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Abstract
Thispaperpresentsan interactivetechniquefor thedensetexture-basedvisualizationof unsteady3D �ow, taking
into accountissuesof computationalef�ciency andvisualperception.High ef�ciency is achievedby a novel 3D
GPU-basedtexture advectionmechanismthat implementslogical 3D grid structuresby physicalmemoryin the
formof 2D textures.Thisapproach resultsin fastreadandwrite accessto physicalmemory, independentof GPU
architecture. Slice-baseddirectvolumerenderingis usedfor the�nal display. A real-timecomputationof gradients
is employedto achieve volumeillumination. Perception-guidedvolumeshadingmethodsare included,such as
halos,cool/warmshading, or color-baseddepthcueing. Theproblemsof clutter andocclusionare addressedby
supportinga volumetricimportancefunctionthat enhancesfeaturesof the�ow andreducesvisualcomplexity in
lessinterestingregions.

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

1. Intr oduction

Vector �eld visualization is an important topic in scien-
ti�c visualizationand has been the subject of active re-
searchfor many years.Typically, dataoriginatesfrom nu-
merical simulations—suchas thoseof computational�uid
dynamics—orfrom measurements,andneedsto beanalyzed
by meansof visualizationto gain an understandingof the
�o w. Particle-tracingmethodsareamongthestandardtech-
niquesfor �o w visualization.A fundamentalproblemis to
chooseappropriateseedpointsfor particletracingin order
to visualizeall importantfeaturesof a �o w. Onesolutionto
this issueis to employ a denserepresentationin the form
of a texture-basedvisualization.This approachis well in-
vestigatedfor 2D planarandcurved surfaces,but lesswell
understoodfor 3D domains.

Denserepresentationsof 3D �o w arechallengingbecause
of two fundamentalproblems.First, thecomputationalcom-
plexity increasessigni�cantly sincecomputationshaveto be
performedfor all cellsof a 3D grid. Second,it is dif�cult to
�nd agoodvisualrepresentationof adensecollectionof par-
ticle tracesbecausemostparticletraceswill beoccludedby
othersandthedisplaybecomescluttered.Wethink thatinter-
activity playsacrucialrole in improving thevisualrepresen-

tationbecausemotionparallaxis agooddepthcue,theprob-
lem of occlusioncanbeeasedby exploring thescenefrom
differentviewpoints,andan animatedvisualizationgivesa
goodimpressionof thedirectionandmagnitudeof thevector
�eld. Moreover, interesting�o w regionscanbeinvestigated
in detailby selectively viewing thoseregionsandlocally in-
creasingthedensityof thevisualization.

This paperaddressesissuesof computationalef�ciency
andvisualperceptionalike.First,anef�cient 3D GPU-based
textureadvectionmechanismis proposed,where2D textures
areusedfor fastreadandwriteaccessto thelogical3Dmem-
ory. Second,we employ an on-the-�y computationof vol-
umeillumination to displaythe resultsof textureadvection
by slice-basedvolume rendering,which is acceleratedby
early ray terminationvia theearlyz test.Third, perception-
guidedvolumeshadingmethodsareincluded,suchashalos,
cool/warm shading,or color-baseddepthcueing.Fourth, a
volumetricimportancefunctionis supportedto enhancefea-
turesof the dataset and reducevisual complexity in less
interestingregions.All theseelementsof the visualization
systemarereal-timecapableandthereforesupportinterac-
tivevisualization.
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2. PreviousWork

Texture-basedrepresentationsare an important element
of the researchin �o w visualization. A comprehensive
overview is given in the survey article [LHD� 04]. Early
texture-basedtechniquesare Spot Noise [vW91] and Line
Integral Convolution (LIC) [CL93]. A related approach
makes use of texture advection [MB95], which can be
extended to 2D Lagrangian-EulerianAdvection (LEA)
[JEH02] or 2D Image BasedFlow Visualization (IBFV)
[vW02]. One reasonfor recentadvancesin texture-based
�o w visualizationis the increasingperformanceand func-
tionality of GPUs,which canbeusedto improve thespeed
of 2D �o w visualization[JEH00,WHE01,vW02].

