid points. Grid pointsthat are not adjacentto the
interfaceareresetto +1 or 1, dependingon the sign of
f. Intersectionedges,however, trigger a reinitialization to
a signeddistance Here, the valuesat the two adjacenigrid
pointsaremodi ed underthe constrainthatthe positionof
theinterfaceis notchangedUsingindicesi = 1;2 for these
two grid points,thereinitializedvaluesare

fl = fi'
D gif i + i i
wheref ; arethevaluesbeforereinitialization.For very small
dye regions, the interface can crosstwo adjacentedges.
Therefore,the reinitialization methodis extendedto take
into accountthe casethat a grid point is attachedo more
thanasingleintersectioredge Here,the nal distances set
to the averageof the valuesfrom the reinitialization along
thetwo edges.

¢ TheEurographic#ssociationandBlackwell Publishing2004.
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Figure 5: Local distance eld reinitializationin 2D. Image
(a) showsthelocal distance eld before reinitialization, (b)
directlyafterreinitialization.

(b)

This averagingmethoddirectly leadsto the extensionof
the reinitialization techniqueto more than one dimension.
In nD, agrid pointis attachedo 2n edgesOnceagain, the
edgesreclassi edasintersectioror non-intersectioedges.
For eachintersectionedge,the adjacentgrid pointsreceve
apreliminarymodi ed valuef | thatis calculatecalongthis
edge.The nal distancevalueis computedoy takingthe av-
erageof all thesecontritutionsfrom adjacenedgeslf agrid
pointis notlocatednext to theinterface,its valueis resetto
+1 or 1.In ary dimensionn, reinitializationonly needs
accesdo grid elementsin the direct neighborhoodwhich
leadsto afastcomputatiorof theupdatedevel-setfunction.

Figures3 (e) and (f) show the resultof this reinitializa-
tion procesdor the sametestscenarioasin Figures3 (a)—
(d). Here,thereinitializationis appliedafterevery tenthstep
of thelevel-setevolution (Equation(3)). Thereinitialization
guaranteeshat the level-setis not diluted by surrounding
positive distancevalues.Therefore,a constanwidth of the
streaklinels maintained At the sametime, a clearlyde ned
interfacebetweerdye andbackgrounds achieved. Figure5
demonstratetheeffectof reinitializationin moredetail. The
left imagerepresentthelocal distanceeld beforereinitial-
ization. The right picture shavs the local distance eld di-
rectly afterthereinitialization,which clearly retainsthe po-
sition of theinterface.The blurring hasbeenremosredanda
thin boundarylayer betweendye andbackgrounchasbeen
restored.

Figure6 shavs thevisualizationof a 3D vector eld with
a swirling corvergent feature.The two imagesdepict the
sametime stepfrom different camerapositions.Level-set
dyeadwectionwasusedwith areinitializationaftereach fth
integrationstep.Theresolutionof thedomainis 128°.

Discussion

All texture-basedadwectiontechniqueshave the advantage
that the regions coveredby dye can changetheir topology
while thedye evolves.A typical exampleis a streaklinethat
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Figure 6: Level-setdyeadvectionfor a 3D vector eld with
a swirling feature.

is transportedacrossthe seedpoint of anotherstreakline.
Figure7 illustratesthisbehaior asgeneratedby thelevel-set
approaclwith reinitialization.In Figure7 (a),thetwo streak-
linesarestill separatedrigure? (b) shavs thevisualization
just afterthetwo streaklineshave attachedandFigure7 (c)
atalatertime step.Sucha memgerof differentdyestructures
would requirecomple algorithmsand datastructuresf a
mesh-basetkpresentatiowith purelyLagrangiartransport
wasused.

Anotheradwantageof texture-base@dwectionis its built-
in supportfor transportingextendedregionsof dye. The vi-
sualizationperformanceis independenf the number of
cells coveredby dye. Therefore,a userinterfaceis possi-
ble that allows the userto control dye injection by virtu-
ally paintinginto the ow [WEHEO2]. This interactionap-
proachis moredif cult to implementfor particle-based a-
grangiantracking. To maintaina denseand uniform cover
ageof thedomainin regionsof divergentor corvergent o w,
datastructureshave to be implementedthat allow for dy-
namicinsertionanddeletionof particlesin the Lagrangian
approacHSK98]. Alternatively, a large numberof particles
canbe tracedto achieve a minimum densityof particlesin
divegent o w areaswhich decreasethe ef ciency of the
implementatiorfdLvL0Q].

