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Abstract

A hardware-basedapproachfor visualizing un-
steady�o w �elds by meansof Lagrangian-Eulerian
advectionis presented.Both noise-basedanddye-
basedtexture advection is supported. The imple-
mentationallows the advection of eachtexture to
beperformedcompletelyon thegraphicshardware
in a single-passrendering.We discussexperiences
with the interactive visualizationof unsteady�o w
�elds that becomepossibledueto the high visual-
izationspeedof thehardware-basedapproach.

1 Intr oduction

Traditionally, �o w �elds are visualizedas a col-
lectionof streamlines,pathlines,or streaklinesthat
originatefrom user-speci�edseedpoints.Theprob-
lem of placing seedpoints for particle tracing at
appropriatepositionsis approached,e.g., by em-
ploying spotnoise[14], LIC (line integral convolu-
tion) [1], texture splats[2], texture advection[10],
equally spacedstreamlines[13], or �o w-guided
streamlineseeding[15].

In thispaper, wepresentanddiscussahardware-
basedapproachfor visualizingunsteady�o w �elds
by meansof Lagrangian-Eulerianadvection[8, 9].
This approachcombinesthe advantagesof theLa-
grangianandEulerianformalisms:A densecollec-
tion of particlesis integratedbackwardin time(La-
grangianstep),while the color distribution of the
imagepixelsareupdatedin place(Eulerianstep).A
commonproblemof denserepresentationsof vec-
tor �elds is thatthey arecomputationallyexpensive,
especiallywhena high-resolutiondomainis used.
We demonstratethat textureadvectionmapsrather
well to theprogrammablefeaturesof moderncon-
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sumergraphicshardware:Noiseanddyeadvection
canbe donein singlepassrendering,respectively;
therefore,a speed-upof oneto two ordersof mag-
nitudescomparedto an optimizedCPU-basedap-
proachcanbeachieved. We discusshow our inter-
active visualizationtool facilitatesthe understand-
ing of unsteady�o ws in the context of numerical
�uid dynamics.

The hardware approachof this paper is in�u-
encedby previouswork onhardware-basedLIC [5]
andtextureadvection[7]. Theseearlyimplementa-
tionswerebasedonpixel shadersexclusively avail-
able on SGI MXE graphicsand were limited by
quiterestrictive setsof operations.Therefore,mul-
tiple renderingpasseswerenecessaryandaccuracy
was limited by the resolutionof the frame buffer.
In [16], we presenteda GeForce 3-basedtexture
advection approachthat is particularly well-suited
for dyeadvection;a similar approachwasindepen-
dentlydevelopedfor a �uid visualizationdemo[11]
by Nvidia.

2 Lagrangian-Eulerian Advection

In this section, a brief survey of Lagrangian-
Eulerianadvectionof 2D texturesis presented.A
moredetaileddescriptioncanbefoundin [9]. Note
that the descriptionin this section partly differs
from the algorithm [9] to allow a bettermapping
to graphicshardware.

In thetraditionalLagrangianapproachto particle
tracing,eachsingleparticlecanbe identi�ed indi-
vidually andthe trajectoryof eachparticleis com-
putedseparatelyaccordingto theordinarydifferen-
tial equation

d�r � t �

dt �

�v �	� r � t ��
 t ��
 (1)

where �r � t � describesthe path of the particle and
�v �
� r 
 t � representsthe vector �eld to be visualized.
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In theEulerianapproach,particlesloosetheir iden-
tity andparticleproperties(suchascolor)arerather
storedin a property�eld. Positionsareonly given
implicitly asthecoordinatesof a property�eld.

The hybrid Lagrangian-Eulerianapproachcom-
bines the advantagesof both the Lagrangianand
Eulerianformalisms.Betweentwo successive time
steps,coordinatesof a densecollectionof particles
areupdatedwith a Lagrangianschemewhereasthe
advectionof the particlepropertyis achieved with
anEulerianmethod.At thebeginningof eachiter-
ation,a new densecollectionof particlesis chosen
andassignedthe propertycomputedat the endof
the previous iteration. The core of the advection
processis thusthe compositionof two basicoper-
ations: coordinateintegrationandpropertyadvec-
tion.

