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Abstract
Dyeadvectionis an intuitiveandversatiletechniqueto visualizebothsteadyandunsteady�ow. Dyecanbeeasily
combinedwith noise-baseddensevector�eld representationsand is an importantelementin user-centricvisual
exploration processes.However, fast texture-basedimplementationsof dyeadvectionrely on linear interpolation
operationsthat lead to severe diffusionartifacts. In this paper, a novel approach for dyeadvectionis proposed
to avoid this blurring and to achieve long and clearly de�ned streaklinesor extendedstreak-like patterns.The
interfacebetweendye and background is modeledas a level-setwithin a signeddistance�eld. The level-set
evolutionis governedbytheunderlying�ow �eld andis computedbya semi-Lagrangianmethod.A reinitialization
technique is usedto counteract the distortions introducedby the level-setevolution and to maintain a level-
set function that representsa local distance�eld. This approach works for 2D and 3D �ow �elds alike. It is
demonstratedhowthe texture-basedlevel-setrepresentationlendsitself to an ef�cient GPU implementationand
therefore facilitatesinteractivevisualization.

CategoriesandSubjectDescriptors(accordingto ACM CCS): I.3.3[ComputerGraphics]:Picture/ImageGeneration
I.3.7 [ComputerGraphics]:Three-DimensionalGraphicsandRealism

1. Intr oduction

Vector�eld visualizationplaysan importantrole in various
scienti�c and engineeringdisciplines.Typical applications
stemfrom simulationsin computational�uid dynamics,cal-
culation of physical vector �elds, suchas electromagnetic
�elds or heat �o w, or from measurementsof actualwind
or �uid �o ws. Dye advection is an intuitive and versatile
techniqueto visualizebothsteadyandunsteadyvector�elds
andit canreadilybecombinedwith noise-baseddenserep-
resentations.Dye is releasedat user-speci�ed positionsand
thereforesupportsan interactive anduser-centricvisualex-
plorationprocess.At thesametime, a denserepresentation
canprovide additionalinformationon the overall �o w be-
havior andserve asa backgroundcontext in which theuser
canfocusondetailsof thedye-basedvisualization.

Thegoalof thispaperis to provideafastandhigh-quality
dyeadvectionschemethatcanbeusedin conjunctionwith
texture-baseddense�o w visualizationtechniques.Real-time
visualizationis particularlyimportantin thiscontext because
dye advection makes senseonly in an interactive environ-

ment in which seedpoints can be freely chosen.Unfortu-
nately, previous implementationsof texture-baseddye ad-
vectionrely on linearinterpolationoperationsandarethere-
fore subjectto diffusionartifacts.A novel approachfor dye
advectionis proposedto avoid this blurring andto achieve
long and clearly de�ned streaklines.The main idea is to
modeltheinterfacebetweendyeandbackgroundasa level-
setwithin a signeddistance�eld. The level-setevolution is
governedby the�o w �eld thathasto bevisualized.A reini-
tialization techniqueis usedto counteractthe negative ef-
fectsof this evolution and to maintaina level-setfunction
that representsa distance�eld. It is demonstratedthat this
approachis suitablefor 2D and3D �o w �elds. The level-
setand the correspondingnumericaloperationscanbe di-
rectlymappedtoaGPUimplementation.An ef�cient, purely
GPU-basedapproachis describedfor the2D case.

2. PreviousWork

Dye advection is typically applied in combination with
texture-based�o w visualization techniques.The same
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mechanismscanoftenbeusedto realizebothdyeandnoise
transport.An importantexamplefor thisapproachis texture
advection [MB95], which can be usedfor a dense,noise-
basedand a sparse,dye-basedrepresentationat the same
time.For example,ImageBasedFlow Visualization[vW02]
is a 2D texture advection techniquethat supportsdye ad-
vection. Similarly, the 2D Lagrangian-EulerianAdvection
(LEA) scheme[JEH02] allows for simultaneousnoiseand
dye transport.LEA addressesthe issueof numericaldiffu-
sion in dye advection by constantlyrestoringthe contrast
of the transporteddye. Within the context of Line Integral
Convolution (LIC) [CL93], dye visualizationcan be used
to highlight features[SJM96]. This ideacanbeextendedto
transportseveralcolorssimultaneously[UIM � 03].

