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Abstract

This paperpresentsan interactivetecdhniquefor the denseexture-basedsisualizationof unsteady8D ow, taking
into accountissuesof computationakfciency and visual perception.High efciency is achievedby a novel 3D
GPU-basedexture advectionmedanismthat implementdogical 3D grid structuresby physicalmemoryin the
form of 2D textures.Thisapproad resultsin fastreadandwrite accesgo physicalmemoryindependentf GPU
architecture. Slice-basedlirectvolumerenderings usedfor the nal display A real-timecomputatiorof gradients
is employedo achieve volumeillumination. Perception-guidedsolumeshadingmethodsare included,sud as
halos,cool/warmshading or color-baseddepthcueing Theproblemsof clutter and occlusionare addressedy
supportinga volumetricimportancefunctionthat enhancegeatuesof the ow andreducesisual compleity in

lessinterestingregions.

CategoriesandSubjectDescriptorgaccordingo ACM CCS} 1.3.3[ComputerGraphics]Picture/Image&seneration
1.3.7 [ComputerGraphics]:Three-DimensionabraphicsandRealism

1. Intr oduction

Vector eld visualizationis an important topic in scien-
tic visualizationand has beenthe subjectof active re-
searchfor mary years.Typically, dataoriginatesfrom nu-
merical simulations—suctas thoseof computational uid
dynamics—ofrom measurementandneedso beanalyzed
by meansof visualizationto gain an understandingf the
o w. Particle-tracingmethodsareamongthe standardech-
niquesfor o w visualization.A fundamentaproblemis to
chooseappropriateseedpointsfor particletracingin order
to visualizeall importantfeaturesof a o w. Onesolutionto
this issueis to emplgy a denserepresentatiorin the form
of a texture-basedsisualization.This approachis well in-
vestigatedfor 2D planarand curved surfaces but lesswell
understoodor 3D domains.

Denserepresentationsf 3D o w arechallengingoecause
of two fundamentaproblemsFirst, thecomputationatom-
plexity increasesigni cantly sincecomputationdiave to be
performedfor all cellsof a 3D grid. Secondjt is dif cult to

nd agoodvisualrepresentationf adensecollectionof par
ticle traceshecausenostparticletraceswill be occludedby
othersandthedisplaybecomesluttered We think thatinter-
actity playsacrucialrolein improving thevisualrepresen-
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tationbecausenotionparallaxis agooddepthcue,theprob-
lem of occlusioncanbe easedoy exploring the scenefrom
differentviewpoints,andan animatedvisualizationgives a
goodimpressiorof thedirectionandmagnitudeof thevector
eld. Moreover, interesting o w regionscanbe investigated
in detailby selectvely viewing thoseregionsandlocally in-
creasinghedensityof thevisualization.

This paperaddressesssuesof computationalkef ciency
andvisualperceptioralike.First,anef cient 3D GPU-based
textureadwectionmechanisnis proposedwhere2D textures
areusedfor fastreadandwrite accesso thelogical 3D mem-
ory. Secondwe emplgy anon-the-y computationof vol-
umeillumination to displaythe resultsof texture advection
by slice-basedsolume rendering,which is acceleratedy
earlyray terminationvia the early z test. Third, perception-
guidedvolumeshadingmethodsareincluded,suchashalos,
cool/warm shading,or color-baseddepthcueing.Fourth, a
volumetricimportancdunctionis supportedo enhancdea-
turesof the datasetand reducevisual compleity in less
interestingregions. All theseelementsof the visualization
systemarereal-timecapableandthereforesupportinterac-
tive visualization.



D. Weislopf, T. Stafhitzel& T. Ertl / Real-Tme Advectionand Volumetriclllumination for the Visualizationof 3D UnsteadyFlow

2. Previous Work

Texture-basedrepresentationsare an important element
of the researchin ow visualization. A comprehensie

overview is given in the suney article [LHD 04]. Early

texture-basedechniquesare Spot Noise [VW91] andLine

Integral Corvolution (LIC) [CL93]. A related approach
malkes use of texture adwection [MB95], which can be

extended to 2D Lagrangian-EulerianAdvection (LEA)

[JEHOZ or 2D Image BasedFlow Visualization (IBFV)

[VWO02]. One reasonfor recentadvancesin texture-based
o w visualizationis the increasingperformanceand func-

tionality of GPUs,which canbe usedto improve the speed
of 2D o w visualizationlJEHOQWHEOQ1, vWO02].