2.1 Noise-BasedAdvection

All informationconcerningtheparticlesis storedin
2D arraysat thecorrespondinginteger-valuedloca-
tions � i 
 j � . Thus, we storethe initial coordinates
of thoseparticlesin a two-componentarray �C � i 
 j � .
Firstorder(Eulerian)integrationof Eq.(1) requires
anarray �v for thevelocity �eld at thecurrenttime.
Similarly to LIC, wechooseto advectnoiseimages;
four noisearraysN, N

�

, Na, andNb, containrespec-
tively the noiseto advect, two advectednoiseim-
ages,andthe�nal blendedimage.

Figure1 shows a �o wchartof thealgorithm.We
�rst initialize thecoordinatearray �C � i 
 j � to random
valuesto avoid regularpatternsthatmightotherwise
appearduringthe�rst severalstepsof theadvection.
Notethat �C � i 
 j � describesonly thefractionalpartof
thecoordinates—actualcoordinateswith respectto
thegrid are �x � i 
 j �

�

� i 
 j �

�

�C � i 
 j � . N is initialized
with a two-valuednoisefunction(0 or 1) to ensure
maximumcontrast.

Carryingout an integrationbackward in time by
a time spanDt � 0, we can solve Eq. (1) by �rst
orderEulerintegration,

�r � t � Dt �

�

�r � t ��� Dt �v �	� r � t ��
 t ���

Basedonthearrayof fractionalcoordinates,onein-
tegrationstepyieldsthecoordinates�x

�

at theprevi-
oustime step

�x
�

�

� i 
 j �

�

�C � i 
 j ���

�h � �v � i 
 j ��� (2)
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Figure1: Flowchartof noiseadvection.

Thestepsize �h
�

� hx 
 hy � dependson Dt andon the
relationshipbetweenthe physicalsizeof the prob-
lem domainandthecell sizesof thecorresponding
array. We usethe notation“ � ” for a component-
wisemultiplicationof two vectors.

After thecoordinateintegration,the initial noise
arrayN is advectedtwice to producetwo noisear-
raysN

�

andNa. N
�

is aninternalnoisearrayto carry
on the advectionprocessandto re-initialize N for
the next iteration. To maintaina high contrastin
theadvectednoiseandto avoid arti�cial diffusion,
N

�

is computedby a nearest-neighborsamplingof
N, basedon thecoordinates�x

�

for theprevioustime
step.In contrast,Na servesto createthecurrentani-
mationframeandnolongerparticipatesin thenoise
advection. It is computedby bilinear interpolation
in N to reducespatialaliasingeffects. Na is then
blendedinto the �ltered noise texture of the pre-
vious time step,Nb, to map the existing temporal
correlationalongpathlinesegmentsto aspatialcor-
relationwithin a singleframe.An exponentialtem-
poral �lter is implementedasa blendingoperation,
Nb

�

� 1 � a � Nb
�

aNa.
Before N

�

can be usedin the next iteration, it
mustundergo a correctionto accountfor edgeef-
fects. The needto test for boundaryconditionsis
eliminatedby surroundingthe actual particle do-
main with a buffer zonewhoseminimum width is
determinedby the maximumvelocity in the �o w
�eld and the integration stepsize. Since the ad-
vectedimagecontainsa two-valuedrandomnoise
with little or no spatialcorrelation,we simply store

666



new randomnoisein thebuffer zoneasthenew in-
formationpotentially�o wing into the physicaldo-
main. At the next iteration, N will contain these
valuesandsomeof themwill beadvectedto thein-
terior of thephysicaldomainby Eq. (2). Sinceran-
domnoisehasno spatialcorrelation,theadvection
of thesurroundingbuffer valuesinto theinterior re-
gionproducesnovisibleartifacts.