Texture-basedvisualization can be extendedto vector
�elds oncurvedsurfaces[LJH03,vW03] andin 3D [TvW03,
WHE01,WE04]. In thecontext of 3D LIC, dyevisualization
can be usedto highlight features[SJM96]. 3D �o w visu-
alization is subjectto perceptualissues,which can be ad-
dressedby acombinationof interactiveclippinganduserin-
tervention[RHTE99]. Alternatively, 3D LIC volumescanbe
effectively representedby selectively emphasizingimportant
regionsof the�o w, enhancingdepthperception,andimprov-
ing orientationperception[IG97]. Perceptionof 3D �o w can
also be enhancedby shadingaccordingto limb darkening
via transferfunctions[HA04], by interactively changingthe
renderingstyle[LBS03], or by volumerenderingof implicit
�o w volumes[XZC04]. All thesesystemsfor perception-
guided3D �o w visualizationareeithernot interactive at all
or requiresometime-consumingpre-processingfor particle
tracing.

Finally, the extractionandselective displayof �o w fea-
tureseffectively reducesvisualcomplexity. Backgroundin-
formationon feature-based�o w visualizationcanbe found
in thesurvey article[PVH� 03]. In thecontext of this paper,
interactive featurede�nition for focus-and-context 3D �o w
visualization[DGH03] is aninterestingapproach.

3. Semi-Lagrangian3D TextureAdvection

The in-depthdiscussionof our 3D visualizationapproach
beginswith theunderlyingsemi-Lagrangiantransportmech-
anism. Here, particlesor marker “objects” (such as dye)
aremodeledasmasslessmaterialthat is perfectlyadvected
alongtheinputvector�eld. FromanEulerianpointof view,
particleslosetheir individuality andarerepresentedby their
propertyvalues(suchascolor or gray-scalevalues),which
arestoredin aproperty�eld r (x;t), wherex denotesposition
andt denotestime.Thisproperty�eld is typically givenona
uniformgrid. Theevolutionof theproperty�eld is governed
by theconvectionequation,

¶r (x;t)
¶t

+ v(x;t) � r r (x;t) = 0 ;

wherev is the input vector�eld. We solve this equationby
a semi-Lagrangianapproach[Sta99, JEH00] that leadsto a

stableevolutionevenfor largesteps.Advectionis performed
alongpathlines(for unsteady�o w) or streamlines(for steady
�o w). Therefore,theordinarydifferentialequation,

dx(t)
dt

= v(x(t); t) ;

for Lagrangianparticletracingneedsto besolved.Backward
explicit integration is employed to computeparticle posi-
tions at a previous time step,x(t � Dt). For example,�rst-
orderEulerintegrationyields

x(t � Dt) = x(t) � Dtv(x(t); t) :

Startingfrom the currenttime stept, an integration back-
wardsin time providesthepositionalongthepathlineat the
previoustimestep.Theproperty�eld is evaluatedatthispre-
vious positionto accessthe valuethat is transportedto the
currentposition,leadingto abackwardadvectionscheme,

r (x(t); t) = r (x(t � Dt);t � Dt) ; (1)

in thegeneralcase,or to

r (x;t) = r (x � Dtv(x;t); t � Dt) ; (2)

in thecaseof Eulerintegration.This3D advectionis suitable
for unsteady�o w becausethetimedependency of thevector
�eld is takeninto account.