Theissueof numericaldiffusionis alsoaddressedy Jo-
bardetal. [JEH0Z in thecontext of traditionaltexture-based
dye adwection. They usea methodthat re-adjuststhe con-
trast of the dye density valuesafter eachadwection step.
To achieve an appropriatesharpingof dye streaksthe pa-
rameterof the contrast-enhancingappinghave to be cho-
sen correctly If the mappingfunction is too steep,con-
trastis increasedoo muchandthevisualizationmayappear
“frozen”, similarly to the effect of nearest-neighbosam-
pling in LEA [JEHO02] On the otherhand,dye will smear
out if the mappingfunctionis too at. In contrast,level-
setreinitializationis independentf therateof arti cial dif-

fusion and doesnot requirea subtlechoiceof parameters.

@ (b) (©

Figure 7: Chang of topolagy of the dye-coered area.
Theimagesshowsnapshotéroman animatedvisualization,
chronolagically ordered fromleft to right.

(a) (b)

Figure 8: Truncationof streaklinesin low-resolutionlevel-
setadvection(a). Image (b) representshe correctstreakline
geneatedat highresolution.

Reinitializationresultsin a boundarylayer thathasa width
of oneor two texelseverywhereregardlesof thesizeof the
smeared-outonebeforereinitialization(seeFigure5).

A disadwantageof level-setadwectionwith reinitialization
is a failure of transportingsmall structuresthat are in the
rangeof only onecell. Figure8 (a) shavs a streaklinethat
incorrectly endsafter being “compressed’in a corvergent
region. For comparisonfigure8 (b) representshe correct
streaklineas generatedat high resolution.In general,the
level-setapproachwith reinitializationhasa slighttendeng
towardsshrinkingthe adwecteddye structures.

5. Extensions

Thevisualrepresentationf thedistanceelds from level-set
dye adwectioncanbeimproved by a numberof extensions.

¢ TheEurographicfssociationandBlackwell Publishing2004.
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Figure 9: Extensiongor level-setdyeadvectionimage (a) showsa jaggy interfacecausedoy a binary decisionwith respecto
theisovaluef = 0. Jaggy artifacts are smeaed out by image-spacesmoothingn (b). A badkgroundLIC image is includedin
(c). Dyeis fadedoutin (d).
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The rst extensionaddresseghe nal display of distance-
baseddye. Since dye regions are extractedwith a sharp
thresholdat isovalue 0, the underlying grid structurewill
becomeapparentn the form of jaggies,as shavn in Fig-
ure9 (a). (Notethatthe nal displayhasa higherresolution
thanthe computationalgrid; bilinear interpolationfor tex-
ture fetchesleadsto a slight blurring of the dye boundary)
In Figure9 (b), jaggy artifactsarereducedby image-space
smoothingFor example,a Gaussianlter or abox lter can
be employed for smoothing.This Itering by convolution
can be ef ciently handledby GPU operationsworking in
image-spacfMit02].

Like in previous approachesvith traditional dye advec-
tion, the dye visualizationcan be combinedwith a dense,
noise-basesector eld visualization As anexample,dyeis
modulatedoy a background.IC imagein Figure9 (c).

As anotherextensionthe“age” of dye canbetransported
alongthe ow to graduallyfadeout dye structuresAge is
storedin anotherpropertytexture and advectedin a semi-
LagrangiarmannerThemeasurdor agehasvalueshetween
1 (“just born”) and0 (“in nitely old"). Newly injecteddye
carriesanagemeasuref 1. In eachadwectionstep,theage
of theexisting dyeelementss decreasedccordingo auser
speci ed factor The original color from the dye extraction
processs modulatedy thisagemeasuréo provide the nal
image,asshavn in Figure9 (d).

6. Implementation and Results

Boththe2D and3D level-setdyeadwectiontechniquedhave
beenimplementedn a C++ program.The gridsfor the dis-
tance eld arerepresentetly arraysontowhichthemethods
from Sections4 and5 canbe directly mappedThe images
for Figures3, 5, and 6 were generatedy this CPU-based
implementation.

To improve renderingperformanceand achieve a real-
time visualization, 2D dye adwection has been addition-
ally realizedon a GPU. This GPU versionis basedon Di-
rectX 9.0 andwasdevelopedandtestedon a Windows XP
PC with ATl Radeon9800 XT (256 MB) GPU and Pen-
tium 4 (3.2GHz) CPU. 2D adwectionhasbeenimplemented
rst becausean efcient renderto-texture functionality is
only supportedy 2D texturessofar. However, thereshould
not be ary problemsin realizing a correspondin3D ver-
sion,aswill bediscussedhortly For example the ARB Su-
perhuffer extension[Per03] could provide a mechanismnto
directly renderinto 3D textures,whichwould leadto acom-
parableémplementatiorin 3D. Theimagedor Figures2 and
7-9weregeneratedy the GPU-base@D adwectiontool. In
thefollowing, detailsof thisimplementatiorarepresented.