Anothercorrectionstepcounteractsaduplication
effect thatoccursduringthecomputationof Eq.(2).
Effectively, if particlesin neighboringcells of N

�

retrieve their propertyvaluefrom within the same
cell of N, this valuewill be duplicatedin the cor-
respondingcells of N

�

. This effect is undesirable
sincelower noisefrequency reducesthespatialres-
olutionof thefeaturesthatcanberepresented.This
duplicationeffect is causedby the discretenature
of our texturesamplingandis furtherreinforcedin
regionswherethe �o w hasa strongpositive diver-
gence.To breakthe undesirableformationof uni-
form blocksandto maintaina high frequency ran-
domnoise,we inject a user-speci�edpercentageof
noiseinto N

�

. Randomcells arechosenin N
�

and
theirvalueis inverted.Fromexperience,a�x edper-
centageof two to threepercentof randomlyinverted
cellsprovidesadequateresultsovera widerangeof
�o ws.

Finally, thearray �C � i 
 j � of fractionalcoordinates
is re-initializedto preparea new collectionof parti-
clesto be integratedbackward in time for the next
iteration.Nearest-neighborsamplingimpliesthata
propertyvaluecanonly changeif it originatesfrom
a differentcell. If fractionalcoordinateswerene-
glectedin thenext iteration,subcelldisplacements
would be ignored and the �o w would be frozen
wherethevelocitymagnitudeor theintegrationstep
sizeis toosmall.Therefore,thearray �C � i 
 j � is setto
the fractionalpartof the coordinates�x

�

originating
from Eq.(2).

2.2 Dye-BasedAdvection

Theprocessof dyeadvectioncanbeemulatedby re-
placingtheadvectednoisetextureby a texturewith
asmoothpattern.A dyeis releasedinto the�o w and
advectedwith the �uid, giving resultsanalogously
to traditional experimental �o w dynamics. The
noisetextureis simply replacedby a textureof uni-
form backgroundcolor uponwhich the dye is de-
posed.As thehighfrequency natureof thetextureis
removed,many of theabove correctionstepsareno

longer requiredand the implementationis greatly
simpli�ed: Particle injection into the edgebuffer,
randomparticleinjection,constantinterpolationof
the noise texture, coordinatere-initialization, and
noiseblendingcanbeneglected.

Thepointof injectioncanbefreelychosenby the
userby “painting” into the�uid. Pointsof �nite di-
ameteror linesarepossibleshapesof dye sources.
The dye can be releasedonceand tracked (which
approximatesthe pathof a particle),releasedcon-
tinuouslyat a singlepoint (generatesa streakline),
or pulsated(thedyeis turnedon intermittently, cre-
ating time surfaces).Coloreddye is usedof distin-
guishdifferent injection pointsor times in the re-
sultingpatterns.

Dye advection is exclusively basedon bilinear
lookup in the particle texture of the previous time
step. In contrastto noise advection, no nearest-
neighbor sampling is neededbecausedye has a
muchsmallerspatialfrequency thannoise.Bilinear
interpolationcomputesthetruepositionof particles
within a cell andthereforeovercomesthe problem
thatsubcelldisplacementsareignoredandthe�o w
is frozenwherethevelocity magnitudeor the inte-
grationstepsizeis too small. Thus,fractionalco-
ordinatescan be neglected. As a disadvantageof
bilinear interpolation,thedyegraduallysmearsout
dueto animplicit, arti�cial “dif fusion” process.

3 Advectionon Graphics Hardware

The above advection algorithmwas originally de-
signedfor an optimized CPU-basedimplementa-
tion. For a mappingto the GPU, advectionspeed
and an appropriateaccuracy are the two main is-
sues.To achieve the �rst goal, the numberof ren-
deringpassesandthenumberof texturelookupsin
eachpassshouldbeminimized.Therefore,wemin-
imize thenumberof texturesnecessaryto represent
thearraysin theadvectionprocess.