Equations(1) and (2) lead to a GPU implementation
that representsthe property and vector �elds by 3D tex-
tures[WE04]. Thephysicalpositionx andthecorresponding
texture coordinatesare relatedby an af�ne transformation
that takesinto accountthat the physical andcomputational
spacesmay have different units and origins. Accordingly,
the stepsize in computational(texture) spacedirectly cor-
respondsto the physical time stepDt. While the property
textureis only updatedatgrid points,thelookupin theprop-
erty �eld at theprevioustime stepis performedat locations
that may differ from exact grid positions.Therefore,trilin-
earinterpolationis employedto reconstructthevalueof the
property�eld at the previous time step.Sinceany render-
ing operationis restrictedto a2D domain,theproperty�eld
for a subsequenttime stepis constructedin a slice-by-slice
manner. Eachslice of the property�eld is updatedby ren-
deringa quadrilateralthat representsthis 2D subsetof the
full 3D domain.Thedependentlookupin the“old” property
texturecanberealizedby afragmentprogramthatcomputes
themodi�ed texturecoordinatesaccordingto theEulerinte-
grationalongthe�o w �eld.

The main problemwith this implementationis the slice-
by-sliceupdateof the 3D texture for the property�eld. In
many cases,an updateof a 3D texture is only possiblevia
transferof datato andfrom mainmemory. For example,Di-
rect3Ddoesnotprovideamechanismto directlymodify 3D
texturesfrom otherdataon theGPU.AlthoughOpenGLal-
lows us to updatea sliceof a 3D textureby glCopyTex-
SubImage3D , the speedof suchan updatecan vary ex-
tremelybetweenGPUarchitecturesbecauseof differentin-
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Figure1: Mappingbetweenlogical 3D memoryandphysical2D memorybymeansof a lookuptable.

ternalmemorylayoutsof 3D textures(seea relateddiscus-
sionon readaccessfor 3D textures[WWE04]). This funda-
mentalissuewill mostprobablyremain,evenwith thepro-
jectedsuperbuffer extension[Per03]. Therefore,wepropose
analternative approachthat is basedon 2D texturememory
insteadof 3D texturememory. 2D texturesareavailableon
any GPU,they provide goodcachingmechanismsandef�-
cientbilinearresampling,andthey supportanextremelyfast
write accessby therender-to-texturefunctionality.

For our 2D texture-basedimplementation,we have to
distinguishbetweenlogical memoryandphysical memory.
Logical memoryis identicalasfor 3D texture advection—
it is organizedin the form of a uniform 3D grid. Physical
memoryis a 2D uniform grid representedby a 2D texture.
We denotethe coordinatesfor addressingthe logical mem-
ory by x = (x;y;z) andthecoordinatesfor physicalmemory
by u = (u;v). A slice of constantvaluez in logical mem-
ory correspondsto a tile in physical memory, asillustrated
in Figure1. Differenttiles arepositionedin physicalmem-
ory with a row-�rst order. Sincethemaximumsizeof a 2D
texture may be limited, several “large” 2D texturesmay be
usedto provide the necessarymemory. These2D textures
arelabeledby theinteger-valuedindex i tex.

Sinceall numericaloperationsof 3D advectionarecon-
ceptuallycomputedin logical 3D space,we needan ef�-
cient mappingfrom logical to physical memory, which is
describedby thefunction

F : (x;y;z) 7�! ((u;v); itex) :

The2D coordinatescanbeseparatedinto thecoordinatesfor
theorigin of a tile, u0, andthe local coordinateswithin the
tile, ulocal:

F : (x;y;z) 7�! (u0 + ulocal; itex) ; (3)

with

u0 = F 0;u(z); itex = F 0;itex (z); ulocal = (sx x;sy y) : (4)

The functionF 0 mapsthe logical z valueto theorigin of a

tile in physical memoryand is independentof the x andy
coordinates.The mapF 0 canbe representedby a lookup-
table(seeFigure1), which canbe ef�ciently implemented
by adependenttexturelookup.Conversely, thelocal tile co-
ordinatesare essentiallyidentical to (x;y)—up to scalings
(sx;sy) that take into accountthe different relative sizesof
texels in logical and physical memory. If more than one
“large” 2D textureis used,multiple texturelookupsin these
physical texturesmay be necessary. However, multiple 2D
texturesareonly requiredin tiles thatarecloseto thebound-
arybetweentwophysicaltexturesbecausethemaximumdif-
ferencevectorfor thebackwardlookupin Eq.(2) is bounded
by Dtvmax, wherevmax is themaximumvelocity of thedata
set.We usedifferentfragmentprogramsfor boundarytiles
andinternal tiles to reducethe numberof texture samplers
for theadvectionin internalregions.

