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Abstract
In this paperwepresentGPU-basedtechniquesfor the interactivevisualizationof large unsteady3D �ow �elds
on uniform grids. We proposea novel dual-core approach to asynchronouslystreamsuch �elds from the CPU,
thusenablingthe ef�cient exploration of large time-resolvedsequences.This approach decouplesvisualization
fromdatahandling, resultingin interactiveframerates.Built upona previouslypublishedGPU particle engine
for �ow visualizationwehavedevelopednew strategiesto computeandto visualizepathlinesandstreaklineson
theGPU. To provideadditionalvisualcues,focus+context techniquesfor polygonalmesheshavebeenintegrated.
Theproposedtechniquesareusedin thevisualanalysisof theTerashake2.1earthquakesimulationdata,andthey
havebeenshownto beveryeffectivein revealingtherelevantinformationin thisdata.

CategoriesandSubjectDescriptors(accordingto ACM CCS): I.3.0 [ComputerGraphics]:General;I.3.7 [Computer
Graphics]:Three-DimensionalGraphicsandRealism

Keywords: Flow visualization;unsteady�o w; GPU-basedtechniques;particleengine

1. Intr oduction

Interactive visual explorationof unsteady3D �o ws is still
one of the grandchallengesin many areasof scienceand
engineering.Popularapplicationswheresuch�elds arisein-
cludecomputational�uid dynamicsandmechanics,aswell
as medical imaging techniqueslike functional CT. In the
unsteadycasethe expert gains insight into the underlying
physical phenomenaespeciallyfrom the dynamicsof the
�o w. Consequentlythereis a dire needfor real-timetech-
niquesthatproviderapidvisualfeedback.Thesetechniques,
however, have to be supportedby interactive and intuitive
metaphorsto enabletheuserto focusonrelevantdetailsand
to �e xibly selectthe mostappropriatevisualizationoption.
Only thenthe massive amountof 3D informationprovided
to theusercanbe�ltered adequately.

Despite the advancesin CPU and graphics hardware
technology, existing visualizationtechniquesfor reasonably
sizedunsteady3D �o w �elds still cannotrun at acceptable
rates.As numericalandrenderingcapabilitiescontinueto in-
crease,sodoesthesizeof thedatasetsto bevisualized.To-
day, time-resolved numericalsimulationscomprisedof bil-
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Figure 1: Visualizationof the time-resolvedTerashake 2.1 simu-
lation data.On a dual core processorequippedwith a singleGPU
particle-basedvisualizationusing256K primitivesin combination
with volumerenderingrunsat over40 fps.

lions of grid pointsareavailable,making the visualization
dif�cult dueto memoryconstraints.Figure1 shows sucha
gigantic �eld that consistsof 227 time stepsat resolution
750� 375� 100 andrequiresover 70GB to storevelocity
andscalarinformation.As theserequirementswill contin-
uously increasein the future, thereis a dire needfor �o w
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visualizationtechniquesthatcomprehensively addressthese
issues.

In this paper, we presenta novel visualizationtechnique
for unsteady3D �o w �elds that addressesthe aforemen-
tionedrequirements.This techniqueis basedon a streaming
approachfor time-resolved sequences.Comparedto previ-
ousvisualizationtechniquesfor such�elds, both the map-
pingof visualizationdataontorenderableprimitivesandthe
renderingof theseprimitives is performedentirely on the
GPU.Ourapproachhasthefollowing properties:

� Memory ef�ciency: Asynchronousstreamingof thedata
allows the visualizationof an unlimited amountof time
steps.Recentadvancesof multi-corearchitecturesareex-
ploitedto abstractfrom thelimited sizeof thelocal GPU
memory.

� Exploration ef�ciency: Sincethereconstructionof local
�o w features– e.g.stream,streak,andpathlines,aswell
as derived scalarquantities– is integratedinto the ren-
deringprocesson theGPU,oursystemprovidesinstanta-
neousvisual feedbackto the user. This accommodatesa
moreef�cient andbetterunderstandingof evenverycom-
plex �o w phenomena.