Onereasonfor recentadvancesin texture-based�o w vi-
sualizationis the increasingperformanceandfunctionality
of GPUs.Sincedensetexture representationsneeda large
numberof computations,graphicshardwarecanbeexploited
to improve the performanceof 2D texture-based�o w visu-
alization[HWSE99,JEH00,WHE01, WEE03,vW02].Tex-
ture advection can be extendedto vector �elds on curved
surfaces[LJH03,vW03] and in 3D [TvW03, WE04]. The
Chameleonsystem[LBS03] allows theuserto interactively
changethe renderingstyle for 3D �o w visualizationby us-
ing graphicshardware.An overview onthestateof theart in
denseandtexture-basedvector�eld visualizationtechniques
canbefoundin [LHD � 04,SMM00].

Another relatedline of researchis focusedon level-set
techniquesfor visualization,imageprocessing,or simula-
tion. An overview on level-setsandtheirapplicationscanbe
found in [OF03]. For example,level-setsareusedto model
the interfacebetween�uid andair in the simulationof the
dynamicsof water [FF01,EMF02]. Applicationsof level-
setsin visualizationincludesurfaceprocessing[TWBO03],
thesegmentationof volumetricdata[LKHW03, MBZW02],
andanimplicit surfacerepresentationin a �o w [WJE00].

Trackingof interfacesplaysan importantrole 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 Lagrangiantrackingof particles,as,e.g.,describedin
[UT92]. Volume-of-�uid (VOF) techniques[HN81] model
thefractionof amaterialin eachcomputationalcell to recon-
structthematerialinterface;examplesaretheSLIC method
(SimpleLine InterfaceCalculation)[NW76], thePLIC tech-
nique(PiecewiseLinearInterfaceConstruction)[You82], or
a cubic-polynomialinterpolationto representtheVOF frac-
tion [YIW � 91]. Anotherapproachis theghost�uid method
[FAMO99], in whicha level-setfunctionis usedto trackthe
motionof amaterialinterface.

3. DyeAdvectionby Texture-BasedMaterial Transport

The traditional methodfor texture-baseddye advection is
brie�y reviewed.Propertiesof thedye,suchasits color, are

storedon a regularly sampledgrid or texture.This property
�eld is denotedby p(x). The pointsx arefrom the domain
of thenD vector�eld, Rn. In thisEulerianapproach,thepo-
sition of a dyeelementis implicitly givenby thelocationof
the correspondingtexel. Dye is transportedalongthe time-
dependentvector �eld v(x;t). The Lagrangianformulation
of theunderlyingequationof motion,

v(x(t); t) =
dx(t)

dt
;

can be integratedto computethe pathlineof an advected
masslessparticle,

x(t1) = x(t0) +
Z t1

t0
v(x(t); t) dt : (1)

In theabove equations,t denotestime. Equation(1) canbe
usedto computethe transportof dye in a semi-Lagrangian
manner(see,e.g.,[Sta99,JEH00]). Onepossiblealternative
for dye advectionis realizedby a backward texture-lookup
in theproperty�eld,

p(x(t0); t0) = p(x(t0 � Dt);t0 � Dt) : (2)

Startingfrom the currenttime stept0, an integrationback-
wardsin timeprovidesthepositionat theprevioustimestep,
x(t0 � Dt). The property�eld is evaluatedat this previous
positionto accessthevaluethatis transportedto thecurrent
position.Bilinear (in 2D) or trilinear (in 3D) interpolation
is appliedto reconstructthe property�eld at locationsdif-
ferentfrom grid points.This methodcanbeconsideredasa
semi-Lagrangianapproachbecausepropertyis represented
in a Eulerianway on a texture,while thetemporalevolution
reliesonaLagrangianintegrationof particlepaths.

