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Abstract

In this paperwe presentGPU-basedecdniquesfor the interactivevisualizationof large unsteadydD ow elds

on uniform grids. We proposea novel dual-core appmoad to asyntironouslystreamsud elds from the CPU,

thusenablingthe efcient exploration of large time-resolvedsequencesThis appmacd decouplesisualization
from data handling resultingin interactive framerates.Built upona previously publishedGPU particle engine
for ow visualizationwe havedevelopednew stratggiesto computeandto visualizepathlinesand streaklineson
the GPU. To provide additionalvisualcues focus+contgt techniquesfor polygonalmeshesavebeenintegrated.
Theproposededniquesare usedin thevisualanalysisof the Terashale 2.1 earthqualke simulationdata,andthey
havebeenshownto bevery effectivein revealingtherelevantinformationin this data.

CatgyoriesandSubjectDescriptorgaccordingo ACM CCS) 1.3.0[ComputerGraphics]:General].3.7 [Computer

Graphics]:Three-DimensionabraphicsandRealism

Keywords: Flow visualization;unsteadyo w; GPU-basedechniquesparticleengine

1. Intr oduction

Interactve visual exploration of unsteady3D o ws is still
one of the grandchallengesn mary areasof scienceand
engineeringPopularapplicationsvheresuch elds arisein-
cludecomputationaluid dynamicsandmechanicsaswell
as medical imaging techniquedike functional CT. In the
unsteadycasethe expert gainsinsight into the underlying
physical phenomenaspeciallyfrom the dynamicsof the
o w. Consequentlythereis a dire needfor real-timetech-
niguesthatprovide rapidvisualfeedbackThesetechniques,
however, have to be supportedby interactve and intuitive
metaphorgo enablethe userto focusonrelevantdetailsand
to exibly selectthe mostappropriatevisualizationoption.
Only thenthe massive amountof 3D informationprovided
totheusercanbe Itered adequately

Despite the adwancesin CPU and graphics hardware
technologyexisting visualizationtechniquegor reasonably
sizedunsteady3D ow elds still cannotrun at acceptable
rates As numericalandrenderingcapabilitiescontinueto in-
creasesodoesthe sizeof the datasetsto bevisualized.To-
day, time-resohed numericalsimulationscomprisedof bil-
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Figure 1: Visualizationof the time-resolvedTerashale 2.1 simu-
lation data. On a dual core processorequippedwith a single GPU
particle-basedvisualizationusing 256K primitivesin combination
with volumerenderingrunsat over 40 fps.

lions of grid points are available, making the visualization
dif cult dueto memoryconstraintsFigure 1 shavs sucha
gigantic eld that consistsof 227 time stepsat resolution
750 375 100 andrequiresover 70GB to storevelocity
and scalarinformation. As theserequirementswill contin-
uouslyincreasen the future, thereis a dire needfor ow
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visualizationtechniqueshatcomprehensily addresshese
issues.

In this paper we presenta novel visualizationtechnique
for unsteady3D ow elds that addresseshe aforemen-
tionedrequirementsThis techniquds basedn a streaming
approachfor time-resohed sequencesComparedo previ-
ousvisualizationtechniquedor such elds, both the map-
ping of visualizationdataontorenderablgrimitivesandthe
renderingof theseprimitivesis performedentirely on the
GPU.Ourapproacthasthefollowing properties:

Memory ef ciency: Asynchronoustreamingof thedata
allows the visualizationof an unlimited amountof time
stepsRecentadwancesof multi-corearchitecturegareex-
ploitedto abstracfrom thelimited sizeof thelocal GPU
memory

Exploration ef ciency: Sincethereconstructiorof local
o w features- e.g.streamstreak,andpathlines,aswell
as derived scalarquantities— is integratedinto the ren-
deringprocesonthe GPU, our systemprovidesinstanta-
neousvisual feedbackio the user This accommodatea
moreef cient andbetterunderstandingf evenvery com-
plex ow phenomena.

Visualization ef ciency: Particletracingandthe compu-
tation of characteristidinesis performedon the GPU to
visualizethe dynamicsof unsteadyo ws. This resultsin
a signi cant performancegain comparedo previous ap-
proaches.

Cost ef ciency: The visualizationtechniquespresented
in this work are especiallydesignedor off-the-shelfPC
hardware.

