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Abstract

We presenthardware-acceleratetexture adwection
techniquesto visualize the motion of particlesin
steadyor time-varyingvectorfieldsgiven on Carte-
siangrids. We proposean implementationof 2D
textureadvectionwhich exploits advancedandpro-
grammabldexturefetchandperpixel blendingop-
erationson an nVidia GeForce 3. For 3D vec-
tor field visualization,we presentan algorithmfor
SGI's VPro, basedon pixel texturesand 3D tex-
tures. Moreover, we sketch how 3D texture ad-
vection could be implementedon future graphics
boardsthat provide programmabldetch operations
for 3D textures. Sinceall implementationsexclu-
sively usegraphicshardware without intermediate
datatransferto mainmemory extremelyhigh frame
ratesareachieved, e.g.,up to 90 framespersecond
for adwecting a calculatorynumberof one million
particlesin a 2D flow. The proposedechniquesare
especiallyusefulfor the interactve visualizationof
vectorfields.

1 Intr oduction

The visualizationof 2D and 3D vector fields has
beeninvestigatecandusedin variousscientificand
engineeringlisciplinesfor mary years.Typical ap-
plicationsstemfrom simulationsin computational
fluid dynamicsgcalculationof physicalvectorfields,
suchaselectromagnetidields or heatflow, or from
measurementsf actualwind or fluid flows.

As flow visualizationhasa long tradition, vari-
oustechniquegxist to visually represensteadyand
unsteadyvector fields. Among the standardtech-
niquesfor flow visualizationis the classof meth-
ods basedon particle tracing, such as pathlines,

streamlines streaklines,or ribbons. The problem
of placing seedpoints for particle tracing at ap-
propriatepositionsis approachede.g.,by employ-
ing spotnoise[18, 4], LIC (line integral corvolu-
tion) [2, 16], texture splats[3], texture adwection
[12, 11], equally spacedstreamlineq17], or flow-
guidedstreamlineseeding[19]. Thesetechniques
wereoriginally designedo visualizesteadyflows.
Someof thesemethodswere extendedto allow for
time-varying vectorfields, e.g.,with respecto LIC
[7, 15] or spotnoise[5].

All theseapproachesiave in commona dense
representatiorof the vectorfield. Therefore,they
areexpensve to compute especiallywhenusinga
high-resolutioncomputationaldomain. The main
topic of this paperis to shov how texture adwection
canbe simulatedandvisualizedentirely on graph-
ics hardware,thusallowing interactve visualization
of high-resolutionunsteadyvector fields given on
Cartesiargrids. To achieve this goal,we exploit the
programmablegraphicspipeline of state-of-the-art
low costgraphicsbhoardssuchasnVidia's GeForce
3. Thevisualizationof 3D flows is basedon SGI's
VPro, which supports3D textures and pixel tex-
tures.

In previous work, Heidrichetal. [8] proposethe
useof graphicshardware for flow visualizationby
LIC. Basedon this approachJobardet al. [9] use
perfragmentoperationsto implementtexture ad-
vectionon graphicshardware. Someof their ideas
are adoptedfor the visualizationmethodsof this
paper Therefore we comparetheir approachwith
oursanddescribeadvantagesand disadwantageof
thedifferenttechniquesn Sect.5. Both Heidrichet
al’s and Jobardet al’s algorithmsarerestrictedto
2D vectorfields. In Sect.4, however, we shav how
hardware-acceleratedisualizationof 3D flows can
beimplemented.
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The remaining parts of this paper are orga-
nized as follows. In the next section, a math-
ematical descriptionof the Eulerian approachto
particle tracing—theunderlyingmodel for texture
adwection—ispresentedincluding a schemeo nu-
merically solve sucha texture advection problem.
In Sect.3, hardware-accelerate@D flow visualiza-
tion on a GeForce 3 is described. It is followed
by analgorithmfor 3D flow visualizationbasedon
SGI's VPro. Section5 containssomeresultsanda
discussiorof thevisualizationtechnique®f thispa-
per. Finally, Sect.6 concludesvith abrief summary
andoutlook on futurework.