Similarly to Equation(2), an integrationforward in time
leadsto a forwardmappingin whichpropertyvaluesareac-
tively scatteredfrom theircurrentlocationto anew position.
In an analyticdescription,backward andforward mapping
areequivalent.Slightdifferencesmayappearwhenanumer-
ical approximationfor path integration is employed. Both
alternatives are usedin previous work, e.g., forward map-
ping occursin [vW02] andbackwardmappingis employed
in [JEH00,WHE01, vW03].

Semi-Lagrangiantexture-baseddye advection is widely
usedbecauseit hasa numberof importantadvantages.It
is easyto implementand very ef�cient, and it can be di-
rectlymappedto GPUsandcombinedwith otherinteractive
texture-basedGPUtechniques.In particular, textureadvec-
tion canbesimultaneouslyappliedto dyeandnoisetextures,
saving computationalcosts for separatetransportmecha-
nisms.Anotheradvantageis the �e xibility of a texture rep-
resentation.For example,dye canbe virtually paintedinto
the�o w by theuser—withoutany restrictionwith respectto
orientation,size,or topology. Finally, the texture approach
doesnot needmechanismsfor particleremoval (in conver-
gent�o w regions)or particleinsertion(in divergent�o w re-
gions),asit is requiredin purelyparticle-basedLagrangian
methods.
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Figure 1: Numericaldiffusioncausedby linear interpola-
tion.

Unfortunately, texture-baseddye advection is subjectto
numericaldiffusion that leadsto an inappropriateblurring
of the visualization.The underlyingproblemis the contin-
uousresamplingwith a tensorproductof linear �lters (i.e.,
bilinearinterpolationin 2Dandtrilinearinterpolationin 3D).
Figure1 illustrateshow linearinterpolationleadsto arti�cial
diffusionin a simple1D example.Thetop imageshows the
propertyvaluesp for thetime stept. Thedyeis represented
by largevaluesp, thebackgroundby vanishingp. Thebot-
tom imageshows thepropertyvaluesfor thefollowing time
stept + Dt. A uniformvector�eld is appliedto transportthe
dyeto theright. In thisexample,thestepsizeDt andtheve-
locity v arechosenin awaythatthedyeis shiftedby onehalf
of thegrid spacingDx, i.e., Dtv = Dx=2. Ideally, thepro�le
for the valuesp shouldnot be changedby sucha transla-
tion. However, theaccessto positionsin betweengrid points
leadsto adilution of dyeby linearinterpolation.As aresult,
the width of the interfacebetweendye and backgroundis
increasedfrom onegrid spacingto two grid spacings.Sub-
sequentadvectionstepswill continuouslyincreasethe size
of this interfacelayer. Figure2 showsanexampleof numer-
ical diffusionwithin a2D circular�o w.

Thisblurringeffect is notrelatedto physicaldiffusionthat
may occur in experimental�o w visualization.In fact, the
smearingis only causedby theadvectionalgorithmandde-
pendson many differentparameters,suchasstepsize,ve-
locity, grid resolution,andtheorientationwith respectto the
mainaxesof thetexture.Furthermore,theblurring prevents
usersfrom clearly identifying streaklinesor other isolated
visual patterns.In summary, this arti�cial diffusion should
beavoidedfor aneffectivevector�eld visualization.

Figure2: Numericaldiffusionin a circular �ow.