Trilinear interpolationin logical spaceis implementedby
two bilinear interpolationsanda subsequentlinear interpo-
lation in physical space.Bilinear interpolationwithin a tile
is directly supportedby built-in 2D texture interpolation.A
one-texel-wideborderis addedaroundeachtile to avoid any
erroneousin�uence by a neighboringtile duringbilinearin-
terpolation.Thesubsequentlinearinterpolationtakesthebi-
linearly interpolatedvaluesfrom the two closesttiles along
thez axisasinput. This linear interpolationis implemented
within a fragmentprogram.

While trilinear interpolation by the above mapping
schemeis necessaryfor the readaccessin Eqs.(1) or (2),
write accessis moreregularly structured.First,write access
doesnotneedany interpolationbecauseit is restrictedtogrid
points(i.e., singletexels).Second,thebackward lookupfor
Eqs.(1) or (2) allows us to �ll logical memoryin a slice-
by-slicemannerand,thus,physicalmemoryin a tile-by-tile
fashion.A singletile canbe�lled by renderinga quadrilat-
eral into thephysical2D textureif theviewport is restricted
to thecorrespondingsubregionof physicalmemory.
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4. Visual Mapping and VolumeRendering

So far, only the basicadvection mechanismhasbeendis-
cussed.However, a usefulvisualizationneeds—besidesthe
computationof particle traces—amappingof the particle
tracesto a graphicalrepresentation.In this paper, the map-
ping is restrictedto anappropriateinjectionof propertyval-
ues,adoptingthebasicideaof 2D IBFV (Image-BasedFlow
Visualization)[vW02]. IBFV introducesnew propertyval-
uesat eachtime step,describedby an injection texture I .
Thestructureof the injectionmechanismof 2D IBFV is il-
lustratedin Figure2.

blending

texture
injection
texture

for the next
time step

advection

advected

Figure 2: Basic structure of the injection mechanismof
IBFV.

The original compositingschemesfor 2D IBFV and3D
IBFV [TvW03] canbegeneralizedto allow for auni�ed de-
scriptionof bothnoiseanddyeadvection[WE04]: First, the
restrictionto anaf�ne combinationof theadvectedvalueand
of the newly injectedvalue is replacedby a genericlinear
combinationof both and,second,several materialscanbe
advectedandblendedindependently. Theextendedblending
equationis givenby

r (x;t) = W(x;t) � r (x(t � Dt);t � Dt) + V(x;t) � I (x;t) ;

with two, possibly space-variant and time-dependent,
weightsW andV. The symbol “ � ” denotesa component-
wise multiplication of two vector quantities.The different
componentsof eachtexel in the property�eld describethe
densityof different materials.Continuousblendingof in-
jected“particles” leadsto streakline-like visual structures.
Theadvantagesof theextendedblendingschemeare:First,
different materialsare blended independentlyfrom each
otherandmay thereforehave differentlengthsof exponen-
tial decay;second,materialcanbeaddedon top of existing
material,which is theprerequisitefor dyeadvection(seethe
discussionin [WE04]).

The property �eld r is visualizedby volume rendering
with texture slicing—similarly to 2D texture-basedrender-
ing with axis-alignedslices.Traditional2D texture slicing
holdsthreecopiesof a volumedataset,onefor eachof the
mainaxes.In our approach,however, only a singlecopy of
the property�eld is storedon GPU.The stackingdirection
is changedon-the-�y duringadvectionif theviewing angle
becomeslarger than45 degreeswith respectto thestacking
axis to avoid holesin the �nal display. (For example,these
holesare presentin 3D IBFV [TvW03]. Comparedto 3D
IBFV, our approachhasfurther advantages:It avoids mul-
tiple renderpassesper slice, it facilitatesthe visualization

memory
logical

memory
physical

ordering

y

y ordering x

x

Figure3: Reorderingof stack direction.