2 Eulerian Approachto Particle Trac-
ing

The standardapproachto particletracingis a La-
grangianapproach.Here, eachsingle particle can
be identified individually, i.e., labeled in some
sense,and the propertiesof eachparticle are de-
termineddependingon time t. In the following
discussionof the Lagrangianapproach,a particle
is identified and labeledby its positionTy € U C
R" at an initial time tg. The underlying vector
spacehas dimensionn, where n usually is 2 or
3. The computationaldomainis denotedU. In
the caseof patrticle tracing, the properties—such
ascolors—canbe subsumedy a function ¢ which
doesnot changeduring time for a specificparticle,
i.e., we have the time-independenproperty func-
tion ¢Lagrangiar70,t) = dLagrangiartTo). The trajec-
tory of a single masslesgparticleis determinecby
the ordinarydifferentialequation

ar(t)
- v(r(t),t)

whereT(t) describesthe path of the particle and
v(r,t) € U C R" representghe vector field to be
visualized.Thetimet alsoparameterizethe path-
line of the particle. Therefore positionsat arbitrary
timest andt; alongthetrajectoryr(t) of a particle
arerelatedby theintegral equation

t1+/

From a Eulerianpoint of view, the property¢ is a
function of positionT andtimet, as opposedo a
functionof time for afixed particlelabeledby rg in
theLagrangiarapproachTheobsenreris locatedat

r(t) = (1)

afixed position andmeasureshange®f ¢ caused
by the fact that different particlescrossthat posi-
tion.

As the property doesnot changefor a specific
particle, we have ¢(r,t) = ¢(Fp,tg) in the Eule-
rian approachif the spacetimepositions(r,t) and
(To,to) belongto the pathlineof the sameparticle,
cf. Eq.(1). For acontinouslydifferentiableproperty
function,we finally obtainthe adwectionequation

a¢( J +Y(F)-Vo(F,t) =

Since¢ is not even continuousin our particletrac-
ing applicationsye donotsolve theabove equation
but directly apply Eq. (1) to propagatep through
time. All methodsbasedon texture adwectionhave
thisapproachn commoncf., thework by Max and
Becker [11], Heidrichetal. [8], or Jobardetal. [9].
To tackle the adwection problemon a computey
the initial value problemfor the differential equa-
tion (1) hasto be solved numericallyandthe prop-
erty function ¢ hasto be discretized.The simplest
methodto solve an ordinarydifferentialequationis
the so-calledEulerintegration[13], whichyields

=T(t)

Here, an integration backward in time by a time
spanAt > 0 is carriedout. The function ¢ is dis-
cretizedon a Cartesiargrid, bothspatiallyandtem-
porally. We employ the notationq)if to describea

samplingof ¢ atanindexed positioni € N" andan
indexed timet. Weldentlfyq)f of j inthe2D case
andcplf ,J,k in the3D case Wlthoutlossof gen-
erality, indexed positionsandphysicalpositionsare
relatedby ¥ = Ari, whereAr is the grid spacing.
The sameholdsfor thetimet = tAt. Analogously
to II thediscretizedversionof theflow field is de-
notedv%.

Combininga discretegrid for ¢ with Eulerinte-
grationfor particlepositions,we obtainthe follow-
ing numericalschemeo propagatea solutionfrom
timet—1tot:

¢F = Lookup(¢" ;T 2)

with the integration stepsize As= At/Ar. On the
right hand side of this equation, an interpolated
lookupin ¢4 ! hasto be performed sincethe pre-

7(t—At) — ALY(F(t),1)

—AsE)

vious positionof a particle,i — Asv%‘, isusuallynot
identical to a grid point. In the 2D casebilinear
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interpolationis employed, in the 3D casetrilinear
interpolation. By usingan integrationbackward in
time, the propertyfield q)f. is completelyfilled for
thenew time step;in contrastsomeelement®f this
field could be missedif aforward integrationfrom
the previous time stepwas applied. For the imple-
mentationof adwection on graphicshardware, tex-
turesrepresenthe datagrids, thusproviding hard-
waresupportfor bi- or trilinearinterpolation.