� Visualization ef�ciency: Particletracingandthecompu-
tation of characteristiclines is performedon the GPU to
visualizethedynamicsof unsteady�o ws. This resultsin
a signi�cant performancegain comparedto previous ap-
proaches.

� Cost ef�ciency: The visualizationtechniquespresented
in this work areespeciallydesignedfor off-the-shelfPC
hardware.

To furtherassisttheuserin theanalysisof complex �o ws,
focus+context techniqueshave beenintegrated.Thesetech-
niquesenabletheuserto emphasizeselectedregionsof inter-
estandto reducethemassiveamountof 3D informationtyp-
ically producedby particle-basedvisualizationtechniques.
It alsoeasestheproblemof occlusionstypically inherentto
3D �o w visualizationtechniques.The currentsystemsup-
portsthe visualizationof polygonalmodelsto betterreveal
thespatialrelationshipsbetween�o w structuresandbound-
ariesof the�o w domain,aswell asarbitraryclip geometries
to restrictthevisualizationof particlesto the regionsof in-
terest.

To verify the effectivenessof the presentedtechniques
they have beenusedfor thevisualanalysisof theTerashake
2.1 earthquake simulationdata[ODM� 06] provided in the
context of theIEEEVisualization2006Contest.Thiscontest
is designedto fostercomparisonof visualizationtechniques
andto provide benchmarksfor thevisualizationcommunity
basedon a particularsubjectof visualization.By showing
that correctanswersto dedicatedquestionsfrom a teamof
expertscanbeobtainedprimarily viavisualdataexploration,
theeffectivenessof theusedtechniqueswasto beproven.As
will beshown by anumberof resultsthroughouttheremain-
derof this paper, the techniqueswe proposearevery effec-

tive in revealing the relevant information in this particular
dataset.By a numberof additionalexamplesthis observa-
tion is backedup.

Theremainderof thispaperis organizedasfollows:In the
next sectionwewill discussrelatedwork.Datahandlingand
transferissuesinherentto visualizationtechniquesfor un-
steady�o w �elds will beaddressedin Section3. TheGPU-
basedparticleengineis presentedin Section4. Next, various
visualizationoptionsarediscussed.To validateour results
we presentsomeinsight we gainedwhenworking with the
Terashake datasetandadditionalsimulationresults.We �-
nally suggestanumberof directionsfor futureresearch.

2. RelatedWork

In contrastto steady3D �o w andunsteady2D �o w, the lit-
eraturedealingwith interactive techniquesfor unsteady3D
�o w is amazinglysparse.In this section,we will review ex-
istingapproachesandtry to motivatehow oursystemcan�ll
this gap.Unlike Larameeet al. [LEW� 06], we will classify
approachesmore coarselyinto densemethodsand sparse
methods.

Densemethods,suchasLIC [CL93] seekto reconstruct
all characteristiclines at once.To overcomeocclusionef-
fects, the processis usually restrictedto regions of inter-
est, such as vortex regions [WSE05] or streamsurfaces
[WE04, Sta98]. The restriction to regions of interestcul-
minatesin image-basedtechniquesfor �o w visualization
[vW03, LJH03], which tradehighly interactive framerates,
even for unsteady�o w, versusartifactsdue to the screen-
alignednatureof theregions.

In contrast,sparsemethodsreconstructcharacteristiclines
only at speci�c, carefullyselected,discretelocations.Parti-
cle tracing[SvWHP94, KL96, KRG03, BL91, KSW04] and
the reconstructionof stream,streak,andpathlines [Lan96]
fall into thiscategory. Alsomethodsthatseektoextracttopo-
logicalstructuresandskeletons[HH89,TSW� 05] or features
in general[PLV� 02] canbeconsideredsparsemethods.Both
classesareappealingin theirown right, dependingonwhich
aspectsof thedatashouldbeemphasized;however, Figure2
clearly demonstratesthat for large amountsof primitives
sparsemethodsnaturallyconvergetowardsdensemethods.