Texture-basedvisualization can be extendedto vector
elds oncurvedsurface§ LJHO3vWO03] andin 3D [TVWO03,
WHEOQL,WEO04. In thecontet of 3D LIC, dyevisualization
can be usedto highlight features[SIJM94. 3D o w visu-
alizationis subjectto perceptuaissueswhich canbe ad-
dressedby acombinatiorof interactve clipping anduserin-
tervention[RHTE99. Alternatively, 3D LIC volumescanbe
effectively representetly selectvely emphasizingmportant
regionsof the o w, enhancinglepthperceptionandimprov-
ing orientationperceptiorfIG97]. Perceptiorof 3D o w can
also be enhancedy shadingaccordingto limb darkening
via transferfunctions[HAO04], by interactively changingthe
renderingstyle[LBS03], or by volumerenderingof implicit
ow volumes[XZCO04)]. All thesesystemsfor perception-
guided3D o w visualizationareeithernot interactve at all
or requiresometime-consumingpre-processingpr particle
tracing.

Finally, the extraction and selectve displayof ow fea-
tureseffectively reducesvisual compleity. Backgroundn-
formationon feature-based w visualizationcanbe found
in the surwy article[PVH 03]. In the context of this paper
interactize featurede nition for focus-and-conté 3D ow
visualizatioNDGHO0J is aninterestingapproach.

3. Semi-Lagrangian3D Texture Advection

The in-depth discussionof our 3D visualizationapproach
beginswith theunderlyingsemi-Lagrangiatranspormech-
anism. Here, particlesor marker “objects” (such as dye)
aremodeledasmasslessnaterialthatis perfectlyadwected
alongtheinputvector eld. Froman Eulerianpoint of view,
particleslosetheir individuality andarerepresentedy their
propertyvalues(suchascolor or gray-scalevalues),which
arestoredn aproperty eld r (x;t), wherex denotegosition
andt denotedime. Thisproperty eld is typically givenona
uniformgrid. Theevolution of theproperty eld is governed
by the convectionequation,

fIr (x;1)

it
wherev is theinput vector eld. We solwe this equationby
a semi-LagrangiarapproacH Sta99JEHO0Q thatleadsto a

V) rr(x)=0 ;

stableevolution evenfor largesteps Advectionis performed
alongpathlineqfor unsteadyo w) or streamlinegfor steady
o w). Thereforetheordinarydifferentialequation,

ax(t) _ w

= Ve

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

x(t Dt) = x(t)

Dv(x(t);1)

Startingfrom the currenttime stept, an integration back-
wardsin time providesthe positionalongthe pathlineat the
previoustime step.Theproperty eld is evaluatedatthis pre-
vious positionto accesghe valuethatis transportedo the
currentposition,leadingto a backward adwectionscheme,

rix);t) =r(xt D)t DY) ; (1)
in thegenerakaseorto
r(x;t)=r(x Dtv(x;t);t Dt) ; 2)

in thecaseof Eulerintegration.This 3D adwectionis suitable
for unsteadyo w becaus¢hetime dependengof thevector
eld is takeninto account.

Equations(1) and (2) lead to a GPU implementation
that representghe property and vector elds by 3D tex-
tures[WEO04]. Thephysicalpositionx andthecorresponding
texture coordinatesare relatedby an af ne transformation
thattakesinto accountthat the physical and computational
spacesmay have different units and origins. Accordingly,
the stepsizein computationaltexture) spacedirectly cor
respondgo the physical time stepDt. While the property
textureis only updatechtgrid points,thelookupin theprop-
erty eld atthe previoustime stepis performedat locations
that may differ from exact grid positions.Therefore trilin-
earinterpolationis employedto reconstructhe valueof the
property eld at the previous time step.Sinceary render
ing operationis restrictecto a 2D domain,the property eld
for a subsequentime stepis constructedn a slice-by-slice
manner Eachslice of the property eld is updatedby ren-
deringa quadrilateratthat representshis 2D subsetof the
full 3D domain.Thedependenibokupin the“old” property
texturecanberealizedoy afragmentprogramthatcomputes
themodi ed texture coordinatesccordingo the Eulerinte-
grationalongthe ow eld.