Sinceall computationsn our approachare per
formedon Cartesiargrids, no explicit referenceto
positionsis made. Positionsare temporarilycom-
putedonly in the intermediatestepfor the interpo-
latedlookupin q)if‘l, but thesearenot storedin ary
grid structure.Thatis animportantdifferenceto the
textureadwectionapproaches [11, 8, 9].

In the remainingpartsof this paper we will de-
scribehow to implementthis numericalschemeon
OpenGL-basedraphicshardware.Both2D and3D
casesarediscussed.

3 Hardware-Base®D Texture Advec-
tion

Our implementatiorof 2D texture adwectionheav-
ily relies on programmableperpixel operations
provided by nVidia’'s GeForce 3. The simulation
andrenderingof texture adwectionis basedon stan-
dard OpenGL 1.2, with the following extensions
[10] beingincluded: texture shadersand register
combinerdor the actualadwectionprocessrectan-
gulartextures whichrelaxthepower-of-two dimen-
sionsrequirements$or 2D textures;andpbuffersfor
hardware-supportedff-screenrendering.

3.1 BasicAdvection

The basicideaof the algorithmis asfollows. The
propertyfield cl)iE is representedby a 2D imagethat
is normally heldin a 2D texture and, only during
intermediatecalculations,in the frameluffer. The
computationadomainis determinedoy the extend
of the imageand hasto be rectangularsincetex-
turesarerectangulamswell. The numberof com-
ponentsn thatpropertytexturedepend®onthetype
of application;normally, we usethreeRGB values
pergrid point. Thevectorfield VIE itself is storedin
atwo-componengD textureT,.

The core of the adwection algorithm usesa de-
pendentexturelookupin orderto shift the particles
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Figurel: Structureof the 2D texture adwectional-
gorithm.

alongthe vectorfield. Figurel shavs a schematic
diagramof the adwection process;default opera-
tions are containedwithin solid lines, optional op-
erationin dashedines. First, thetexture Ty holding
the propertyfield q)lE is setto its initial values;sim-
ulationtimet andthe correspondingaluefor t are
setto zero. Thefollowing stepsarerepeatedvhile
increasinghetime by At for eachnew cycle.

In this loop, the propertyfield for the new time
stept is computedaccordingto Eq. (2). Two dif-
ferentmethods—dket texturesand dependentiot
producttextures—carbe usedto implementthe bi-
linear lookup in the propertytexture for the previ-
oustime step.Theseiwo methodswill beexplained
shortly. The new propertygrid is first renderednto
the frameluffer andthencopiedbackinto the tex-
ture Ty, thusreplacingthe informationon the pre-
vious time step. Copying from frameluffer to tex-
turememorytakesplaceonly onthegraphicsboard
andis not sloved down by a limited bandwidthbe-
tweengraphicssubsystenrandmain memory This
last stepmay even be removed completely as soon
as direct renderinginto texture memoryis possi-
ble, which hasalreadybeenimplementedfor Di-



rect3D.! Phufferscanbe usedfor all thesecompu-
tationalsteps.In this way, the computationaparts
arecompletelyindependenof visualrepresentation
onthescreenijn particulay avisualwindow smaller
thanthe computationatlomainmay be used.

For a steadyflow, the simulationprocessis es-
sentiallyidentical; only the texture Ty, is initialized
with the vectorfield dataonce. Therefore,a recur
renttransferof texture datafrom main memoryto
thegraphicssubsystenis not necessary

Offset textures and dependentdot product tex-
turesare part of the texture shaderextensionthat
providesprogrammabléexture mappingwithin the
rasterizatiorstage. A sequencef texture shaders
allows a very flexible mechanisnfor mappingsets
of texture coordinatego the actualtexture.