Traditionally, densemethodshave more problemswith
unsteady�elds, since it is not a priori clear how non-
instantaneouscharacteristicssuch as streakor path lines
can be integrated into the reconstruction.This was ad-
dressedby severalauthors[FC95,SK97] but themajorprob-
lem remains:spatio-temporalcoherence.Recentpublica-
tions mostly treat theseproblems[WSE05], but consider-
ableeffort is still required.Lately, the demandfor interac-
tivity wasrecognizedin the �o w visualizationcommunity,
andmany authorsproposeto exploit GPUsto achieve sig-
ni�cant speed-ups[JEH01, WSE05, LTH06]. Especiallyfor
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Figure 2: Visualization of a large eddy simulation of the �ow
arounda cylinder. Denseparticle setsare visualizedusingoriented
renderingprimitivesto achievea “LIC-lik e” look.

3D �o w, whereocclusioneffectsarea seriousproblem,in-
teractivity resultsin invaluablebene�ts. Firstly, the motion
parallaxprovidesanexcellentdepthcue.Secondly, different
views canbe generatedrapidly, alleviating occlusionprob-
lems.Furthermore,ananimatedvisualizationclearlyshows
dynamicstructuresin the �o w, while communicatingboth
directionandmagnitudeof the�o w. While amappingof the
timeaxisinto the�nal imageis still feasiblefor 2D unsteady
�o w [STW� 06], this cannotbeunderstoodintuitively in 3D
�o ws. Consequently, we mandateto preserve the time axis
asanimportantfeatureof thedataset.

Most sparsemethodspay particularattentionto proper
seedingstrategies [TB96, PBL� 05]. However, recentwork
by Wiebel et al. [WS05] indicates—maybeopposingcom-
mon belief—thatthereis a needfor a simple,controllable,
and very localizedprobing metaphor. Mimicking the dye-
and smoke-injection of real-life windtunnel experiments,
sucha metaphorelegantly circumventsproblemsnaturally
arisingwhenseedingin unsteady�o w �elds. Krüger et al.
[KKKW05] show that a probing metaphorcombinedwith
rapid visual feedbackis a convenientand highly effective
methodto explore the complex dynamicstructurespresent
in many �o w �elds. Probingthe�o w is a very intuitive and
valuabletool thatgivesengineersfull controlof thevisual-
izationprocess,ratherthanforcing themto rely on anauto-
maticseedingalgorithm.

For 3D unsteady�o w, recentmethodsseekingto extract
topologicalfeatures[GTS04,TSW� 05] yieldbothsigni�cant
andnon-trivial insight into the data,but mostof themcan-
not runat interactive rates.Also, sincecritical pointsarenot
Galilean-invariant,suchmethodsmightnotbesuitedfor ev-
eryapplication.

To achieve interactivity when visualizing large, steady
�o w �elds, Bruckschenet al. [BKHJ01] proposeto pre-
computea large amountof particle tracesand store them
in externalmemory. During visualization,tracesinsidethe

view portarepagedin [CE97]. Ellsworthetal. [EGM04] ex-
tendthemethodandapplyit to terascaledatasets.Theirsys-
temmanagesbillions of particletracesbut hasextraordinary
requirementsin computingandstoringall potentiallyvisi-
ble traces.Also, a �e xible choiceof renderingprimitivesis
not addressed.Uenget al. [USM97] proposeanout-of-core
algorithmto performstreamline reconstruction.Ahrenset
al. [ABM � 01] utilize a large computingclusterto perform
paralleldatastreamingandvisualization,but noneof these
approachesaddresses3D unsteady�o w.

3. Data Handling

In this sectionwe describethe necessarymodi�cations to
the GPU-basedparticle engineproposedby Krüger et al.
[KKKW05] to enableinteractive visualizationof unsteady
3D �o ws,givenin form of a discretesetof vector�elds. On
theGPUthese�elds arestoredin 3D textures,enablingef�-
cientaccessto interpolatedvelocities.Theextendedengine
employs multi-threadingby assigningone threadto con-
secutively streamone time stepafter anotherfrom disc to
the GPU, andanotherthreadto managevisualizationspe-
ci�c GPU calls. Sincethesethreadsareconcurrentper se,
the visualizationprocessis entirely decoupledand mostly
unaware of the streamingdataupload.Consequently, data
transferdoesnotblock thevisualizationthread.