4. Level-SetTechniquesfor Tracking Dye Interfaces

A level-set approachcan be usedto overcomethe above
mentionedproblemsin dyeadvection.Level-settechniques
areemployedto trackinterfacesin many otherapplications,
e.g.,the interfacebetween�uid andair canbe modeledby
level-setsin awatersimulation[FF01, EMF02]. Thegoalof
thispaperis to provideadyeadvectionmethodthatis ableto
accuratelytracktheboundarybetweendyeandbackground,
while it still retainstheaforementionedadvantagesof semi-
Lagrangianpropertyadvection.

DistanceField asLevel-Set

In thelevel-setapproachof thispaper, theinterfacebetween
dye and backgroundis representedas an implicit surface
within asigneddistancefunction.A signeddistancefunction
f (x) describesthedistanceof thepointx to thesurface.The
interfaceis the implicit surfacefor f (x) = 0. It is assumed
that f (x) is negative inside the dye region andpositive on
the outside.Dye is modeledasa masslessmarker material
that is perfectly advectedalong the input vector �eld. For
sucha convectionscenario,the evolution of the level-setis
governedby

¶f (x;t)
¶t

+ v(x;t) � r f (x;t) = 0 :

This partial differential equationcould be discretizedand
solved by differentEuleriantechniques[OF03]. Instead,a
semi-Lagrangianapproachis usedbecauseit is well-suited
for suchaconvectionprocessandleadsto astableevolution
evenfor largestepsizes[Sta99].Equation(2) is now applied
to f (x;t):

f (x(t0); t0) = f (x(t0 � Dt);t0 � Dt) : (3)
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(a) (c) (e)

(b) (d) (f)

Figure 3: Comparisonbetweentraditional dyeadvection(a,b), the level-setapproach without reinitialization (c,d), and the
level-setapproach with reinitialization(e,f).

According to Equation(1), the Lagrangianintegration of
x(t0 � Dt) takesinto accounta time-dependentvector�eld.
Therefore,the level-setadvection schemecan be usedfor
steadyandunsteady�o w alike.

Besidesthe transportof dye, the injection of additional
dyehasto bemodeledin this level-setapproachaswell. The
newly injecteddyeis representedby a signeddistance�eld,
f inject. After eachintegrationstep(3), the new dye andthe
“old”, transporteddye,f transp, arecombinedaccordingto

f (x) =

(
f inject(x) if f inject(x) < f transp(x)

f transp(x) otherwise
:

In this way, thesigneddistanceis modi�ed by the injection
�eld at positionsthatarecloserto thenew dyeregion,com-
paredto theoriginaldistancefrom theinterface.

Thedistance�eld itself cannotbedirectly usedfor the�-
nal visualization.In fact,dyeis drawn wherethesigneddis-
tanceis negative andthebackgroundremainsvisible where
the distanceis positive. Figures3 (c) and (d) demonstrate
level-setdyeadvection.Dye is injectedin thelower left part
of thedomainandtransportedby a uniform vector�eld that
pointstowardstheupperright of thedomain.Image(c) visu-
alizesthedistance�eld: Bright regionscorrespondto nega-
tivedistances,while darkregionscorrespondto positivedis-
tances.This illustrationusesanonlineargray-scalemapping
to cover all relevantdistancevalues.Figure3 (d) shows the

�nal visualizationof the dye,which is displayedin yellow
color.

For comparison,the traditional advection methodis in-
cludedin Figures3 (a)and(b). Image(a)showsagray-scale
tableappliedto the propertyvalues,image(b) displaysthe
samevaluesby a color table that resemblesthe color cod-
ing from Figure3 (d). As discussedpreviously, traditional
dyeadvectionleadsto ablurringandwideningof thestreak-
line. In contrast,the level-setapproachin Figure3 (d) ex-
hibits a sharpinterfaceboundary. Unfortunately, thestreak-
line shrinksandeventuallydisappearscompletely. Therea-
sonfor this behavior canbeseenin theunderlyingdistance
�eld (Figure3 (c)). Thesemi-Lagrangianlevel-setevolution
builds upona bilinear resamplingin the distance�eld and
thereforeis affectedby interpolationartifactsthataresimi-
lar to thosein traditionaldyeadvection.Here,positive dis-
tancevaluessurroundtherathersmalldyeregion anddilute
thenegative distancesinsidethedye.Therefore,this simple
distance-basedschemeis notappropriatefor dyeadvection.