An offset texture program transforms signed
(dsdt) componentf a previous texture unit by
a 2x 2 floatingpoint matrixandthenusesheresult
to offsetthetexture coordinate®f the currentstage
for a 2D texture fetch operation. Figure 2 shavs
a diagramof the offset texture process. This pro-
cesscontainstwo texture fetchoperations Thefirst
stepcomprisesa lookup in an offset texture based
on texture coordinateg %, to). An offsettexture—
alsocalledDSDT texture—isa specialtype of 2D
texture with two componentsiescribingthe distor
tion of coordinatesn the successie texture fetch
from an RGB texture. A third, optional compo-
nentcanbe suppliedto determinea scalingof the
final RGB colors. In the secondstep,a dependent
texture lookup in a standardRGB texture is per
formed. Here, anotherpair of texture coordinates
(s1,t1) is modifiedby the previously fetchedoffset
values.Eachcomponenof thefinal RGB triplet is
scaledby afactorM = Kgcgiemag+ kpias, Wheremag
is given by the offsettexture andkgcgleandkpias are
parametergonstantduring the whole texture pro-
gram.

Offsettexture programshave a one-to-onecorre-
spondencedo the iterationequation(2). The prop-
ertyfield ¢II corresponds$o a standardRGB texture
(if & hasthreecomponents)the flow field VIE Cor-
respondgto the offset texture, (—As) can be rep-
resentedby a uniform scalingvia a 2 x 2 matrix.
Thetexturecoordinateg <, tg) and(sy,t;) areiden-
tical and reflectthe indexed positioni. The com-
putationaldomainis implementedby renderinga

lWe decidednot to use Direct 3D in order to develop a
platform-independerntode.
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Figure2: Dependentexture lookup via offset tex-
ture.

singlequadrilateralwith the texture coordinateset
in a way to representhe cornerpoints of the do-
main. By using offset texture programs.the basic
adwectionprocesss implementedn a single pass.
Then, this part of the framehuffer hasto be copied
backinto Ty, so thatincrementaintegrationcanbe
continuedin the next time step. Note that all cal-
culationsfor the shifted, dependentexture lookup
aredonein floatingpointaccurag internallyonthe
graphicschip andthusaccurag is not restrictedto
theresolutionof color channelsn theframebuffer.

In addition, we proposeanothey alternatve ap-
proachto this basicadwection calculationbasedon
dot producttextures. Onceagain,we exploit a de-
pendenttexture lookup. However, it consistsof
threestepshistime. In thefirst step,a signedRGB
texture containing the 2D flow field is accessed,
wheretexture coordinatesarechoserthe sameway
asabove. The RGB texture containsthe (v, vy)
vectorin the first two componentsthe blue value
is setto 1. In the secondstep,the first coordinate
uy for a dependentexture lookup is computedvia
adot product. Here,the texture coordinatesareset
to (—AS, 0, Xdomain)» With Xgomain COrrespondingo
the x coordinateof the computationablomain. Af-
ter having executedthe dot product,the coordinate

Uy = (—AS, 0, XdomairD : (VX,VYa 1)

= Xdomain—ASk

is exactly the x componenbf the previous particle
position. In the third step,anotherdot productis
computedto obtainu,. Here, the texture coordi-
nateshave to be setto (0, —AS,Ygomain)- Still in
thethird textureprogramstagethenew coordinates
(ux,uy) areusedfor a dependentexture lookupin
the 2D RGB texture Ty. This approachis normally
notusefulfor 2D visualizationbecausdt needone
moretexture stagethanthe offset-texture approach.
However, the 3D extensionof producttextureswill
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becomeinterestingfor 3D flow visualizationasde-
scribedin Sect.4.1.

As we are working with fixed-pointarithmetics
in texture memoryandthe frameluffer for bothap-
proacheswe have to assumethat V@ € [—m, m)",
for someextremevaluem. So we canfully utilize
the value resolutionof the vector field texture by
stretchingv to theusediexturedomain.Thenthein-
tegrationstepsize As hasto be adaptedo compen-
satethis scalingduringtheiterationstep,Eq. (2).