To advectparticlesseamlesslyin anunsteady�eld ṽ rep-
resentedby adiscretesetof vector�elds f ṽ(ti); i 2 [1;n]g at
time stepsti , we needto storeat leastthree�elds in GPU
memory. For example,Euler integration requiresreadac-
cessto two �elds at timesti ; ti+ 1, anda third �eld ti+ 2 has
to be availableoncetime integrationproceedsbeyondti+ 1.
By implementinga ring buffer, we candynamicallychoose
how many time stepsto keepon theGPU,dependingon the
order of the time-integration scheme.As soonas the time
index t of the visualizationentersthe interval [ti ; ti+ 1], the
memorymanageris noti�ed. Themanagerthenadvancesin
thesequenceby overwriting theGPUcontainerstoringtime
stepti� 1 with the next time stepti+ 2 (seeFigure 3). This
leadsto a very smoothtransitionin time, and, if the time
neededto streamthenext timestepis smallerthanthephys-
ical time associatedwith one interval, the whole sequence
canbeexploredin realtime.

Sincegraphicscardslack theability to fetchdatadirectly
from disk, the memory managerprefechesas many time
stepsaspossiblefrom disk andstoresthemin CPUsystem
memory. If theentiresequence�ts into RAM, it is buffered
at applicationstartupandcanthenbestreamedwithout any
further disc access.Otherwise,the managerusesan addi-
tional ring buffer which provides containersfor a system-
speci�c or user-de�ned numberof datasets.This is illus-
tratedon theright of Figure3.

If only onethreadis usedto implementvisualizationand
datahandling,bothdisctransferandtheuploadof datato the
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GPUwill block theentireapplication.This is becauseboth
operationsareissuedvia blockingsystemcalls.Decoupling
the two tasksinto separatethreadsenablesthe particleen-
gineto issuerenderingcallsevenwhile new datais streamed
to theGPU.Multi-core architecturesbene�t mostfrom this
implementation;yet even for singlecoreCPUswe observe
a signi�cant gain in visualizationperformance.This is due
to the fact that theoperatingsystemscheduleralternatively
switchesbetweenthe two threads,enablingparallelexecu-
tion of datauploadandrendering.
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Figure3: In theleft andmiddleimagesonecycleperformedbythe
datahandlerwhenadvancingin thesequenceis depicted.Theright-
most image illustrate the separation of the asynchronousstream
manager into distinctthreads.

Currently, the GPU visualization module and the two
memorymanagersarerunningin two separatethreads(see
Figure3, left). Oncethevisualizationthreadentersthenext
timeinterval, for whichtherequiredtimestepsareavailable,
it requeststhenext time stepof thesequencethat is not yet
residentvia standardthreadcommunicationmechanisms.
The memory managereither acknowledgesthat this time
stephasalreadybeensuccessfullyuploadedto theGPU,or
therequestedtime stepis streamedto theGPU.Afterwards,
the systemmemoryis updated,overwriting the block con-
tainingthenow obsoletetimestep.Notethatin thisscenario
contiguousstreamingcanberealizedwith only onebuffer in
CPUsystemmemory.

Table1 comparestheraw datathroughputthatis achieved
for streamingtwo differentdatasequenceson differentar-
chitectures.Note that this throughputhas beenmeasured
with the visualizationthreadnot imposing any additional
load.If visualizationis enabled,includingrasterizationand
shaderoperationson theGPU,our experimentshave shown
a loss in throughputof about15%.Both testmachinesare
equippedwith 3GB RAM, two WD Raptor 74GB hard-
disks in a RAID0, and an NVIDIA GeForce 7900GTX
with 512MB video memory. The single-coreCPU is a P4
3.2GHZ,while thedual-coreCPUis a Core2Duo 6600.As
can be seen,on the dual-corearchitectureusing the same

disk and memorysystemthe multi-threadingapproachal-
readyyieldsanoticeablegain in throughput.

Table1: Performancemeasurementsof thestreammanager under
variouscon�gurations.