The main problemwith this implementatioris the slice-
by-slice updateof the 3D texture for the property eld. In
mary casesan updateof a 3D texture is only possiblevia
transferof datato andfrom mainmemory For example,Di-
rect3Ddoesnot provide a mechanisnto directly modify 3D
texturesfrom otherdataon the GPU. Although OpenGLal-
lows usto updatea slice of a 3D texture by glCopyTex-
Sublmage3D, the speedof suchan updatecan vary ex-
tremelybetweenGPU architecturebecausef differentin-
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Figure 1: Mappingbetweerogical 3D memoryand physical2D memoryby meanf a lookuptable

ternalmemorylayoutsof 3D textures(seea relateddiscus-
siononreadaccesdgor 3D textures]WWEO04)). Thisfunda-
mentalissuewill mostprobablyremain,evenwith the pro-
jectedsuperhiffer extension[Per03. Thereforewe propose
analternatve approactthatis basedon 2D texture memory
insteadof 3D texture memory 2D texturesare availableon
ary GPU, they provide goodcachingmechanismsndef -
cientbilinearresamplingandthey supportanextremelyfast
write accesdy the renderto-texture functionality

For our 2D texture-basedmplementation,we have to
distinguishbetweenlogical memoryand physical memory
Logical memoryis identicalasfor 3D texture adwection—
it is organizedin the form of a uniform 3D grid. Physical
memoryis a 2D uniform grid representedby a 2D texture.
We denotethe coordinategor addressindghe logical mem-
ory by x = (X;y; 2) andthe coordinategor physicalmemory
by u = (u;v). A slice of constantvalue z in logical mem-
ory correspondso atile in physical memory asillustrated
in Figure 1. Differenttiles are positionedin physical mem-
ory with arow- rst order Sincethe maximumsizeof a 2D
texture may be limited, several “large” 2D texturesmay be
usedto provide the necessarynemory These2D textures
arelabeledby theintegervaluedindex itex.

Sinceall nhumericaloperationsof 3D adwectionare con-
ceptually computedin logical 3D space,we needan ef -
cient mappingfrom logical to physical memory which is
describedy thefunction

F:(xy27! ((uV); ite)

The2D coordinateganbeseparateihto thecoordinatesor
the origin of atile, up, andthelocal coordinateswithin the
tile, Ujgcal:

F: (Xy2 7! (Uo+ Uiocal itex) ; (3)
with
Uo = Fou(2); itex = Foi(2): Uiocal= (kX Syy) - (4)

The function F g mapsthelogical z valueto the origin of a
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tile in physical memoryandis independenbf the x andy
coordinatesThe map F g canbe representedby a lookup-
table (seeFigure 1), which canbe ef ciently implemented
by adependentexturelookup.Conversely thelocaltile co-
ordinatesare essentiallyidentical to (x;y)—up to scalings
(sx;sy) thattake into accountthe differentrelative sizesof
texels in logical and physical memory If more than one
“large” 2D textureis used multiple texturelookupsin these
physical texturesmay be necessaryHowever, multiple 2D
texturesareonly requiredin tilesthatarecloseto thebound-
arybetweertwo physicaltexturesbecaus¢hemaximumdif-
ferencevectorfor thebackwardlookupin Eq.(2) is bounded
by DtVmax, wherevmax is the maximumvelocity of the data
set.We usedifferentfragmentprogramsfor boundarytiles
andinternaltiles to reducethe numberof texture samplers
for theadvectionin internalregions.

Trilinear interpolationin logical spaces implementedy
two bilinear interpolationsand a subsequentinear interpo-
lation in physical spaceBilinear interpolationwithin atile
is directly supportedy built-in 2D textureinterpolation.A
one-texel-wideborderis addedaroundeacttile to avoid ary
erroneousn uence by aneighboringtile duringbilinearin-
terpolation.The subsequerinearinterpolationtakesthe bi-
linearly interpolatedvaluesfrom the two closesttiles along
the z axisasinput. This linearinterpolationis implemented
within afragmentprogram.

While trilinear interpolation by the abose mapping
schemeds necessaryor the readaccessn Egs.(1) or (2),
write accesss moreregularly structuredFirst, write access
doesnotneedary interpolationbecausé is restrictedo grid
points(i.e., singletexels). Secondthe backward lookup for
Eqgs.(1) or (2) allows usto Il logical memoryin a slice-
by-slicemannerand,thus,physicalmemoryin atile-by-tile
fashion.A singletile canbe lled by renderinga quadrilat-
eralinto the physical 2D textureif theviewportis restricted
to the correspondingubragion of physicalmemory
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4. Visual Mapping and Volume Rendering

So far, only the basicadwection mechanismhasbeendis-
cussedHowever, a usefulvisualizationneeds—besidethe
computationof particle traces—amappingof the particle
tracesto a graphicalrepresentationin this paper the map-
ping is restrictedto anappropriatenjectionof propertyval-
ues,adoptingthebasicideaof 2D IBFV (Image-BasedFlow
Visualization)[vVWO02]. IBFV introducesnen propertyval-
uesat eachtime step,describedby an injection texture I.