Finally, thepropertyfield for the new time stepis
actually dravn to screenby renderinga quadrilat-
eralequippedwith thetexture Ty.

3.2 Tracing Distinguishable Structur es

Texture adwection canreadily be appliedto the vi-
sualizationby the motion of larger, distinguishable
structuresthroughthe flow. A prominentvisual-
izationtechniquefor time-varying flows arestreak-
lines. Thesecanbe generatedy settingvaluesof
the propertyfield q)II at a specifiedstartingposition
of the streaklinefor eachtime step. Steaklinegpro-
vide anintuitive understandin@f theflow structure
asthey resemblelyeadwectionusedin classicalgx-
perimentalluid mechanicsDye injectionwas also
used.e.g.,by Shenetal. [14] andJobardetal. [9].

Analogously texture adwection allows for
streamlineddy injecting dye while the vectorfield
is held constantin time. Pathlinesdo not easilyfit
into our advectionapproacltbecauselderpositions
of a particle are discardedduring the incremental
updateof the propertyfield.

However, the conceptof “short pathlines” can
be implementedwithout ary additional rendering
pass. Here, not the current property field Ty is
usedto texture the quadrilaterain thefinal output.
Ratherthe propertyfields for the latestnpat time
stepsare added,yielding moving, short segments
of pathlines.Up to four texturescanbe fetchedon
a GeForce 3 in a singlerenderingpass;thesegex-
turesarethenblendedvia registercombiners.This
methodsyieldsLIC with alimited kernel.

Note that streaklines streamlinesand pathlines
areidenticalfor steadyflows.

3.3 Noise-Based\pproach

Anothertechniquebasedon texture advection ap-
plies noisetexturesto visualizea vectorfield. The
essentialdifferenceto the previous dye-injection
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techniquesis the use of a noise texture as initial
input for the propertyfield T,. Therefore,a noise-
basedipproacttaneasilybeincorporatedn thead-
vectionalgorithm.

This approachis investigatedn detail by Jobard
etal. [9]. They proposesereral extensiongto basic
texture adwectionin orderto improve imagequal-
ity andspatialandtemporalcorrelation. First, the
use“edgecorrection”to allow for a continuousin-
flow of noiseat the bordersof the computational
domain. Secondly they propose“noise injection”
to maintaina constantnoisefrequeng even for a
flow with positive flow divergence. Thirdly, they
implement‘noise blending”to enhancespatialcor-
relationalonga pathlinesggment. Theseextensions
could be integratedin our adwectionapproachsim-
ilarly. In particular noiseinjection could beimple-
mentedwithoutary additionalrenderingpasssince
a noisetexture can be accessedn anothertexture
stageand XORedvia registercombiners.

3.4 Random Particle Injection

Another variation of texture advection emplgys a
randomly distributed injection of particles, thus
combiningtheideasof theprevioustwo techniques.
Theseparticlesareaddedby draving randomlydis-
tributed and colored pointsinto the propertyfield
duringeachiterationstep,similarly to dyeinjection.
By increasinghe “inflow” andadaptingthe sizeof
new particles,one cangraduallyadjustthe visual-
izationfrom beingratherdye-basedo beingrather
noise-based,e.,from asparsedo adenseepresen-
tationof the vectorfield.

Due to a continuousinflow of additional parti-
cles,theimagetendsto corverge to awhiteimagein
thelong termlimit. Thereforea continuousjarge-
scaledissipationof particleshasto beemployed. Its
implementationis describedn the following sub-
section.