CylinderFlow (32MB/Field) Terashake2.1(64MB/Field)

HD ! CPU CPU! GPU HD ! CPU CPU! GPU

1-Core 90MB/s 1130MB/s 95MB/s 1317MB/s

2-Core 94MB/s 1240MB/s 100MB/s 1590MB/s

On future quad-/multi-corearchitecturesthe memory
managementcanbesplit furtherinto separatethreadsto de-
couplestreamingfrom disk to CPUandfrom CPUto GPU
(seeFigure3, right). Usingmultiple threadsrunningon dif-
ferentcoresto managethe data,the useof ring buffers in
systemmemoryis likely to beampli�ed dueto consistency
requirements.Still, for off-the-shelfPCs,loadingfrom disk
is clearlythebottleneckof thesystem.To alleviatethisprob-
lem we cansimply prefetchadditionaltime stepsinto CPU
systemmemorywhenthe userrestartsor pausesthe appli-
cation.A further increasein performancecanbe gainedif
moreef�cient RAID systemsareemployed.

4. GPU Particle Tracing

Particle tracingis realizedby numericallysolving the ordi-
narydifferentialequation

dx̃
dt

= ṽ(x̃(t); t) with x̃(t0) = x0;

wherex̃(t) is thecurrentparticleposition,dx
dt is thetangentto

theparticletrajectory, andṽ the interpolatedunsteady�eld.
For adetaileddescriptionon theef�cient implementationof
a GPU particle enginewe refer the readerto [KKKW05].
The engineprovides a set of integration schemesranging
from EulerandRunge-Kuttato anembeddedRK3(2),where
higherordertime-integrationschemesrequiremultiple time
stepsto beavailableon theGPU.EspeciallytheRK3(2)has
provenitself to beavery reliableandconvenientintegration
scheme,sinceit providesfast,3rd orderintegrationandan
estimatee of theintegrationerror. While e is usuallyusedto
adaptthestepsize,in real-timeapplicationssuchanadaption
compromisesthe physical interpretationof particleveloci-
ties.To avoid this problem,we usee to hint theuserabout
theerrorvisuallyandallow to adaptthestepsizemanually.

Of all the modulesof the GPU particleengine,only the
particleadvectionmodulehasto bechangedto accountfor
unsteady�o w �elds. This modulewill be describedbrie�y
in thefollowing.

Object-spaceparticle positionsare storedin RGB-color
componentsof a �oating point texture of sizeM � N, such
thatM � N matchestheamountof desiredprimitives.Thea
componentof eachtexture elementcontainsthe respective
particle's lifetime. With respectto theasymmetricfragment
vs. vertex processingcapabilitiesof recentGPUs,particle
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advectionis entirelyperformedin thefragmentstage.Since
mutualexclusionprohibitsconcurrentread/writeaccessto a
single texture, in eachtime stepupdatedparticlepositions
arerenderedinto asecondrendertargetof thesamesizeand
format as the currentcontainer(seeFigure 4). Thesetwo
textures,A andB, areusedin a “ping-pong”-like fashion;A
is the currentreadbuffer containingold particlepositions,
andB is the currentwrite buffer to which the resultof the
advectionis written.After eachadvectioncycle A andB are
swapped.The time stepsrequiredto integratetheparticles'
characteristiclinesareboundto 3D textureunits.

Figure4: A fragmentstreamis generatedbyrenderinga quadthat
covers asmanypixelsasthereshouldbeitemsin thestream.

For thesake of simplicity we will only discusstheimple-
mentationof an Euler schemehere,wheretwo time steps
suf�ce to performthe numericalintegrationover time. For
unsteady�o ws the �eld ṽ is sampledon a discretespace-
time lattice,which requiresspatialand temporalinterpola-
tion. Spatialinterpolationis usuallyperformedby theGPU,
temporalinterpolationhas to be implementedin a shader
programbasedonanappropriatelinearinterpolationweight
w. This weight is fed into the pipelineasa shadervariable
to performthedesiredinterpolationin time.

In a fragmentshaderthefollowing operationsareexecuted:

� Texture Access: Currentparticlepositionsandlifetimes
arereadfrom buffer A.

� Death Test: The shaderchecksfor invalid positions,i.e.
particlesoutsidethe domainor particleswhoselifetime
hasexpired.If oneof theseconditionsis truetheparticleis
reincarnatedatadifferentlocation.Otherwisetheparticle
is advectedthroughthe�o w.