Thelocaldistanceeld isrepresentetly a2D texturewith
asingle16 bit x ed-pointchannel.The vector eld is also
storedin a 2D texture. The currentimplementatiorrepre-
sentsthe vector eld in two 16 bit x ed-pointchannelsA

32 bit oating-point texture could be usedif a higheraccu-
ragy is required.The semi-Lagrangiamvolution of the dis-
tance eld is realizedby a pixel shademprogramthat com-
putesthe backward mappingaccordingo Equation(3). The
correspondindragmentsaregeneratetby renderingasingle
viewport- lling quadrilateralFirst,thepixel shadeaccesses
the vector eld to computea shortparticle pathaccording
to Equation(1). An explicit second-ordemidpointscheme
is usedbecauséhe accuray of rst-order Eulerintegration
is inappropriatdor tracinglong streaklinesAfterwards,the
computedparticlepositionis usedto accesshedistanceeld
from the previous time step.The requiredbilinear interpo-
lation is directly supportedby 16 bit x ed-pointtextures.
Actually, two copiesof the distancetexture areheld on the
GPU—onefor the previoustime stepandthe otheronefor
the eld thathasto be updatedn the currenttime step.Af-
ter eachiteration,both texturesare swappedin a ping-pong
scheme.

Periodically the level-settexture hasto be reinitialized
by anotherpixel shaderprogram.This pixel shademeeds
the valuesfrom the centerpoint and from the adjacent2n
grid points along the main axesin nD, i.e., 5 texels have
to be loadedin the 2D case.The grid points are accessed
by nearest-neighbosamplingin the level-settexture. The
correspondingexture coordinatesregeneratedy a vertex
shadeprogramIn thisway, dependentexturelookups(tex-
ture indirections)are avoided. The methodfrom Section4
computespreliminary reinitialization valuesfor eachedge.
Sincethis computatiorhasthe samestructurefor all edges,
the four-vector capabilitiesof the GPU canbe exploited to
processall four edgessimultaneouslyand thus greatly re-
ducethenumberof instructions|n total,theimplementation
needs23 numericalinstructionslotsand5 slotsfor texture
loading. In the 3D case,the numberof adjacentedgesin-
crease$rom four to six. Therefore 7 textureaccessewould
beneededAs aroughestimatethenumberof numericalin-
structionswould beincreasedy afactorof two. Both num-
bersarestill well within thelimits of currentGPUslike the
ATl RadeorB800or NVidia GeForceFX.

Table 1 documentsthe rendering performancefor 2D
GPU-baseddye adwection on the aforementionedhard-
warecon guration. The viewport sizeswere800 600and
1200 900pixels,respectiely. The rst line shavstheper
formanceof the semi-LagrangiamdwectionschemeThese
numbersapply to the traditional property-basedye adwec-

Table 1: Renderingperformancen fps.

Viewport 800 600 1200 900
No reinitialization 326.8 151.1
Permanenteinitialization 152.2 68.8
Reinitializationafter 10 steps 267.5 121.5

¢ TheEurographicfssociationandBlackwell Publishing2004.
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tion andthe distance-basetepresentatiomlike. The num-
bersin thesecondandthird rowsre ect therenderingspeed
for a combinationof semi-Lagrangiaradwectionandreini-
tialization.If reinitializationis appliedaftereachsingleiter-
ation step,the performances roughly fty percentof the
semi-Lagrangiaradwection scheme.The third line repre-
sentsa morerealisticexamplein which the level-setis pe-
riodically reinitialized after every tenthiteration. Here, the
performancaes only 20 percentelov puresemi-Lagrangian
adwection.

7. Conclusionand Futur e Work

A level-setapproachfor texture-baseddye adwection has
beenintroducedto avoid the numericaldiffusion that ap-
pearsin traditional dye adwection techniquesThe method
consistsof two majorelementsevolution of the level-setby
semi-Lagrangiaadvectionandperiodicreinitializationto a
signeddistance eld. Reinitializationonly needsaccesso
grid cellsin alocal neighborhoodindthereforeis very fast.
Level-setdye adwectionworksin 2D and 3D, canbe com-
binedwith other GPU-basedo w visualizationtechniques,
andis only slightly slower thantraditional dye adwection.
Therefore this approacitcould sene asa versatileelement
in interactve o w visualizationandbeusedto replacetradi-
tional dyeadwectionmodulesin suchvisualizationsystems.

For future work, it would be interestingto investicate if
interactve ow visualizationbene ts from more sophisti-
catedand more accuratetechniquedor interfacetracking,
asknown from computationaluid dynamicsandcomputa-
tional physics.
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