Limited accuracy ontheGPUis amajorissuefor
mosthardware-basedalgorithms. The main prob-
lem is the extremely low resolutionof only 8 bits
per channelin the framebuffer or texture on con-
sumermarket GPUs. This can only be overcome
by computingcrucial operationswith higherreso-
lution, e.g.,in thefragmentshaderunit.
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3.1 NoiseAdvectionon the GPU

In what follows, we demonstratesinglepassnoise
advection on the ATI Radeon8500. The Radeon
providestwo phasesin asinglerenderingpass,with
up to six texture lookupsandeight numericalop-
erationsin eachphase. The two-componentarray

�C � i 
 j � and the single-componentarraysN andNb
arecombinedin a singleRGBa texturereferredto
asaparticletexture.TheintermediatearraysN

�

and
Na areneverstoredin atexture,but areonly usedas
temporaryvariableswithin therenderingpass.Fig-
ure2 showsthestructureof thefragmentoperations
for noise-basedadvection. The fragmentsthat are
processedaccordingto theseoperationsaregener-
atedwithin therasterizationunit of theGPUby ren-
deringasinglequadrilateral.Thesizeof thequadis
identicalto thesizeof theparticletexture.Theinput
texture coordinatesprovide a one-to-onemapping
betweenthequadandtheparticletexturesothatthe
�nal outputyields the particle texture for the next
iteration.

Phase1 begins with a bilinear texture lookup in
thetwo-componentvector�eld for thevelocityand
in theRGBa texturefor theparticle�eld. Thetex-
ture coordinates� i 
 j � are just the texture coordi-
natesof thequad.Note that texturecoordinateslie
in the interval

�

0 
 1� . We thereforescalethe corre-
spondingcoordinatesfrom Section2 by the recip-
rocal of the width or height of the computational
domainassymbolizedby �sfrac. Thecoordinatein-
tegrationimplementsEq. (2) for thecoordinates�x

�

.

Thecomputationof theintermediatecoordinates˜
�C

issimilarto theabovecoordinateintegration,except
thattheoverallscalingfactoris thecomponent-wise
inverse�s �

1
frac and � i 
 j � is omitted.The“integerterm”

� i 
 j � canbeneglectedsinceit is removedin the�nal
extractionof thepartialcoordinates.

Phase 2 starts with two dependent texture
lookupsin the particle texture, eachbasedon the
previously computedtexture coordinates�x

�

. The
advectednoise texture N

�

resultsfrom a nearest-
neighborsampling,whereasNa resultsfrom abilin-
earinterpolationin the old noiseimage. In a third
texture fetch operation,a �x ed noiseimageNinj is
obtained. Basedon the valuesin Ninj , the values
of sometexels in N

�

are�ipped to inject additional
noise.To preventregularpatterns,the�x edtexture
Ninj is shiftedacrossthequadby randomlychang-
ing thetexturecoordinatesfrom frameto frame.

The following stepextractsthe fractional coor-

�

�

C N Nb

�� �

�

� �

�

�

� ��

�

�

�

aNa ���

1 � a 	 Nb

Ninj

�

V

�

C N Nb

�

i 
 j 	

�

i 
 j 	

�

�

sfrac �

�

C �

�

h
�

�

V �

�

x


�

C �

�

h
�

�

s �

1
frac �

�

V �

˜�

C

Tex coord Na

Tex coord N 


Input noise N 


Input
�

C
Extract fractional part of coord

Noise injection

Lookup in noise injection tex

Nearest-neighbor particle tex

Bilinear lookup in particle tex

Noise blending

Intermediate fractional coords

Coordinate integration

Texture coordinates

Lookup in particle texture

Bilinear lookup in vector �eld

Output new particle tex

Phase 2

Phase 1

Figure2: Structureof the fragmentoperationsfor
hardware-basednoiseadvection.

dinatesfrom thepreviously computedintermediate

values ˜
�C. Theproblemis thattheavailablefragment

operationsdo not allow to extract the fractionalor
theintegerpartof a number. Therefore,we usean-
otherdependenttexturelookupto extractfractional
partsof a number. The basicideais to exploit the
repeatfunctionality for texture coordinatesto map
valuesto their fractionalpartsthatarein the range

�

0 
 1� . The original numbersserve as texture co-
ordinatesfor the dependenttexture lookup andan
identityoperationis representedby thetexturefor a
rangeof valuesfrom