of arbitrary vector �elds without the restriction to veloci-
ties with small z components,it supportsthe independent
transportof severalmaterials,andit providesamore�e xible
blendingscheme—seethe relateddiscussionin [WE04].)
Figure 3 illustratesa reorderingof the stackingdirection
from y to x axis.A tile in thenew stackingorderis rendered
in a stripe-by-stripefashion,accordingto portionsof tiles
from the old stackingorder. The reorderingprocesstakes
into accountthat the numberof tiles, their sizes,and their
positionsmaychange.

Actualvolumerenderingaccessestile aftertile in front-to-
backorderby renderingobject-alignedquadrilaterals.Tex-
turecoordinatesareissuedto addressatile in physicalmem-
ory of the “large” 2D texture. We employ a dependent-
texture lookup in a fragmentprogramto implementpost-
classi�cation.For eachmaterialin the property�eld, den-
sity is mappedto optical properties(color andopacity)by
its correspondingtransferfunction.The resultsof different
transferfunctionsfor differentmaterialsareaddedto obtain
the�nal colorandopacity.

For dense3D �o w representations,transferfunctionsare
typically speci�ed to renderinteresting�o w regions with
high opacities.Therefore,early ray termination is an ef-
fective way of acceleratingvolumerendering.Similarly to
[RGW� 03], theearlyz testis usedto ef�ciently skip theex-
ecutionof a fragmentprogramwhena user-speci�ed maxi-
mumopacityhasbeenaccumulated.To this end,terminated
raysaremasked in a separaterenderingpassby settingthe
z buffer to zero (nearclipping plane);the z value is set to
the far clipping planefor all otherpixels. Then, the depth
testskipsterminatedrayswhile a sliceof thevolumeis ren-
dered.As the initialization of the z buffer in the separate
passconsumesadditionalrenderingtime,we chooseto per-
form this initialization only for every n-th volumeslice to
achieveacompromisebetweenperfectearlyray termination
andtheadditionalcostsfor theseparatepass.A typicalvalue
is n = 10.
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(a) (b) (c)

(d) (e) (f)

Figure 4: 3D advectionfor a tornadodata setwith volumerenderingbasedon the emission-absorptionmodel(a), Phong
illumination (b), cool/warmshading(c), depthcueing(d), halos(e),andvelocitymasking(f).

5. Illumination and Visual Perception

The previous sectionhas describedvolume renderingac-
cordingto theemission-absorptionmodel,which leadsto a
display similar to a self-emittinggas cloud. Although this
model allows us to view different semi-transparentdepth
layersof a 3D �o w �eld, it fails to explicitly visualizethe
orientationand relative depthof streaklinestructures.Fig-
ure 4 (a) shows a visualizationaccordingto the emission-
absorptionmodelwith high opacities.The underlyingdata
set representsthe wind �o w in a tornado.To improve the
�nal display, we additionallyapply volumeshadingto the
property�eld. In general,volumetricilluminationneedsgra-
dients,whichserveasnormalvectorsfor local illumination.

Our goal is to incorporatevolumeshadinginto theabove
real-timeadvectionsystemand,therefore,gradientshave to
be computedin real time aswell. We employ a numerical
computationby centraldifferences,whichdeliversgradients
of acceptablequalityatahighspeed.Gradientsarestoredin
agrid thathasthesamelogicalandphysicalmemorylayout
as the property�eld. Centraldifferencesexhibit a uniform

accessto 3D logical memorybecausedatais fetchedfrom
neighboringgrid pointsalongthe threemainaxes.Accord-
ingly, a well-structuredaccessingschemeis alsoappliedin
2D physical texturememory:Neighboringtexels in thecur-
renttile yield thex andy partialderivativeswhereasthepar-
tial derivative along the z axis is basedon the two closest
tiles in zdirection.