The structureof the injection mechanisnof 2D IBFV is il-

lustratedn Figure?2.

advected
texture

injection
texture

advection
for the next
time step

blending

Figure 2: Basic structue of the injection medanism of
IBFV.

The original compositingschemedor 2D IBFV and 3D
IBFV [TvWO03] canbegeneralizedo allow for auni ed de-
scriptionof bothnoiseanddye advection[ WEOQ4: First,the
restrictionto anaf ne combinatiorof theadvectedvalueand
of the newly injectedvalueis replacedby a genericlinear
combinationof both and, second several materialscan be
adwectedandblendedndependentlyTheextendedblending
equationis givenby

rigt) = WoGt) r(xt Dr);t D)+ V(xt) I(xt) ;

with two, possibly space-ariant and time-dependent,
weightsW andV. The symbol“ " denotesa component-
wise multiplication of two vector quantities.The different
component®f eachtexel in the property eld describethe
density of different materials.Continuousblending of in-
jected“particles” leadsto streakline-lile visual structures.
The advantage®f the extendedblendingschemeare:First,
different materialsare blendedindependentlyfrom each
otherandmay thereforehave differentlengthsof exponen-
tial decay;secondmaterialcanbe addedon top of existing
material,whichis the prerequisitéor dyeadwection(seethe
discussiorin [WE04]).

The property eld r is visualizedby volume rendering
with texture slicing—similarly to 2D texture-basedender
ing with axis-alignedslices. Traditional 2D texture slicing
holdsthreecopiesof a volumedataset,onefor eachof the
mainaxes.In our approachhowever, only a singlecopy of
the property eld is storedon GPU. The stackingdirection
is changedn-the- y during adwectionif the viewing angle
becomedargerthan45 degreeswith respecto the stacking
axisto avoid holesin the nal display (For example,these
holesare presentin 3D IBFV [TvWO03]. Comparecdto 3D
IBFV, our approachhasfurther advantagesit avoids mul-
tiple renderpasseger slice, it facilitatesthe visualization

y ordering x ordering

physical
memory

1

logical
memory

Figure 3: Reodering of stak direction.

of arbitrary vector elds without the restrictionto veloci-
ties with small z componentsijt supportsthe independent
transporof severalmaterialsandit providesamore e xible
blending scheme—se¢he relateddiscussionin [WEO04].)
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,andtheir
positionsmay change.

Actualvolumerenderingaccessetile aftertile in front-to-
backorderby renderingobject-alignedquadrilateralsTex-
turecoordinatesireissuedo addressitile in physicalmem-
ory of the “large” 2D texture. We emplo/ a dependent-
texture lookup in a fragmentprogramto implementpost-
classi cation. For eachmaterialin the property eld, den-
sity is mappedto optical properties(color and opacity) by
its correspondingdransferfunction. The resultsof different
transferfunctionsfor differentmaterialsareaddedo obtain
the nal colorandopacity

For dense3D o w representationgransferfunctionsare
typically speci ed to renderinteresting o w regions with
high opacities.Therefore,early ray terminationis an ef-
fective way of acceleratingrzolume rendering.Similarly to
[RGW 03], theearlyztestis usedto ef ciently skiptheex-
ecutionof a fragmentprogramwhena userspeci ed maxi-
mumopacityhasbeenaccumulatedTo this end,terminated
raysaremasledin a separateenderingpassby settingthe
z buffer to zero (nearclipping plane);the z valueis setto
the far clipping planefor all other pixels. Then,the depth
testskipsterminated-ayswhile a slice of thevolumeis ren-
dered.As the initialization of the z buffer in the separate
passconsumesdditionalrenderingtime, we chooseo per
form this initialization only for every n-th volumeslice to
achieve acompromisébetweerperfectearlyray termination
andtheadditionalcostsfor theseparatpassA typicalvalue
isn= 10.
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Figure 4: 3D advectionfor a tornado data setwith volumerenderingbasedon the emission-absorptiomodel(a), Phong
illumination (b), cool/warmshading(c), depthcueing(d), halos(e), andvelocitymasking(f).