– Advection: Basedon eachparticle's positionp(t);t 2
[ti ; ti+ 1], valuesarefetchedfrom bothṽ(ti) andṽ(ti+ 1).
Additional fetchesmay be necessaryif the hardware
doesnot supportautomaticspatialtri-linear interpola-
tion for thetextureformatused.Oncetri-linearly inter-
polatedvalueshave beenfetched,temporalinterpola-
tion usingw yieldsthevelocity ṽ( p̃(t); t). Theparticle
is thenadvectedusingthe chosenintegrationscheme
and written to buffer B. If higher order integration
schemesareto beused,additionaltexturefetcheshave
to be performed.Comparedto steady�o w �elds, the
amountof 3D texturefetchesis at leastdoubleddueto
quadri-linearvectorinterpolation.

– Reincarnation: Reincarnationis realizedby usingan
additional texture storing one starting position and

lifetime per particle (see[KKKW05] for full detail).
If a particle dies, its initial position and lifetime is
fetchedandwritten to buffer B.

To renderparticleson the GPU we usethe possibility to
accesstexturemapsin vertex units.A static“dummy” vertex
buffer is storedon theGPU containingasmany verticesas
thereareparticles.Wheneverparticlesaredisplayedthisver-
tex buffer is rendered.A simplevertex shaderthenreplaces
eachdummypositionwith therespectiveparticle'sposition.
In thisway, any readbackto thesystemmemoryis avoided.

5. Visualization of Characteristic Lines

To offer additionalvisualizationmodesfor unsteady�o w
�elds wehave integratedGPUbasedconstructionof stream,
streak,andpathlinesinto theparticleengine.Figure5 shows
such lines in an unsteady�o w arounda cylinder. For the
constructionof characteristiclinesparticlesareinitially po-
sitioned inside a user-de�ned probe. The constructionof
streamandpathlines essentiallyusesparticleadvectionas
describedbefore.For theconstructionof streaklines,how-
ever, weperformaslightlydifferentstrategy. Throughoutthe
following discussionwewill assumethatcharacteristiclines
of M � N particlesareto becomputed.

5.1. StreamLines

A streamline describesaninstantaneousparticlepath,which
is a pathof a particle in an unsteady�o w frozenat time t.
Tracesof all particlesreleasedarestoredin a texture atlas
largeenoughto storeL blocksof M � N entries,whereL is
thenumberof advectionstepsto beperformedeveryframe.
If the sizeof this atlasexceedsthe maximumtexture size,
many of suchatlasesmighthave to bestored.

Particle advection is performedas describedabove, but
aftereachadvectionstepthecontentof theoutputbuffer is
copiedinto therespective partof theatlas.Onceall particle
trajectorieshave beencomputed,a vertex buffer containing
L entriesis renderedM� N timesasaline strip,with avertex
shaderreplacingvertex coordinatesby therespective values
from theatlas.Theapplicationtakescareof settingappropri-
ate2D texturecoordinateoffsetsasuniformshadervariables
to correctlyaccesstheatlas.

5.2. Path Lines

A pathline describesaparticletrajectoryover timein anun-
steady�o w. GPUconstructionof pathlinesdiffersfrom the
constructionof streamlines asonly oneadvectionstepper
frame is computedin the time-varying �eld. Thus w goes
periodicallyfrom 0 to 1 in user-de�ned incrementsandthe
texturescontainingtheṽ(ti) areupdatedconsecutively onthe
GPU.If thenumberof positionsalongthepathline exceeds
L, the texture atlasis accessedin a ring-like manner. This
meansthat in eachframethe oldestof all storedpositions
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Figure5: Comparisonbetweenstream(white),streak(green)andpathlines(red)in thesamedataset.

of a particleis overwrittenby thecurrentposition.Sincein
thiswaythestartvertex of thelinesto berenderedis shifted,
texture coordinateshave to be adaptedusingmoduloarith-
metic in the vertex shader. As a result, line primitives of
growing length are constructedand displayed.As soonas
theamountof tracedpositions(frames)exceedsL, thetraces
startto movewith the�o w.