�

0 
 1� . Largerandsmallertex-
ture coordinatesaremappedinto

�

0 
 1� by the tex-
ture repeat. Since both x and y componentsare
extractedsimultaneously, a 2D texture is required.
This texture hasa sizeof 256 � 256, which corre-
spondsto themaximumresolutionof thefractional
coordinatesstoredin theparticletexture.
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After thefractionalcoordinatesareextracted,the
advectednoiseNa is blendedwith Nb, the �ltered
noiseof the previous iteration. Finally, edgecor-
rectionis implementedin aseparatestepby render-
ing randomlyshiftednoisetexturesinto the buffer
zones. Note that some of the numericalopera-
tions within a single box in the �o wchart have to
be split into several consecutive operationsin the
actualfragmentshaderimplementation(e.g,a sum
of threetermshasto besplit into two summations).

3.2 Dye Advectionon the GPU

Asanotherapplicationof textureadvection,thepro-
cessof dyeadvectioncanbeemulatedby replacing
theadvectednoisetextureby a smoothdyetexture.
In Section2.2,wedescribedthatmany of theabove
correctionstepsareno longerrequiredandthat the
implementationis greatlysimpli�ed: Particleinjec-
tion into theedgebuffer, randomparticleinjection,
nearest-neighborlookup in the noisetexture, frac-
tional coordinates,and noiseblendingcan be ne-
glected.Only thecoreadvectionstepwith bilinear
interpolationis required.User-speci�ed dye injec-
tion is implementedby renderingthe dye sources
into the texture,after theactualadvectionpartwas
performed.

3.3 CompleteVisualization Process

The completevisualizationprocessis as follows.
First, the noiseand the dye texturesareadvected,
eachin a single renderingpass. Here, we render
directly into atexture.Second,thejustupdatedtex-
tures serve as input to the actual renderingpass:
The a channelof the noisetexture is replicatedto
RGB colors(giving a gray-scalenoiseimage)and
blendedwith the coloreddye texture. For an un-
steady�o w, thevector�eld is transferredfrom main
memoryto texture memorybeforeeachiteration.
Otherwise,thereis no differencebetweenthe im-
plementationof unsteadyandsteady�o ws.

Sincetheblendingof noiseanddye texturesre-
quiresonly a simple fragmentblendingoperation,
moreadvancedpostprocessingstepscanalsobein-
cludedin the�nal renderingpart.A usefulpostpro-
cessingoperationmodulatesthepixel intensitywith
the magnitudeof the velocity. In this way, rather
uninterestingregionsof the �o w that exhibit only
slow motionsarefadedout in the noisetexture by
reducingtheir brightness;theimportantpartsof the

�o w areemphasized.This velocity maskis imple-
mentedby introducinga third texturelookupwhich
retrievesthevector�eld texture.Theredandgreen
channelsof the�o w texturehold thevx andvy com-
ponentsof the velocity. We assumethat the blue
channelstoresa weighting factor that dependson
themagnitudeof thevelocity; this weighthasto be
computedby theCPUbeforethe�o w �eld is down-
loadedto the GPU.In the �nal renderingpass,the
brightnessof thenoisetexturecanbescaledby this
weightingfactor.

As anotherpostprocessingoperation,the repre-
sentationof the �o w can be superimposedover a
backgroundimagethatprovidesadditionalcontext.
For the implementation,anothertexture that repre-
sentsthebackgroundhasto befetchedandblended
with thenoiseanddyetextures.