5. lllumination and Visual Perception

The previous sectionhas describedvolume renderingac-
cordingto the emission-absorptiomodel,which leadsto a
display similar to a self-emittinggas cloud. Although this

model allows us to view different semi-transparendepth
layersof a3D ow eld, it fails to explicitly visualizethe
orientationand relative depthof streaklinestructuresFig-

ure 4 (a) shavs a visualizationaccordingto the emission-
absorptionrmodelwith high opacities.The underlyingdata
setrepresentthe wind ow in a tornado.To improve the
nal display we additionally apply volume shadingto the
property eld. In generalyolumetricilluminationneedgra-
dients,which sene asnormalvectorsfor localillumination.

Our goalis to incorporatevolumeshadinginto the above
real-timeadwectionsystemand,therefore gradientshave to
be computedin real time aswell. We employ a numerical
computatiorby centraldifferenceswhich deliversgradients
of acceptableguality ata high speedGradientsarestoredin
agrid thathasthe samdogical andphysicalmemorylayout
asthe property eld. Centraldifferencesexhibit a uniform
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accesgo 3D logical memorybecauselatais fetchedfrom

neighboringgrid pointsalongthe threemain axes.Accord-
ingly, a well-structuredaccessingchemads alsoappliedin

2D physicaltexture memory:Neighboringtexelsin the cur

renttile yield thex andy partialderivativeswhereaghe par

tial derivative alongthe z axis is basedon the two closest
tilesin z direction.

The mappingfrom logical to physicalmemoryaccording
to Eq. (3) needonly to becomputedatthefour verticesthat
describeasingletile in physicalmemory Six pairsof texture
coordinatesare attachedo the verticesandinterpolatedby
scanlineconversion. Linear interpolationand the mapping
from Eq. (3) arecommutatve: Therespectie tile originsug
andtextureindicesitex areconstanaindthelocal coordinates
Ujocal Vary linearly becausehe relative distancebetweena
centralgrid pointandits neighborss constanfor acomplete
tile.

Gradientsare computedafter eachadwection and blend-
ing iteration and before volume rendering.Therefore,ary
gradient-basedolumeshadingnethodmaybeapplied Fig-
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ure 4 (b) shawvs an exampleof volumeillumination by the
Phongmodelwith diffuseandspecularcomponentsywhich
areaddedon top of the emissve partthatis determinedoy
the transferfunction from the previous section.We usethe
sametransferfunctionvalueasmaterialcolorfor diffuseand
speculaillumination, but otherde nitions of materialcolors
couldbeeasilyincorporatedif required Phongillumination
greatlyimprovesthe perceptiorof streaklineorientationby
shading—highlightin combinatiorwith cameramotionare
particularlyeffective in revealingstreaklineorientation.

Anotherillumination modelimplementscool/warmshad-
ing [GGSC98ERO0(J. Here,orientationwith respecto light
directionis encodedby warm or cool colors, respectrely.
Figure 4 (c) shavs an example image. The advantageof
cool/warm shadingis that orientationis representedy (al-
most)isoluminantcolors. Therefore brightnesscanstill be
usedto visualizeanotherattribute or property

A prominentadditionalattribute is depthwith respecto
the camera.We apply color-baseddepthcueingto imitate
aerialperspectie. Figure 4 (d) shavs an examplein which
increasinglyblack backgroundcolor is addedwith increas-
ing depth(foggingwith blackcolor). Variationsarealsofea-
sible, e.g., a subtle blue shift [ERO(J can be included by
addinga bluecomponento thefog color.

Halos are effective in visualizingrelative depthbetween
line-like structureq1G97): Objectsbehinda closerstreak-
line arepartly hiddenby dark halos.We implementhalosas
thick silhouettdines. Silhouettdinesaredetectedy exam-
ining the dot productof gradientandviewing directionsbe-
causeanideal silhouettehasa gradientperpendiculato the
viewing vector An additionaltransferfunctionis included
to specifyhalos.This transferfunction mapsthe above dot
productto color andopacity Thick silhouettelines areim-
plementedy mappinga nite rangeof inputvalues(around
zero)to high opacities Figure4 (e) shavs an examplewith
halosandPhongillumination. For purelygeometriaeasons,
limb darkeningthroughhigh opacitiesin the transferfunc-
tion [HAO4] alsocontritutesto the halo effect. In addition,
thegradientcriterionfurtherenhancesalos.