Reinitialization of the Level-Set

The underlying problem is that, as the level-set evolves,
f drifts away from its initialized valueas signeddistance.
This issueis apparentin otherlevel-setapplicationsaswell
[OF03]. Therefore,in general,the level-set needsto be
reinitializedperiodicallyto a signeddistance.Fortunately, a
completereconstructionof the signeddistance�eld is not
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Figure 4: Reinitializationof Df back to unit distancealong
theintersectionedge.

requiredfor dye advection. In fact, only a local level-set
aroundthe interfacehasto be modeledassigneddistance.
Unlike many otherapplicationsof level-settechniques,we
do not needa higher-order representationof the level-set
function and can thereforerestrict ourselves to reinitialize
only thosegrid points that areadjacentto the interface.In
whatfollows,only alocal“distance�eld” is used,wheredis-
tancevaluesareclampedto the range[� 1;1]. The spacing
of theuniformgrid is assumedto haveunit length.

Figure4 illustratesthe initialization methodin 1D. First,
the edgesbetweengrid pointsareclassi�ed aseither inter-
sectionor non-intersectionedges.Dueto thelinear interpo-
lationbetweengrid points,anintersectionwith theinterface
is uniquelyidenti�ed by asignchangeof f betweentwo ad-
jacentgrid points.Grid points that are not adjacentto the
interfaceare resetto + 1 or � 1, dependingon the sign of
f . Intersectionedges,however, trigger a reinitialization to
a signeddistance.Here,the valuesat the two adjacentgrid
pointsaremodi�ed undertheconstraintthat thepositionof
theinterfaceis not changed.Usingindicesi = 1;2 for these
two grid points,thereinitializedvaluesare

f r
i =

f i

jj f 1jj + jj f 2jj
;

wheref i arethevaluesbeforereinitialization.For verysmall
dye regions, the interface can cross two adjacentedges.
Therefore,the reinitialization methodis extendedto take
into accountthe casethat a grid point is attachedto more
thanasingleintersectionedge.Here,the�nal distanceis set
to the averageof the valuesfrom the reinitializationalong
thetwo edges.

(a) (b)

Figure 5: Local distance�eld reinitialization in 2D. Image
(a) showsthe local distance�eld before reinitialization,(b)
directlyafter reinitialization.

This averagingmethoddirectly leadsto the extensionof
the reinitialization techniqueto more than one dimension.
In nD, a grid point is attachedto 2n edges.Onceagain, the
edgesareclassi�edasintersectionor non-intersectionedges.
For eachintersectionedge,the adjacentgrid pointsreceive
a preliminarymodi�ed valuef r

i that is calculatedalongthis
edge.The�nal distancevalueis computedby takingtheav-
erageof all thesecontributionsfrom adjacentedges.If agrid
point is not locatednext to theinterface,its valueis resetto
+ 1 or � 1. In any dimensionn, reinitializationonly needs
accessto grid elementsin the direct neighborhood,which
leadsto a fastcomputationof theupdatedlevel-setfunction.

Figures3 (e) and(f) show the resultof this reinitializa-
tion processfor the sametestscenarioasin Figures3 (a)–
(d). Here,thereinitializationis appliedafterevery tenthstep
of thelevel-setevolution (Equation(3)). Thereinitialization
guaranteesthat the level-set is not diluted by surrounding
positive distancevalues.Therefore,a constantwidth of the
streaklineis maintained.At thesametime,a clearlyde�ned
interfacebetweendyeandbackgroundis achieved.Figure5
demonstratestheeffectof reinitializationin moredetail.The
left imagerepresentsthelocaldistance�eld beforereinitial-
ization.The right pictureshows the local distance�eld di-
rectly after thereinitialization,which clearlyretainsthepo-
sition of theinterface.Theblurring hasbeenremovedanda
thin boundarylayer betweendye andbackgroundhasbeen
restored.