Themappingfrom logical to physicalmemoryaccording
to Eq.(3) needsonly to becomputedat thefour verticesthat
describeasingletile in physicalmemory. Six pairsof texture
coordinatesareattachedto the verticesandinterpolatedby
scanlineconversion.Linear interpolationand the mapping
from Eq.(3) arecommutative:Therespective tile originsu0
andtextureindicesi tex areconstantandthelocalcoordinates
ulocal vary linearly becausethe relative distancebetweena
centralgrid pointandits neighborsis constantfor acomplete
tile.

Gradientsarecomputedafter eachadvectionandblend-
ing iteration and beforevolume rendering.Therefore,any
gradient-basedvolumeshadingmethodmaybeapplied.Fig-
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ure 4 (b) shows an exampleof volumeillumination by the
Phongmodelwith diffuseandspecularcomponents,which
areaddedon top of theemissive part that is determinedby
the transferfunction from the previous section.We usethe
sametransferfunctionvalueasmaterialcolorfor diffuseand
specularillumination,but otherde�nitions of materialcolors
couldbeeasilyincorporated,if required.Phongillumination
greatlyimprovestheperceptionof streaklineorientationby
shading—highlightsin combinationwith cameramotionare
particularlyeffective in revealingstreaklineorientation.

Anotherilluminationmodelimplementscool/warmshad-
ing [GGSC98,ER00]. Here,orientationwith respectto light
direction is encodedby warm or cool colors, respectively.
Figure 4 (c) shows an example image.The advantageof
cool/warm shadingis thatorientationis representedby (al-
most)isoluminantcolors.Therefore,brightnesscanstill be
usedto visualizeanotherattributeor property.

A prominentadditionalattribute is depthwith respectto
the camera.We apply color-baseddepthcueingto imitate
aerialperspective. Figure4 (d) shows anexamplein which
increasinglyblack backgroundcolor is addedwith increas-
ing depth(foggingwith blackcolor).Variationsarealsofea-
sible, e.g., a subtleblue shift [ER00] can be includedby
addingabluecomponentto thefog color.

Halosareeffective in visualizingrelative depthbetween
line-like structures[IG97]: Objectsbehinda closerstreak-
line arepartly hiddenby darkhalos.We implementhalosas
thick silhouettelines.Silhouettelinesaredetectedby exam-
ining thedot productof gradientandviewing directionsbe-
causeanidealsilhouettehasa gradientperpendicularto the
viewing vector. An additionaltransferfunction is included
to specifyhalos.This transferfunction mapsthe above dot
productto color andopacity. Thick silhouettelines areim-
plementedby mappinga �nite rangeof inputvalues(around
zero)to high opacities.Figure4 (e) shows anexamplewith
halosandPhongillumination.For purelygeometricreasons,
limb darkeningthroughhigh opacitiesin the transferfunc-
tion [HA04] alsocontributesto thehaloeffect. In addition,
thegradientcriterionfurtherenhanceshalos.

Here,we would like to point out that we alwaysadvect
several materialsbecausedifferentstreaklinecolorsarean
effectivemeansof visualizingcontinuityalonglines[IG97].

6. Feature-BasedVisualization

Anotherissueof dense3D representationsis clutterandoc-
clusion.This problemcanbe addressedby selectively fad-
ing out uninteresting�o w regions.The importantpartscan
beregarded�o w featuresin a generalsense.Thederivation
of new featurede�nitions is beyondthescopeof this paper.
In fact, we assumethat any useful featuredescriptioncan
becondensedinto a scalar-valuedimportancefunction.Our
visualizationmethoddirectly supportssuchan importance

Figure5: Benard �ow with l 2 vortex visualization.

function—theimportancevaluecanbe usedto modify the
transferfunctionsby anonlinearmapping.