If a particlediesit cannotsimply bereincarnated,asthis
createsan incorrectline segmentfrom the last positionbe-
fore the reincarnationto thenew seedposition.Instead,in-
visible line segmentsare generatedin this case.The frag-
mentshadercopiestheold positionbut markstheparticleby
settingits a -componentto 0. Thenthe next advectionstep
determinesthat the particle dies,but also that it hasbeen
marked during the last pass.In this casea new initial seed
positionis readandthea -componentis left at0. In thenext
step,the shaderrecognizesthat the particlehasbeenprop-
erly reincarnatedduringthelastpass,andsetsthea -channel
of the respective entry back to 1. The particular line seg-
mentscan�nally bemaskedoutusinga -blending.

5.3. StreakLines

In contrastto pathlines,streaklinesdonotdepictthehistory
of particlesmoving in anunsteady�o w, but ratherdescribe
the pathstracedby dye continuouslyinjectedinto the �o w
at a �x ed position. In this caseall the positionalinforma-
tion storedin thetextureatlashasto beupdatedeveryframe.
Thus,insteadof usingtwo ping-pongbuffersof sizeM � N,
as in the constructionof streamand path lines, thesetwo
buffers now have to be as large as the entire texture atlas.
Note that all L � M � N particlescanbe advectedin a sin-
gle renderingpass.Again theatlasis implementedasa ring
buffer, seedingnew initial positionsafter L framesinto the
respective textureentries.

6. Discussionand Results

Comparedto particle tracing in steady�o ws, the tracing
of particlesin unsteady�o ws is moretime-consumingdue
to the following reasons:Firstly, the velocity �elds have to
beupdatedon theGPU,imposingadditionalbandwidthre-
quirements.This problemhasbeenalleviatedby themulti-
threadingapproachpresentedin thiswork. As datahandling

and visualizationrun concurrentlyin separatethreadswe
achieve1) asigni�cantly higheroverall systemperformance
and2) muchmorehomogeneousframeratesby selectingthe
time incrementsusedfor path integrationaccordingto the
expectedtime neededfor datathroughput.Second,numer-
ical andmemoryaccessoperationsaremore thandoubled
due to interpolationin the 3+1D dataset.Due to the sec-
ond constraintwe observe in all our experimentsa loss in
performanceof about20-40%,dependingon the geometry
andrasterizationload imposedby the renderingof particle
sprites.

The computationof streamlines in unsteady�o w �elds
comesat the expenseof recalculatingthe whole texture at-
las, i.e.,the entire set of lines within the frozen time step,
within oneframe.Path lines,on theotherhand,only cause
a slightly higher computationalload than particle tracing,
becausecopying per-frameresultsinto the atlasaswell as
the proposedline primitive renderingcanbe realizedwith-
out noticeableperformanceloss.For streaklines,numerical
integrationin the4D �eld hasto beperformedevery frame
andfor eachpositionstoredin theatlas.On theotherhand,
streaklinescaneffectively beusedto emphasizechangesin
unsteady�o w (seeFigure6 for a snapshotof an interactive
visualization).A comparativeperformanceanalysisbetween
stream,streak,andpathlinesis givenin Table2.

Figure6: Dyeinjectionin thecylinder�ow. Semi-transparentpar-
ticlesare injectedinto the�eld usingtheprobingmetaphor.
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Table 2: Performancemeasurements(in fps) for stream/ path /
streaklinesof varyinglengthL.

amount L=100 L=500 L=1000
128 133/ 872/ 870 30 / 835/ 330 15 / 388/ 175
512 125/ 586/ 400 29 / 238/ 88 15 / 125/ 47
1024 98 / 252/ 208 27 / 114/ 45 15 / 60 / 24

In Figure7 analternative renderingmodeusingparticles
is shown, wherewe just testwhethera particle is closeto
a clip plane.If so, its position is projectedinto this plane,
the alignedparticle sprite is rendered,and the integration
startsat thenew position.As canbeseen,the�o w structures
within theplanecanbeeffectively visualized.

Figure7: Particles-in-planevisualization.