To furtherassistheuserin theanalysisof complex o ws,
focus+contet techniquedave beenintegrated. Thesetech-
niguesenableheuserto emphasizselectedegionsof inter-
estandto reducethemassve amountof 3D informationtyp-
ically producedby particle-basediisualizationtechniques.
It alsoeaseghe problemof occlusiongypically inherentto
3D ow visualizationtechniquesThe currentsystemsup-
portsthe visualizationof polygonalmodelsto betterreveal
the spatialrelationshipdetweeno w structuresandbound-
ariesof the o w domain,aswell asarbitraryclip geometries
to restrictthe visualizationof particlesto the regionsof in-
terest.

To verify the effectivenessof the presentedechniques
they have beenusedfor thevisualanalysisof the Terashak
2.1 earthquak simulationdata[ ODM 06] provided in the
context of thelEEE Visualization2006ContestThis contest
is designedo fostercomparisorof visualizationtechniques
andto provide benchmarksor the visualizationcommunity
basedon a particularsubjectof visualization.By shaving
that correctanswergo dedicatedquestionsrom a teamof
expertscanbeobtainedorimarily via visualdataexploration,
theeffectivenesof theusedtechniquesvasto beproven.As
will beshavn by anumberof resultsthroughoutheremain-
der of this paper the techniquesve proposearevery effec-

tive in revealingthe relevant informationin this particular
dataset.By a numberof additionalexamplesthis obsena-
tion is backedup.

Theremaindeof this papetis organizedasfollows: In the
next sectionwe will discusgelatedwork. Datahandlingand
transferissuesinherentto visualizationtechniquesfor un-
steadyow elds will beaddresseth Section3. The GPU-
basedarticleengines presentedh Sectiord. Next, various
visualizationoptionsare discussedTo validateour results
we presentsomeinsight we gainedwhenworking with the
Terashak datasetandadditionalsimulationresults.We -
nally suggestinumberof directionsfor futureresearch.

2. RelatedWork

In contrastto steady3D o w andunsteady2D o w, thelit-
eraturedealingwith interactve techniquedor unsteady3D
o w is amazinglysparseln this sectionwe will review ex-
isting approacheandtry to motivatehow our systemcan Il
this gap. Unlike Larameeet al. [LEW 06], we will classify
approachesnore coarselyinto densemethodsand sparse
methods

DensemethodssuchasLIC [CL93] seekto reconstruct
all characteristidines at once.To overcomeocclusionef-
fects, the processis usually restrictedto regions of inter
est, such as vortex regions [WSEO0] or streamsurfaces
[WEO04, Sta98. The restrictionto regions of interestcul-
minatesin image-basedechniquesfor ow visualization
[vWO03, LIH03, which tradehighly interactize framerates,
even for unsteady o w, versusartifactsdue to the screen-
alignednatureof theregions.

In contrastsparsanethodseconstructharacteristitines
only at speci c, carefully selecteddiscretelocations.Parti-
cle tracing[SYWHP94 KL96, KRG03 BL91, KSW04 and
the reconstructiorof stream streak,andpathlines[Lan9§
fall into this category. Also methodshatseekto extracttopo-
logicalstructuresandskeletond HH89, TSW 05] or featues
in genera[PLV 02] canbeconsideredparsenethodsBoth
classesreappealingn their own right, dependingpnwhich
aspect®f thedatashouldbeemphasizedhowever, Figure2
clearly demonstrateshat for large amountsof primitives
sparsanethodsaturallyconverge towardsdensemethods.

Traditionally densemethodshave more problemswith
unsteady elds, since it is not a priori clear hov non-
instantaneousharacteristicssuch as streak or path lines
can be integrated into the reconstruction.This was ad-
dressedy severalauthord FC95 SK97] but the majorprob-
lem remains: spatio-temporakoherence Recentpublica-
tions mostly treat theseproblems[WSEOQ3, but consider
able effort is still required.Lately, the demandfor interac-
tivity wasrecognizedn the o w visualizationcommunity
andmary authorsproposeto exploit GPUsto achieve sig-
ni cant speed-up$JEHO01, WSEO5LTHOG]. Especiallyfor
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Figure 2: \isualization of a large eddy simulation of the ow
arounda cylinder Denseparticle setsare visualizedusingoriented
renderingprimitivesto achievea “LIC-lik e” look.