Velocity magnitudecanbeaninterestingfeaturemeasure
(seethe discussionfor 2D �o w in [JEH02]). Figure 4 (f)
shows the visualizationof the tornadodatasetwith veloc-
ity masking—onlyregionswith largevelocitymagnitudeare
visible. A more sophisticatedfeatureis usedin Figure 5,
where l 2 vortex detection[JH95] is applied.This vortex
de�nition is widely usedin �uid dynamicsand, e.g., has
theadvantageof beingGalilei invariant.Vortex regionsare
displayedby materialswith red or yellow colorswhile the
surrounding�o w is still visible assemi-transparentmaterial
with blue or greencolor. Thesetwo examplesdemonstrate
thatdifferentfeaturescanbeusedto emphasize�o w regions
within oursystem.

7. Implementation

Our implementationis basedon C++ andDirectX 9.0, and
was testedon Windows XP machineswith ATI Radeon
X800 Platinum Edition (256 MB) and NVIDIA GeForce
6800Ultra (256 MB), respectively. GPU statesandshader
programsare con�gured within clear-text effect �les. All
shaderprogramsareformulatedwith high-level shadinglan-
guage(HLSL) to achieve a codethat is easyto readand
maintain.A comparableimplementationshouldbe feasible
with OpenGLandits vertex andfragmentprogramsupport.

Semi-Lagrangianadvectioncanbeimplementedby frag-
ment programs becausethe backward advection from
Eqs.(1) or (2) andthe mappingbetweenlogical andphys-
ical memoryfrom Eqs.(3) and(4) canbe directly mapped
to GPUinstructions.Sinceonly shortstreakletsareusedin
our visualizations,theaccuracy of �rst-order Euler integra-
tion is suf�cient. Higher-ordermethods,however, could be
readily includedat the cost of decreasedadvection speed.
All computationstake placeon a texel-by-texel level, which
essentiallyreducestheroleof thesurroundingC++program
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Table1: Performancefor steady�ow visualizationona6002

viewport (in fps).

RadeonX800 GeForce6800

Domainsize 1283 2563 1283 2563

Advection 114.2 13.0 96.4 16.7
+Volrendw/ earlyray 71.9 11.6 53.8 12.7
+Volrendw/o earlyray 51.2 9.9 53.3 10.0
Reorderstackingaxis 2.4 0.5 2.7 0.4
Gradientcomputation 167.4 12.1 124.4 20.2
Advection& volrend:

Phong 34.5 5.4 29.1 6.7
Halo& Phong 33.5 5.3 23.0 6.0
Depthcue 66.0 11.3 12.7 53.4

Table2: Performancefor steadyvs.unsteady�ow visualiza-
tion ona 6002 viewport (in fps).

RadeonX800 GeForce6800

Domainsize 1283 2563 1283 2563

Advectiononly:
Steady 114.2 13.0 96.4 16.7
Unsteady 51.2 9.9 39.0 6.7

Advection& Phong:
Steady 34.5 5.4 29.1 6.7
Unsteady 22.5 4.1 19.7 5.9

to allocatingmemoryfor therequiredtexturesandexecuting
the fragmentprogramsby drawing domain-�lling quadri-
laterals.Texturesareupdatedby usingping-pongrendering
andtherender-to-texturefunctionalityof DirectX. An anal-
ogousGPUimplementationis feasiblefor gradientcompu-
tationandvolumeshading.

Propertyandgradient�elds are representedby physical
2D textures with 8-bit �x ed-point color channels.Vector
�eld andparticle injection textures,however, arestoredin
3D texturesbecausethey do not needto bemodi�ed on the
GPU. Particle injection textureshave 8-bit color channels,
vector�eld textureshave8-bit �x ed-pointor 16-bit �oating-
point resolution,dependingon the requiredaccuracy. The
exampleimagesandperformancemeasurementsin this pa-
perarebasedon 8-bit vector�elds. Additional materialcan
be found on the accompanying web pagey, which contains
thesourcecodeof theeffect �le for thecoreadvectionrou-
tineandelectronicvideoswith animatedvisualizations.