3.5 Continuous Distrib ution of Outflow

In Sect.3.1, a third, optional componentmag for
offset textures and a correspondingscaling of fi-
nal RGB colors by a factorM = Kscagmagd + Kpias
is mentioned. By settingkpjas= 0, mag = 1, and
choosinga valuelessthanonefor kgcale @ uniform
dissipationof particlescanbeimplemented.
However, the mag componenttcanbe usedin an
evenmoreflexible way. By adjustingthis partof the



offsettexture,agradualandlocally controlleddissi-
pationcanbeimpressedThisfeaturecanbeusedto

mimic arbitrarily shapedutflon regionsinsidethe
computationatlomainor to fadeout lessimportant
partsof theflow field, suchasregionswith smallve-

locity. Onceagain,this variantof texture advection
comeswithout ary additionalrenderingpass.

4 Extensionto 3D Texture Advection

4.1 AdvectionBasedon Texture Shaders

Unfortunately 3D textures are not yet supported
on GeForcegraphicsboardsin hardware,although
they arepartof standarddDpenGL1.2. Nevertheless,
correspondin@perationsandadaptedexture shad-
ing operationgNV_texture_shader2) haveal-
ready beenspecifiedby nVidia. Sincewe expect
this functionality to be available soon, we give a
brief sketchof how the 2D algorithmfrom the pre-
vioussectioncouldbeadaptedo 3D flowsandwhat
extensionswvould berequiredfor doing so.

First, both the computationadomainaswell as
thevectorfield have to be extendedfrom 2D to 3D.
This s trivial for the vectorfield; justa 3D texture
with threecomponentdasto be emplg/ed instead
of a 2D texture. The extensionto a 3D computa-
tional domainis easy as long asthe propertyfield
is storedas 3D texture. As the framehuffer is only
2D, the intermediateresultshave to be storedas
2D data. Here,we adoptthe standardapproachof
equidistantparallelslicesto samplethe whole vol-
ume. The new propertyfield containedin a slice
is written backinto the complete3D texture by us-
ing glCopyTexSubImage3D, thusallowing an
incrementalipdateof this 3D propertyfield. Other
thanin 2D flow adwection,two versionsof theprop-
ertytexturehave to bestoredto separatsideeffects
duringtheiterationof Eq. (2).

Unfortunately offset textures are restrictedto
2D. In orderto adaptthis approactto 3D flow visu-
alization,3D offsettextureswould berequired.An-
otherapproachcould be basedon 3D dot product
textures,analogouslyto thedescriptionof dot prod-
ucttextureprogramsn Sect.3. Thebasicalgorithm
couldbeasfollows.

In the first texture shaderstage, the data for
(Y, Yy, 1) is fetchedfrom a 3D texture. This tex-
tureis identicalto theflow field, exceptfor theblue
componensetto 1. The secondstagefetchesdata
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for (v£,0,1) from anothermodified flow dataset.
In the next two stagesdot productsare calculated
for shiftedtexture coordinatesy anduy, basedon
theflow datafrom thefirst stage.Thetexture coor
dinatesare (—As, 0, Xjomain) @nd (0, —AS, Ygomain)
respectiely. Anotherdot productoperationduring
the fifth stagecancalculateu, by usingtexture co-
ordinateg —As, 0, Zyomain) andflow datafrom stage
two. Still in thefifth texture programstagethe new
coordinateguy, Uy, Uz) areusedfor adependentex-
ture lookup in the 3D texture holding the property
field for the previous time step. Unfortunately the
currentGeForce3 doesonly supportup to four tex-
ture stages. Therefore,this algorithmwould work
only onimproved chip setswith atleastfive texture
stages.Sincethe gamingindustry demandsanin-
creasechumberof texture stageswe areconfident
thatthis deficitwill be overcomesoon.
Texture-basedolumerenderind1] canbeeasily
combinedwith the 3D texture adwection approach
in orderto renderthepropertyfields. Evenmoread-
vancedtexture-based/olume renderingtechniques
[6] couldbeappliedto achiere ahighimagequality
onthatkind of consumegraphicshardvare.