3D ow, whereocclusioneffectsarea seriousproblem,in-
teractvity resultsin invaluablebene ts. Firstly, the motion
parallaxprovidesanexcellentdepthcue.Secondlydifferent
views canbe generatedapidly, alleviating occlusionprob-
lems.Furthermorean animatedvisualizationclearly shavs
dynamicstructuresin the o w, while communicatingooth
directionandmagnitudeof the o w. While amappingof the
timeaxisinto the nal imageis still feasiblefor 2D unsteady
ow [STW 06], this cannotbe understoodntuitively in 3D
o ws. Consequentlywe mandateto presere the time axis
asanimportantfeatureof thedataset.

Most sparsemethodspay particular attentionto proper
seedingstratgyies [TB96, PBL 05]. However, recentwork
by Wiebel et al. [WS0] indicates—mayb@pposingcom-
mon belief—thatthereis a needfor a simple,controllable,
and very localized probing metaphar Mimicking the dye-
and smole-injection of real-life windtunnel experiments,
sucha metaphorelegantly circumwentsproblemsnaturally
arisingwhenseedingin unsteadyow elds. Krugeret al.
[KKKWO05] shav that a probing metaphorcombinedwith
rapid visual feedbackis a corvenientand highly effective
methodto explore the complex dynamicstructuresgpresent
in mary ow elds. Probingthe o w is avery intuitive and
valuabletool thatgivesengineerdull control of the visual-
ization processratherthanforcing themto rely on anauto-
maticseedingalgorithm.

For 3D unsteadyo w, recentmethodsseekingto extract
topologicalfeature§ GTS04TSW 05] yield bothsigni cant
andnon-trivial insightinto the data,but mostof themcan-
notrun atinteractve rates Also, sincecritical pointsarenot
Galilean-ivariant,suchmethodsmight not be suitedfor ev-
ery application.

To achieve interactvity when visualizing large, steady
ow elds, Bruckschenet al. [BKHJO1] proposeto pre-
computea large amountof particle tracesand store them
in externalmemory During visualization,tracesinside the
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view portarepagedn [CE97. Ellsworthetal. [EGMO04] ex-

tendthemethodandapplyit to terascalelatasets Theirsys-
temmanagedillions of particletracesbut hasextraordinary
requirementsn computingand storing all potentially visi-

ble tracesAlso, a e xible choiceof renderingprimitivesis

notaddressedJenget al. [USM97] proposean out-of-core
algorithmto performstreamline reconstructionAhrenset
al. [ABM 01] utilize a large computingclusterto perform
paralleldatastreamingandvisualization,but noneof these
approacheaddresse8D unsteadyo w.

3. Data Handling

In this sectionwe describethe necessarynodi cations to
the GPU-basedarticle engine proposedby Kriger et al.
[KKKWO05] to enableinteractive visualizationof unsteady
3D o ws,givenin form of adiscretesetof vector elds. On
theGPUtheseelds arestoredin 3D textures,enablingef -
cientaccesgo interpolatedvelocities. The extendedengine
employs multi-threadingby assigningone threadto con-
secutvely streamone time stepafter anotherfrom disc to
the GPU, and anotherthreadto managevisualizationspe-
ci ¢ GPU calls. Sincethesethreadsare concurrentper se,
the visualizationprocessis entirely decoupledand mostly
unaware of the streamingdataupload. Consequentlydata
transferdoesnot block thevisualizationthread.

To adwect particlesseamlesslyn anunsteadyeld Vv rep-
resentedy a discretesetof vector elds fV(tj); i 2 [1;n]g at
time stepst;j, we needto storeat leastthree elds in GPU
memory For example, Euler integration requiresread ac-
cessto two elds attimestj;tj+ 1, andathird eld tj+2 has
to be available oncetime integrationproceedseyondt;, 1.
By implementinga ring buffer, we candynamicallychoose
how mary time stepsto keeponthe GPU,dependingnthe
order of the time-integration scheme As soonasthe time
index t of the visualizationentersthe intenal [t;;t;+ 1], the
memorymanageis noti ed. Themanagethenadwancesn
thesequencéy overwriting the GPU containerstoringtime
stept; 1 with the next time stept;; » (seeFigure 3). This
leadsto a very smoothtransitionin time, and, if the time
neededo streanthenext time stepis smallerthanthe phys-
ical time associatedvith oneinterval, the whole sequence
canbeexploredin realtime.