4 Implementation

We chose DirectX 8.1 [3] for our implementa-
tion. Oneof the advantagesof DirectX is that ad-
vancedfragmentoperationsare con�gured in the
form of so-calledpixel shaderprograms. Pixel
shaderstarget a vendor-independentprogramming
environment (insteadof vendor-speci�c OpenGL
extensions). Another advantageis a rather sim-
ple,assembler-likenatureof pixel shaderprograms,
asopposedto moredif�cult andcomplex OpenGL
extensions. Moreover, the DirectX SDK provides
an interactive environmentfor testingpixel shader
code,whichfacilitatesdebuggingof fragmentcode.
A very importantadvantageof DirectX is its bet-
ter supportby somevendors'graphicsdrivers,both
with respectto stabilityandperformance.Themain
reasonfor this is the much bigger market for Di-
rectX productsthan for OpenGL products. The
transferbetweenframebuffer andtexture memory
is indispensablefor theadvectionalgorithmandis
an exampleof bettersupportby DirectX. On the
ATI Radeon8500,only DirectX allows direct ren-
dering into a texture and thusmakes a transferof
texturedatacompletelysuper�uous.

A major problemwith DirectX is the restriction
to Windows becausemany visualizationenviron-
mentsare basedon Unix/Linux. OpenGL(with-
out vendor-speci�c extensions)promotesplatform-
independentsoftware developmentand very often
theresultingcodecanbe includedinto existing vi-
sualizationtools.
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Table1: Performancemeasurementsin framesper
second.

Noise Noise,Dye&
Advection Mask

ParticleSize 10242 10242 10242 10242

Flow Size 2562 10242 2562 10242

GPU(steady) 24.8 23.8 20.5 19.9
GPU(unsteady) 24.3 19.4 20.3 16.7
CPU-based 0.8 0.8 NA NA

For our hardware implementationwe chosethe
ATI Radeon8500 becauseit is the only available
GPUthatcouldprocessnoiseadvectionin a single
pass. Its two phaseswith six texture lookupsand
eight numericaloperationseachcanaccommodate
quite complex algorithmson the GPU. Oneprob-
lem with the Radeon8500is that fragmentopera-
tionsarelimited to anaccuracy of 16bits perchan-
nel in theinterval

�

� 8 
 8� , i.e.,only 12 bits in
�

0 
 1� .
Thelimitation to 12bits in

�

0 
 1� is amajorproblem
for textureadvectionbecausewe have only a 2 bit
subtexel accuracy whena typical10242 = 210

� 210

particletextureis addressed.(Note that textureco-
ordinateslie in

�

0 
 1� ). Thissubtexel accuracy is not
appropriatefor textureadvectionandcausesnotice-
able visual artifacts. Fortunately, the accuracy of
dependenttexture lookupscanbe improved by us-
ing a largerrangeof valuesfor � x 
 y� texturecoordi-
nates(e.g., � x 
 y�

�

�

0 
 8� with 15 bit accuracy) and
a “perspective” division by a constantz value(e.g,
z

�

8 in this example).In this way, thesubtexel ac-
curacy canbe increasedto 5 bits, which no longer
causesvisualartifacts.

The main goal of our hardware-basedapproach
is high advection and rendering speed. Ta-
ble 1 comparesperformancemeasurementsfor the
GPU-basedimplementation(on ATI Radeon8500,
Athlon 1.2 GHz CPU, Windows 2000)with those
for a CPU-basedimplementationon the samema-
chine. Includedare the numbersfor mere noise
advection (single passadvection) and for advec-
tion of noiseanddyeimages(two advectionpasses)
with subsequentvelocity masking. A �nal render-
ing to a 10242 window is includedin all tests.The
performancemeasurementsindicatethatdownload
of vector �eld datafrom main memoryto texture
memoryvia AGPbus(line “GPU(unsteady)”)takes

only a small portion of the overall renderingtime
evenfor largedatasets.For many applications,the
�o w �eld is medium-sizedandallows typical over-
all frameratesof 15–25fps. The costof the soft-
wareimplementationis dominatedby theadvection
of thenoisetextureandis quite independentof the
sizeof the�o w �eld data;a transferof �o w datato
texturememoryis not necessary.