Here,we would like to point out that we always adwect
several materialsbecausalifferent streaklinecolors are an
effective meanf visualizingcontinuityalonglines[1G97].

6. Feature-BasedVisualization

Anotherissueof dense3D representationis clutterandoc-
clusion. This problemcanbe addressedby selectvely fad-
ing out uninterestingo w regions. The importantpartscan
beregarded o w featuresn a generakenseThederivation
of new featurede nitions is beyondthe scopeof this paper
In fact, we assumethat ary useful featuredescriptioncan
be condensedhto a scalarvaluedimportancefunction. Our
visualizationmethoddirectly supportssuchan importance

Figure5: Benad ow with | » vortex visualization.

function—theimportancevalue can be usedto modify the
transferfunctionsby a nonlinearmapping.

Velocity magnitudecanbe aninterestingfeaturemeasure
(seethe discussionfor 2D ow in [JEHO0Z). Figure 4 (f)
shaws the visualizationof the tornadodatasetwith veloc-
ity masking—onlyregionswith largevelocity magnitudeare
visible. A more sophisticatedeatureis usedin Figure 5,
wherel » vortex detection[JH9] is applied. This vortex
de nition is widely usedin uid dynamicsand, e.g., has
the advantageof being Galilei invariant.Vortex regionsare
displayedby materialswith red or yellow colorswhile the
surroundingo w is still visible assemi-transparemhaterial
with blue or greencolor. Thesetwo examplesdemonstrate
thatdifferentfeaturesanbe usedto emphasizeo w regions
within our system.

7. Implementation

Our implementations basedon C++ andDirectX 9.0, and
was testedon Windows XP machineswith ATl Radeon
X800 Platinum Edition (256 MB) and NVIDIA GeForce
6800 Ultra (256 MB), respectiely. GPU statesand shader
programsare con gured within cleartext effect les. All

shadeprogramsareformulatedwith high-level shadindan-
guage(HLSL) to achieve a codethat is easyto read and
maintain.A comparablémplementatiorshouldbe feasible
with OpenGLandits vertex andfragmentprogramsupport.

Semi-Lagrangiamdwectioncanbeimplementedy frag-
ment programs becausethe backward adwection from
Egs.(1) or (2) andthe mappingbetweenogical and phys-
ical memoryfrom Eqgs.(3) and(4) canbe directly mapped
to GPU instructions.Sinceonly shortstreakletsaareusedin
our visualizationsthe accurag of rst-order Eulerintegra-
tion is sufcient. Higherorder methodshowever, could be
readily includedat the cost of decreasecdwection speed.
All computationgake placeon atexel-by-texel level, which
essentiallyreducegherole of thesurroundingC++ program
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Table 1: Performancedor steadyow visualizationona 6007
viewport (in fps).

RadeonX800 GeForce6800
Domainsize 128 2568 128 256°

Advection 1142 130 964 16.7
+Volrendw/ earlyray 719 116 538 127
+Volrendw/o earlyray ~ 51.2 99 533 100
Reorderstackingaxis 2.4 0.5 2.7 0.4

Gradientcomputation 167.4 121 1244 20.2
Advection& volrend:
Phong 345 54 291 6.7
Halo & Phong 335 53 230 6.0
Depthcue 66.0 11.3 12.7 534

Table 2: Performancédor steadys.unsteadyow visualiza-
tion ona 6007 viewport (in fps).

RadeonX800 GefForce6800
Domainsize 128 256 128 256°
Advectiononly:
Steady 1142 13.0 964 16.7
Unsteady 51.2 9.9 39.0 6.7
Advection& Phong:
Steady 345 54 291 6.7
Unsteady 225 41 197 5.9

to allocatingmemoryfor therequiredtexturesandexecuting
the fragmentprogramsby drawing domain- lling quadri-
laterals.Texturesareupdatedoy usingping-pongrendering
andthe renderto-texture functionality of DirectX. An anal-
ogousGPU implementations feasiblefor gradientcompu-
tationandvolumeshading.