4.2 AdvectionBasedon Pixel Textures

A variant of the above algorithm can be imple-
mentedon SGI's Octane2 workstationswith VPro
graphicspipesin orderto demonstratehat texture
adwectionis notrestrictedo nVidia chipsets.SGI’s
systemdoes not supporttexture shadersbut the
similar, yet not as powerful conceptof pixel tex-
tures. This techniqueallows RGB color valuesin
theframelufferto beinterpretecas3D texturecoor
dinatedor atrilinearly interpolatingtexturelookup.
As pixel texturescanonly be appliedon imag-
ing operationsthe temporarilycomputedpositions
have to be explicitly written into the frameluffer,
beforeusingthemastexturecoordinatesn thepixel
texture lookup step. Unfortunately standardtex-
turemodulationoperationsrenot asflexible astex-
ture shadersor registercombinersthusthe frame-
buffer pixels representinghe positioninformation
have to be createdby renderingtwo quads.For the
first quad,the colors(0,0,2), (1,0,2), (0,1,2), and
(1,1,z) areassignedo the four verticeswith z be-
ing the currentslice numberscaledto [0,1). Using
Gouraudshading,this effectively leadsto frame-
buffer colors that would createan identity map-
ping for ¢. While drawing this first quad,the vec-



tor field textureis applied,usingGL_ADD modula-
tion. The looked-uptexture valuesarefirst scaled
by 2%5 and biasedby —”%5 in orderto lift the
texture color valuesto the intendedvector range;
w denotesthe size of the vector field texture in
one direction. The post-filter scale and bias op-
erationis, again,an SGI specific OpenGL exten-
sion. As the valuesare clampedbefore modula-
tion, no signed adds are possible. Therefore,a
secondquad hasto be drawn, this time without
addedprimary color, but scaledand biasedwith
negated values and blendedinto the frameluffer
with GL__FUNC REVERSE SUBTRACT.

Now the frameluffer holdsthe positionsfor the
next time step,encodedn colorvalues.Thelookup
canbe performedby copying the region onto itself
with the pixel texture enabled.Finally, the slice is
to be copiedback into its 3D texture as with the
previousapproach.

5 Resultsand Discussion

Figures3-5 shav examplesof 2D flow visualiza-
tion basedon the algorithmsfrom Sect.3. In all

examples,the size of the computationadomainis

1024 andthe sizeof the vectorfield is 512. Fig-

ure 3 shaws the visualizationof a 2D circular flow

via streaklines.Reddye is permanentlyinjectedat
threefixedpositions.Despiteusingonly Eulerinte-
gration,theresultingstreaklinesare(almost)closed
to circles. With the chosentime step,a complete
circle needsapproximately620 integration steps.
Thedyegraduallysmearsoutdueto animplicit dif-

fusion process. This issueof texture adwectionis

causedy bilinearinterpolationin the propertytex-

ture of the previoustime step.

This problemcanbeovercomeeitherby noisein-
jection,or by addingnew, randomlydistributedpar
ticles,asshavn in Figure4. A uniform dissipation
absorbghis constaninflow of particlesandspatial
correlationis enhancedy usingshortpathlines.

Figure 5 shaws the visualizationof a 2D flow
arounda rod by using randomlyinjectedparticles
and short pathlines. In a sphericalregion around
the center a continuoudistribution of particleout-
flow with graduallychangingdegreeof dissipation
is employed.

Thesethreeexampleswere generatedn a Win-
dows PC with an Athlon 650 MHz CPU and a
GeForce3 board. In all examplesthetime for one
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iteration of texture adwection, including the update
of the propertytexture Ty, is 11 msec,correspond-
ing to a framerate of 90 fps. For the completevi-
sualizationprocess,including the final display on
a 8007 window, 37 fps are achieved. The render
ing speeds reducedo 21 fpsif theunsteadyector
field is transferredrom mainmemoryto thegraph-
ics subsystenin every integrationstep.