5 Results

Figure3 andColorPlates4 and5 show examplevi-
sualizationsof anunsteady�o w �eld. Here,theve-
locity �eld is producedby theinteractionof aplanar
shockwith a longitudinalvortex (in axisymmetric
geometry)[4]. The �gures show a singletime step
from a time seriesof an unsteady�o w simulation.
Thecompletedatasethas200timestepsandaspa-
tial resolutionof 256 � 151. In Figure3, only noise
advection is employed. The noiseblendingfactor
is a

�

0 � 05. Theratheruninterestingregionsof the
�o w arefadedout by reducingtheir brightnessvia
velocity masking. Therefore,oneclearly seesthe
primary shock,secondaryshockandthe slip lines
[6]. Color Plates4 and5 additionally include the
advection of coloreddye which was releasedinto
the �o w by the user. In Color Plate 5, velocity
maskingis applied to enhanceimportantpartsof
the �o w. In Color Plate4, no velocity maskingis
applied.

Other examples with high-resolution images,
videos, and a demo program can be found on
our projectwebpagehttp://wwwvis.informatik.uni-
stuttgart.de/˜weiskopf/advection.

In ourexperience,interactivevisualizationis par-
ticularly useful for exploring unsteady�o w �elds.
Still imagesof advectednoisecanalreadydisplay
both the direction of the �o w (by meansof short
path segments)and the magnitudeof the velocity
(the imagesaresmearedout in regionsof high ve-
locity). An animatedsequencecanadditionallyvi-
sualizethe orientationof the �o w. The combina-
tion of noise-basedanddye-basedadvectionfurther
improvestheunderstandingof the�o w. Thedense
representationby a noisetextureprovidesinforma-
tion on all partsof the �o w andthuspreventsthe
omissionof potentiallyimportantfeatures.Guided
by this information, the interactive systemallows
the userto explore speci�c, interestingregionsby
tracingdye. Theusercanfreely choosethesource
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Figure3: Oneframefrom theinteractionof a shockwith a longitudinalvortex.

of dyeinjectionby literally “painting” into the�uid.
Differentshapesandsizesof sourcesanddifferently
coloreddyearesupported.Thedyecanbereleased
onceandtracked (which approximatesthe pathof
a particle), releasedcontinuouslyat a singlepoint
(whichgeneratesa streakline),or freelyplacedinto
the�o w. Moreover, pulsateddyeinjection leadsto
timesurfaces;coloreddyeis usedto distinguishdif-
ferentinjectionpointsor timesin theresultingpat-
terns.

In addition to the obvious advantagesof inter-
active visualization,anotheraspectof the visual-
ization pipeline bene�ts from the high advection
speedsof the hardware approach. A signi�cant
amountof time canbespentin earlierstepsof the
pipelinewithout affecting the interactive character
of the completevisualizationsystem. Therefore,
readingconsiderableamountsof datafrom disk for
unsteady�o ws, �ltering this data,andtransferring
it to thegraphicsboardis possible.

6 Conclusion

We have presentedan interactive visualizationtool
for exploringunsteady�o w �elds by textureadvec-
tion. The mappingand renderingcomponentsof
thevisualizationpipelinearecompletelylocatedon

thegraphicshardware. Therefore,datatransferbe-
tweenmain memoryand GPU is heavily reduced
andanextremelyhigh advectionspeedis achieved
atacceptablenumericalaccuracy. In thisway, anin-
teractive explorationof unsteady�o ws is well sup-
ported.Our experienceswith DirectX 8.1asa soft-
warebasisfor hardware-basedgraphicsshow that
DirectX in its currentversioncan be suitablefor
interactive visualizationapplicationson Windows
PCs. In a futureproject,we plan to usehardware-
based2D advectionto visualize�o wsonnon-planar
(curvilinear)hypersurfaces,e.g., for datagiven on
aircraft wings or on the surfaceof an automobile.
Moreover, we will investigatehow noiseadvection
canbeextendedto 3D, similarly to 3D dye advec-
tion [16] and3D LIC [12].
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Figure4: Visualizationof the interactionof a planarshockwith a longitudinalvortex by noiseanddye
advection.Theintensityof thegray-scaleimageis notchanged.

Figure5: Visualizationof the interactionof a planarshockwith a longitudinalvortex by noiseanddye
advection. The intensityof thegray-scaleimageis weightedby themagnitudeof thevelocity to enhance
theimportantstructuresin the�o w.
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