Figure6 shows thevisualizationof a3D vector�eld with
a swirling convergent feature.The two imagesdepict the
sametime stepfrom different camerapositions.Level-set
dyeadvectionwasusedwith areinitializationaftereach�fth
integrationstep.Theresolutionof thedomainis 1283.

Discussion

All texture-basedadvection techniqueshave the advantage
that the regionscoveredby dye canchangetheir topology
while thedyeevolves.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 illustratesthisbehavior asgeneratedby thelevel-set
approachwith reinitialization.In Figure7 (a),thetwostreak-
linesarestill separated.Figure7 (b) shows thevisualization
just afterthetwo streaklineshave attached,andFigure7 (c)
ata latertimestep.Suchamergerof differentdyestructures
would requirecomplex algorithmsanddatastructuresif a
mesh-basedrepresentationwith purelyLagrangiantransport
wasused.

Anotheradvantageof texture-basedadvectionis its built-
in supportfor transportingextendedregionsof dye.Thevi-
sualizationperformanceis independentof the numberof
cells coveredby dye. Therefore,a user interfaceis possi-
ble that allows the user to control dye injection by virtu-
ally paintinginto the �o w [WEHE02]. This interactionap-
proachis moredif�cult to implementfor particle-basedLa-
grangiantracking.To maintaina denseanduniform cover-
ageof thedomainin regionsof divergentor convergent�o w,
datastructureshave to be implementedthat allow for dy-
namicinsertionanddeletionof particlesin the Lagrangian
approach[SK98]. Alternatively, a largenumberof particles
canbe tracedto achieve a minimum densityof particlesin
divergent �o w areas,which decreasesthe ef�ciency of the
implementation[dLvL00].

The issueof numericaldiffusion is alsoaddressedby Jo-
bardetal. [JEH02] in thecontext of traditionaltexture-based
dye advection.They usea methodthat re-adjuststhe con-
trast of the dye density valuesafter eachadvection step.
To achieve an appropriatesharpingof dye streaks,the pa-
rametersof thecontrast-enhancingmappinghave to becho-
sen correctly. If the mapping function is too steep,con-
trastis increasedtoomuchandthevisualizationmayappear
“frozen”, similarly to the effect of nearest-neighborsam-
pling in LEA [JEH02]. On the otherhand,dye will smear
out if the mappingfunction is too �at. In contrast,level-
setreinitializationis independentof therateof arti�cial dif-
fusion anddoesnot requirea subtlechoiceof parameters.

(a) (b) (c)

Figure 7: Change of topology of the dye-covered area.
Theimagesshowsnapshotsfromananimatedvisualization,
chronologically orderedfromleft to right.

(a) (b)

Figure 8: Truncationof streaklinesin low-resolutionlevel-
setadvection(a). Image(b) representsthecorrectstreakline
generatedat high resolution.

Reinitializationresultsin a boundarylayer thathasa width
of oneor two texelseverywhere,regardlessof thesizeof the
smeared-outzonebeforereinitialization(seeFigure5).

A disadvantageof level-setadvectionwith reinitialization
is a failure of transportingsmall structuresthat are in the
rangeof only onecell. Figure8 (a) shows a streaklinethat
incorrectly endsafter being “compressed”in a convergent
region. For comparison,Figure8 (b) representsthe correct
streaklineas generatedat high resolution.In general,the
level-setapproachwith reinitializationhasa slight tendency
towardsshrinkingtheadvecteddyestructures.