Propertyand gradient elds arerepresentedby physical
2D textures with 8-bit x ed-pointcolor channels.Vector
eld and particleinjection textures,however, are storedin
3D texturesbecauseghey do not needto be modi ed onthe
GPU. Particle injection textureshave 8-bit color channels,
vector eld textureshave 8-bit x ed-pointor 16-bit oating-
point resolution,dependingon the requiredaccurag. The
exampleimagesand performanceaneasurements this pa-
perarebasedon 8-hit vector elds. Additional materialcan
be found on the accompaying web pagée, which contains
the sourcecodeof the effect le for the coreadwectionrou-
tine andelectronicvideoswith animatedvisualizations.

Table1 shavs performanceneasurement®r ourimple-
mentationon ATl RadeonxX800 PlatinumEdition (256 MB)
andNVIDIA GeForce6800Ultra (256 MB). Viewport size

Y http://www.vis.uni- stuttgart.de/texflowvis
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Table 3: Comparisonbetweer2D texture-basedadvection
of this paperand 3D texture-basedadvectionfrom [ WE04
on RadeornX800with 6007 viewport (in fps).

2D Texture 3D Texture
Domainsize 1288 256 128 256
Advectiononly 1142 13.0 444 9.7

Advection& volrend 71.9 116 16.8 4.4

for volume renderingis 6007, the size of the propertyand
gradient elds aregivenin thetable.Here,we usea steady
vector eld of size128® (tornadofrom Figure4). The mea-
surementsndicatethat advection speedis roughly propor

tional to the numberof texels. Sophisticated/olume shad-
ing tendsto beslowerthanpureemission-absorptiovolume
renderingInteractve visualizationis feasiblewith property
elds up to 256°. A slight problemis the slow reordering
of the stackingdirection. Switching betweenstacks,how-

ever, doesnot occur very often in interactve applications
and, therefore this renderingbottlenecktypically doesnot

disturbtheuser

Table 2 compareghe visualizationperformanceor un-
steadyandsteady o w underthe sameconditionsasfor Ta-
ble 1. Forunsteadyo w, anew 3D texturefor thevector eld
is transferredor eachframe. Althoughtherenderingspeed
is reducedfor unsteadyo w, the overall performancestill
facilitatesinteractive visualizationfor property elds up to
256°. Table3 compareghe adwectionmethodof this paper
(implementedn DirectX) andtheprevious3D texture-based
methodfrom [WEO04 (implementedn OpenGL).Here,only
ATI RadeonX800is consideredbecaus¢herenderingspeed
of the OpenGLversionis muchslower on NVIDIA GPUs
due to slow glCopyTexSublmage3D (e.g.,2.0 fps on
GeForce6800Ultra for 256° property eld, adwectiononly).
Even on X800, however, the new 2D texture-basednethod
outperformghe 3D texture-baseanethodj.e.,thebene t of
fastreadandwrite accesgo 2D texture outweighsthe ad-
ditional operationsfor the mappingof texture coordinates
from logical 3D spaceo physical 2D space.

8. Conclusionsand Futur e Work

We have presentedan interactve techniquefor the dense
texture-basedvisualizationof unsteady3D o w. Ef cient
3D texture adwection hasbeenachiezed by mappingfrom
logical 3D memoryto 2D physicalmemoryimplementedy
2D textures.2D texture memoryhasthe advantageof fast
readandwrite accessethatareindependenof GPU archi-
tecture.Streakline-lile structuresare constructedy a e x-
ible particle injection and blendingschemethat allows for
differentmaterialsas well asfor noiseand dye adwection.
We have presentech GPU-basedeal-time computationof
gradientsasa basisfor volumeillumination. The perception
of orientationanddepthof streakliness improvedby Phong
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illumination,cool/warmshadinghalos.or color-basediepth
cues.A genericvolumetricimportancefunction is usedto
addressheissueof clutterandocclusionimportant o w re-
gions are emphasizednd visual compleity is reducedin
lessinterestingpartsby modifying the transferfunction. All
stepsof ourvisualizationsystemarecapableof real-timevi-
sualization We believe thatinteractvity is oneof the major
building-blocksfor achieving an appropriatevolumetricvi-
sualizationof 3D o w becausenteractionhelpsto address
perceptualssuesof occlusionandspatialperception.

Since our visualizationmethodis “orthogonal” to fea-
ture descriptions,adwvancedinteractve feature de nitions
[DGHOJ could be incorporatedin future work. Another
interestingline of researchcould include techniquesrom
multi- eld visualizationto simultaneouslyisualize vector
data(by adwection)and additionalattributes,suchas pres-
sureor temperature.
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