Figure 6 shavs an example of 3D flow visual-
ization by usingrandomlyinjectedpatrticles. Both
the 3D cylindrical vector field and the computa-
tional domainhave dimensionsl2&; texture-based
volume renderingusesapproximately380 slices.
Theimplementatiorrunson an SGI Octane2 with
R12000CPU(400MHz) andVPro (V8). Thecom-
putationof textureadwectionrunsat 9 fps, thecom-
plete visualizationprocess,ncluding volume ren-
dering, runs at 4 fps on a 32 window. We find
that the injection of randomlydistributed particles
is especiallyusefulin 3D flow visualization,asthe
density of the vector field representatiorcan be
graduallyadjustedo achiese an appropriate semi-
transparentendering.

Notethatour methodgor 2D and3D texture ad-
vectiongreatlybenefitfrom time-dependentisual-
izationin interactve ervironmentsbecausehe mo-
tion of particlescanbe fully recognizedonly here
but notin staticimages.

An adwantageof our 2D texture adwectionalgo-
rithm is anextremelyhigh simulationandrendering
speed.This methodbenefitsfrom avery simpleap-
proach,which allows to adwect a texture by draw-
ing asinglequadrilaterain only asinglepass.Fur-
ther visualizationfeatures,suchas short pathlines
or continouslyvarieddissipationof particlescomes
without arny additionalrenderingpass.Transferring
intermediatedatabackinto a texture is fast, since
all operationstake place entirely on the graphics
board.Thelimited depthof acolorchannedoesnot
restrainthe accurag in the calculationof particle
positionsbecaus®nly differencevectorsarestored
astextures;new absolutecoordinatesarecomputed
andusedonly within the texture stagesof the ren-
dering pipeline, whereall computationsare based
on floating-points.

Corverselyto previouswork, suchasby Heidrich
et al. [8] or Jobardet al. [9], we usea completely
Eulerianapproachandimplementation.At no part
of therenderingpipeline, particle positionsare ex-
plicitly storedin the frameluffer or a texture; our



approacmeedsonly texturesfor computationatio-
mainitself andtheflow field. Moreover, we neglect
someof the imageenhancemergtepsproposecdy
Jobardet al. [9]. Therefore,the implementation
is very simple and requiresonly one real render
ing pass.apartfrom readingresultsbackto texture
memory In thisway, e.g.,we achieze 90 fpsfor ad-
vectinga 1024 textureasopposedo 2 fps for 256
texture with Jobardet al.s implementation(on an
Octanel with EMXI graphics).

For theimplementatiorof 3D texture adwection,
pixel texturesand 3D textureson SGI's VPro are
used. Here, one indirection step writing particle
positionsinto the framehuffer is requiredbecause
pixel textures can only be applied during image
copy processesHence,the accurag of computa-
tion of particle positionsis an issue. With a color
depthof 12 bits perchannekvailable,sufficient ac-
curay is achieved for moderatelysized volumes,
suchas128.

6 Conclusionand Futur e Work

We have presentedrery fast, hardware-basedand
simple-to-implemenmethodsto visualize2D and
3D unsteadyectorfields. We have developedanal-
gorithmfor 2D flows, basedon consumeigraphics
hardware,andfor 3D flows, basedon SGI's VPro.
We think thatthesetechniquesreespeciallyuseful
for interactve ad hocvisualizationof flows.

In futurework, we will focuson extensionsf the
3D approach—irparticular on the next generation
of consumegraphicshardware.
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Figure 3: Visualization of a 2D circular flow Figure4: Visualizationof a 2D circular flow, based

(v, W) = (y,—X). Reddyeis permanentlyinjected onrandomlyinjectedparticles.Shortpathlinescom-

at threefixed positions,yielding a visualizationvia prisingthelastfour integrationstepsareusedto en-

streaklines. hancespatialcorrelation.A uniform dissipationab-
sorbsthe constaninflow of particles.

Figure5: Visualizationof a 2D flow arounda rod Figure 6: Visualizationof a 3D cylindrical flow,
by usingrandomlyinjectedparticlesandshortpath- basedonrandomlyinjectedparticles.

lines. In a sphericalkegion aroundthe center a con-

tinuousdistribution of particle outflov with gradu-

ally varyingdegreeof dissipationis employed.
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