5. Extensions

Thevisualrepresentationof thedistance�elds from level-set
dyeadvectioncanbe improvedby a numberof extensions.
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(a) (b)

(c) (d)

Figure9: Extensionsfor level-setdyeadvection.Image(a) showsa jaggy interfacecausedbya binarydecisionwith respectto
the isovaluef = 0. Jaggy artifactsare smearedout by image-spacesmoothingin (b). A backgroundLIC image is includedin
(c). Dyeis fadedout in (d).

c
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The �rst extensionaddressesthe �nal displayof distance-
baseddye. Since dye regions are extractedwith a sharp
thresholdat isovalue 0, the underlyinggrid structurewill
becomeapparentin the form of jaggies,as shown in Fig-
ure9 (a). (Notethatthe�nal displayhasa higherresolution
than the computationalgrid; bilinear interpolationfor tex-
ture fetchesleadsto a slight blurring of the dye boundary.)
In Figure9 (b), jaggy artifactsarereducedby image-space
smoothing.For example,aGaussian�lter or abox �lter can
be employed for smoothing.This �ltering by convolution
can be ef�ciently handledby GPU operationsworking in
image-space[Mit02].

Like in previous approacheswith traditionaldye advec-
tion, the dye visualizationcan be combinedwith a dense,
noise-basedvector�eld visualization.As anexample,dyeis
modulatedby abackgroundLIC imagein Figure9 (c).

As anotherextension,the“age” of dyecanbetransported
alongthe �o w to graduallyfadeout dye structures.Age is
storedin anotherpropertytexture andadvectedin a semi-
Lagrangianmanner. Themeasurefor agehasvaluesbetween
1 (“just born”) and0 (“in�nitely old”). Newly injecteddye
carriesanagemeasureof 1. In eachadvectionstep,theage
of theexistingdyeelementsis decreasedaccordingto auser-
speci�ed factor. The original color from the dye extraction
processis modulatedby thisagemeasureto providethe�nal
image,asshown in Figure9 (d).

6. Implementation and Results

Both the2D and3D level-setdyeadvectiontechniqueshave
beenimplementedin a C++ program.Thegridsfor thedis-
tance�eld arerepresentedby arraysontowhichthemethods
from Sections4 and5 canbedirectly mapped.The images
for Figures3, 5, and6 weregeneratedby this CPU-based
implementation.

To improve renderingperformanceand achieve a real-
time visualization,2D dye advection has been addition-
ally realizedon a GPU.This GPU versionis basedon Di-
rectX 9.0 andwasdevelopedandtestedon a Windows XP
PC with ATI Radeon9800 XT (256 MB) GPU and Pen-
tium 4 (3.2GHz)CPU.2D advectionhasbeenimplemented
�rst becausean ef�cient render-to-texture functionality is
only supportedby 2D texturessofar. However, thereshould
not be any problemsin realizing a corresponding3D ver-
sion,aswill bediscussedshortly. For example,theARB Su-
perbuffer extension[Per03]could provide a mechanismto
directly renderinto 3D textures,whichwould leadto acom-
parableimplementationin 3D.Theimagesfor Figures2 and
7–9weregeneratedby theGPU-based2D advectiontool. In
thefollowing, detailsof this implementationarepresented.

Thelocaldistance�eld is representedbya2Dtexturewith
a single16 bit �x ed-pointchannel.The vector �eld is also
storedin a 2D texture. The current implementationrepre-
sentsthe vector �eld in two 16 bit �x ed-pointchannels.A

32 bit �oating-point texturecouldbeusedif a higheraccu-
racy is required.Thesemi-Lagrangianevolution of thedis-
tance�eld is realizedby a pixel shaderprogramthat com-
putesthebackwardmappingaccordingto Equation(3). The
correspondingfragmentsaregeneratedby renderingasingle
viewport-�lling quadrilateral.First,thepixel shaderaccesses
the vector �eld to computea shortparticlepathaccording
to Equation(1). An explicit second-ordermidpoint scheme
is usedbecausetheaccuracy of �rst-order Euler integration
is inappropriatefor tracinglong streaklines.Afterwards,the
computedparticlepositionisusedtoaccessthedistance�eld
from the previous time step.The requiredbilinear interpo-
lation is directly supportedby 16 bit �x ed-point textures.
Actually, two copiesof thedistancetextureareheldon the
GPU—onefor theprevious time stepandtheotheronefor
the �eld thathasto beupdatedin thecurrenttime step.Af-
ter eachiteration,both texturesareswappedin a ping-pong
scheme.