7. Validation

To validate the proposedvisualizationtechniqueswe em-
ployed themfor thevisualexplorationof theTerashake 2.1
earthquakesimulation[ODM� 06]. Eachtimestepholdsone
3D �oating pointvelocityvectorpergrid cell.Particle-based
visualizationasdescribedin thiswork wasemployedfor the
classi�cationof interestingtypesof wavesasthey typically
occurin earthquakes.

By thepossibilityto interactively advectandrenderhuge
amountsof particles,speci�c structuresformedby the par-
ticle tracescan be observed easily. Thesestructuresshow
typical �o w patternscausedby compressional(P),shear(S),
andLove(L) waves.In theanalysisof thesepatternsit turned
out to beveryhelpful to interactively zoominto thedataand
to visualizeparticularregions using different visualization
modeslikeorientedparticlesor pathandstreaklines.Dueto
theef�ciency of theproposedvisualizationtechniques,and
thusthe possibility to visually convey the dynamicsof the
�o w in real time, all relevant patternscould be understood
almostimmediately(seeFigure8).

Only oneparticularwave type,thesocalledRayleigh(R)
waves,wasvery dif�cult to understandusingparticle-based

Figure8: Several wavetypesare revealedbyspeci�c particlepat-
ternsthatare formedin theunsteady�ow visualization.Fromleft to
right: P-waves,S-waves,andL-wavesareshown.Thesethreetypes
can be recognizedmosteffectivelyby particles in motion.Orange
marksthewavepropagationdirection,andwhitemarkslocal parti-
clemotion.

visualizations.To analysethesevery specialwaveswe used
amixedmodalityvisualizationusingparticlesandadditional
color-codingon a context-surface.Therefore,the xyz com-
ponentsof thenear-surfacedisplacementswere�rst mapped
to RGB-colors.Thesecolors were then usedto modulate
the topographicmapoverlayedto the height-�eld over the
simulationdomain.Furthermore,normalsontheheight-�eld
were perturbedby the displacementto further emphasize
displacementmaxima.This resultsin caustic-like patterns
on the groundthat clearly indicate importantregions (see
Figure9). As canbeseenin all of theexamplesshown, by
augmentingthe visualizationdatawith additionalmodali-
ties suchasheight-�elds, textures,geometriesetc., the co-
locationof differentfeaturesbecomesveryeasy.

8. Conclusionand Futur eWorks

In thispaperwehavepresentedinteractivetechniquesfor the
visualizationof large unsteady3D �o ws. We have shown
that on recentdual-corearchitectureseven high-resolution
datasetscan be streamedto the GPU at interactive rates.
We have exploited featuresof recentgraphicsaccelerators
to advect particleson the GPU,saving particlepositionsin
graphicsmemory, andthensendingthesepositionsthrough
the GPU again to obtain imagesin the frame buffer. This
approachallows for interactive streamingandrenderingof
millions of particles,and it enablesvirtual exploration of
high resolution�elds in a way similar to real-world exper-
iments.To our bestknowledge,this is for the�rst time ever
thatlargeunsteady3D �o ws canbevisualizedat interactive
ratesonconsumerclassPCs.Ourexperiments,andin partic-
ularathoroughvalidationof theproposedtechniquesusinga
benchmarkfor thevisualizationcommunityclearlydemon-
stratethe effectivenessof thesetechniquesfor the purpose
of visualdataanalysis.

In thefuture,we will investigateparallelizationstrategies
onmulti-coreCPUsanddistributedsystemsincludingmulti-
pleGPUs.In thisrespect,thequestionhow to ef�ciently par-
allelize particle-basedvisualizationmethodson distributed
memoryarchitecturehasto beanswered�rst. Furthermore,
wewouldliketo extendtheproposedmethodsaboutalterna-
tivevisualizationmodesto displaydifferentmodalitiesmost
effectively.

c TheEurographicsAssociation2007.
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Figure 9: Snapshotof the TeraShake 2.1 data set.Near-surface
displacementsare color-codedand visualizedtogetherwith parti-
cles.Top: Observethecharacteristicpatternsformedby theparti-
cles.Bottom:Redparticlesindicatea large longitudinal displace-
ment,whilegreenindicatesa large transversal component.
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