Table1 shows performancemeasurementsfor our imple-
mentationonATI RadeonX800PlatinumEdition(256MB)
andNVIDIA GeForce6800Ultra (256MB). Viewport size

y http://www.vis.uni- stuttgart.de/texflowvis

Table 3: Comparisonbetween2D texture-basedadvection
of this paperand3D texture-basedadvectionfrom[WE04]
onRadeonX800with 6002 viewport (in fps).

2D Texture 3D Texture

Domainsize 1283 2563 1283 2563

Advectiononly 114.2 13.0 44.4 9.7
Advection& volrend 71.9 11.6 16.8 4.4

for volumerenderingis 6002, the sizeof the propertyand
gradient�elds aregiven in the table.Here,we usea steady
vector�eld of size1283 (tornadofrom Figure4). Themea-
surementsindicatethat advectionspeedis roughly propor-
tional to the numberof texels. Sophisticatedvolumeshad-
ing tendsto beslowerthanpureemission-absorptionvolume
rendering.Interactive visualizationis feasiblewith property
�elds up to 2563. A slight problemis the slow reordering
of the stackingdirection.Switching betweenstacks,how-
ever, doesnot occur very often in interactive applications
and,therefore,this renderingbottlenecktypically doesnot
disturbtheuser.

Table 2 comparesthe visualizationperformancefor un-
steadyandsteady�o w underthesameconditionsasfor Ta-
ble1. For unsteady�o w, anew 3D texturefor thevector�eld
is transferredfor eachframe.Althoughtherenderingspeed
is reducedfor unsteady�o w, the overall performancestill
facilitatesinteractive visualizationfor property�elds up to
2563. Table3 comparestheadvectionmethodof this paper
(implementedin DirectX) andtheprevious3D texture-based
methodfrom [WE04] (implementedin OpenGL).Here,only
ATI RadeonX800is consideredbecausetherenderingspeed
of the OpenGLversionis muchslower on NVIDIA GPUs
due to slow glCopyTexSubImage3D (e.g., 2.0 fps on
GeForce6800Ultra for 2563 property�eld, advectiononly).
Evenon X800, however, thenew 2D texture-basedmethod
outperformsthe3D texture-basedmethod,i.e.,thebene�t of
fast readandwrite accessto 2D texture outweighsthe ad-
ditional operationsfor the mappingof texture coordinates
from logical3D spaceto physical2D space.

8. Conclusionsand Futur eWork

We have presentedan interactive techniquefor the dense
texture-basedvisualizationof unsteady3D �o w. Ef�cient
3D texture advection hasbeenachieved by mappingfrom
logical3D memoryto 2D physicalmemoryimplementedby
2D textures.2D texture memoryhasthe advantageof fast
readandwrite accessesthatareindependentof GPUarchi-
tecture.Streakline-like structuresareconstructedby a �e x-
ible particle injection andblendingschemethat allows for
differentmaterialsaswell as for noiseanddye advection.
We have presenteda GPU-basedreal-timecomputationof
gradientsasabasisfor volumeillumination.Theperception
of orientationanddepthof streaklinesis improvedby Phong
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illumination,cool/warmshading,halos,or color-baseddepth
cues.A genericvolumetric importancefunction is usedto
addresstheissueof clutterandocclusion:Important�o w re-
gions are emphasizedand visual complexity is reducedin
lessinterestingpartsby modifying thetransferfunction.All
stepsof ourvisualizationsystemarecapableof real-timevi-
sualization.We believe that interactivity is oneof themajor
building-blocksfor achieving anappropriatevolumetricvi-
sualizationof 3D �o w becauseinteractionhelpsto address
perceptualissuesof occlusionandspatialperception.

Since our visualizationmethodis “orthogonal” to fea-
ture descriptions,advancedinteractive feature de�nitions
[DGH03] could be incorporatedin future work. Another
interestingline of researchcould include techniquesfrom
multi-�eld visualizationto simultaneouslyvisualizevector
data(by advection)andadditionalattributes,suchaspres-
sureor temperature.
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