Periodically, the level-set texture hasto be reinitialized
by anotherpixel shaderprogram.This pixel shaderneeds
the valuesfrom the centerpoint and from the adjacent2n
grid points along the main axes in nD, i.e., 5 texels have
to be loadedin the 2D case.The grid points are accessed
by nearest-neighborsamplingin the level-set texture. The
correspondingtexturecoordinatesaregeneratedby a vertex
shaderprogram.In thisway, dependenttexturelookups(tex-
ture indirections)areavoided.The methodfrom Section4
computespreliminaryreinitializationvaluesfor eachedge.
Sincethis computationhasthesamestructurefor all edges,
the four-vectorcapabilitiesof the GPU canbe exploited to
processall four edgessimultaneouslyand thus greatly re-
ducethenumberof instructions.In total,theimplementation
needs23 numericalinstructionslotsand5 slotsfor texture
loading. In the 3D case,the numberof adjacentedgesin-
creasesfrom four to six.Therefore,7 textureaccesseswould
beneeded.As aroughestimate,thenumberof numericalin-
structionswouldbeincreasedby a factorof two. Bothnum-
bersarestill well within thelimits of currentGPUslike the
ATI Radeon9800or NVidia GeForceFX.

Table 1 documentsthe renderingperformancefor 2D
GPU-baseddye advection on the aforementionedhard-
warecon�guration.Theviewport sizeswere800� 600and
1200� 900pixels,respectively. The�rst line shows theper-
formanceof the semi-Lagrangianadvectionscheme.These
numbersapply to the traditionalproperty-baseddyeadvec-

Table1: Renderingperformancein fps.

Viewport 800� 600 1200� 900

No reinitialization 326.8 151.1
Permanentreinitialization 152.2 68.8
Reinitializationafter10steps 267.5 121.5
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tion andthe distance-basedrepresentationalike. The num-
bersin thesecondandthird rows re�ect therenderingspeed
for a combinationof semi-Lagrangianadvectionandreini-
tialization.If reinitializationis appliedaftereachsingleiter-
ation step,the performanceis roughly �fty percentof the
semi-Lagrangianadvection scheme.The third line repre-
sentsa morerealisticexamplein which the level-setis pe-
riodically reinitializedafter every tenth iteration.Here,the
performanceis only 20percentbelow puresemi-Lagrangian
advection.

7. Conclusionand Futur eWork

A level-set approachfor texture-baseddye advection has
beenintroducedto avoid the numericaldiffusion that ap-
pearsin traditional dye advection techniques.The method
consistsof two majorelements:evolutionof thelevel-setby
semi-Lagrangianadvectionandperiodicreinitializationto a
signeddistance�eld. Reinitializationonly needsaccessto
grid cells in a local neighborhoodandthereforeis very fast.
Level-setdye advectionworks in 2D and3D, canbe com-
binedwith otherGPU-based�o w visualizationtechniques,
and is only slightly slower than traditional dye advection.
Therefore,this approachcould serve asa versatileelement
in interactive �o w visualizationandbeusedto replacetradi-
tionaldyeadvectionmodulesin suchvisualizationsystems.

For future work, it would be interestingto investigate if
interactive �o w visualizationbene�ts from more sophisti-
catedand more accuratetechniquesfor interfacetracking,
asknown from computational�uid dynamicsandcomputa-
tionalphysics.
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