Sincegraphicscardslack the ability to fetch datadirectly
from disk, the memory managerprefechesas mary time
stepsaspossiblefrom disk andstoresthemin CPU system
memory If the entiresequencets into RAM, it is buffered
at applicationstartupandcanthenbe streamedvithout ary
further disc accessOtherwise,the managerusesan addi-
tional ring buffer which provides containersfor a system-
speci ¢ or userde 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 the entireapplication.This is becauséoth
operationsareissuedvia blocking systemcalls. Decoupling
the two tasksinto separate¢hreadsenableshe particle en-
gineto issuerenderingcallsevenwhile new datais streamed
to the GPU. Multi-core architecturedene t mostfrom this
implementationyet evenfor single core CPUswe obsere
a signi cant gain in visualizationperformanceThis is due
to the factthat the operatingsystemschedulerlternatvely
switchesbetweenthe two threads gnablingparallel execu-
tion of datauploadandrendering.

Particle Tracing [to,t1] Particle Tracing [t1,t2]

\

Particle Tracing

RAM  GPU Field(t2)

RAM  GPU Field(ts)

RAM GPU Field

L

HD RAM Field

®

Figure 3: In theleftandmiddleimagesonecycleperformedy the
datahandlerwhenadvancingn thesequences depicted Theright-
mostimage illustrate the sepaation of the asyn&ironous stream
manaer into distinctthreads.

Currently the GPU visualization module and the two
memorymanagerarerunningin two separatahreads(see
Figure3, left). Oncethe visualizationthreadentersthe next
timeinterval, for whichtherequiredtime stepsareavailable,
it requestghe next time stepof the sequencé¢hatis not yet

residentvia standardthread communicationmechanisms.

The memory managereither acknavledgesthat this time
stephasalreadybeensuccessfullyuploadedo the GPU, or
therequestedime stepis streamedo the GPU. Afterwards,
the systemmemoryis updated overwriting the block con-
tainingthenow obsoleteime step.Notethatin this scenario
contiguousstreamingcanberealizedwith only onebuffer in
CPUsystemmemory

Tablel comparesheraw datathroughputhatis achieved
for streamingtwo differentdatasequencesn differentar
chitectures.Note that this throughputhas been measured
with the visualizationthreadnot imposingary additional
load. If visualizationis enabledjncludingrasterizatiorand
shaderoperationn the GPU, our experimentshave shavn
alossin throughputof about15%. Both testmachinesare
equippedwith 3GB RAM, two WD Raptor 74GB hard-
disks in a RAIDO, 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 memory systemthe multi-threadingapproachal-
readyyieldsa noticeablegain in throughput.

Table 1: Performancemeasuementsf the streammanager under
variouscon gurations.

CylinderFlow (32 MB/Field)
HD! CPU CPU! GPU
1-Core 90 MB/s
2-Core 94 MB/s

Terashak 2.1(64 MB/Field)
HD! CPU CPU! GPU
95MB/s
100MB/s

1130MB/s
1240MB/s

1317MB/s
1590MB/s

On future quad-/multi-corearchitecturesthe memory
managementanbe split furtherinto separate¢hreadgo de-
couplestreamingrom disk to CPU andfrom CPU to GPU
(seeFigure3, right). Using multiple threadsunningon dif-
ferent coresto managethe data,the useof ring buffersin
systemmemoryis likely to beampli ed dueto consisteng
requirementsStill, for off-the-shelfPCs,loadingfrom disk
is clearlythebottleneckof thesystemTo alleviatethis prob-
lem we cansimply prefetchadditionaltime stepsinto CPU
systemmemorywhenthe userrestartsor pauseghe appli-
cation. A furtherincreasen performancecan be gainedif
moreef cient RAID systemsareemplo/ed.

4. GPU Particle Tracing

Particle tracingis realizedby numericallysolving the ordi-
narydifferentialequation

= wwon with 20) = 0
whereX(t) is thecurremparticleposition,%’f‘ isthetangento
the particletrajectory andv the interpolatedunsteadyeld.

For a detaileddescriptionon the ef cient implementatiorof
a GPU particle enginewe refer the readerto [KKKWO05].
The engineprovides a set of integration schemeganging
from EulerandRunge-Kittato anembeddedRK3(2), where
higherordertime-integrationschemesequiremultiple time
stepgo beavailableon the GPU.Especiallythe RK3(2) has
provenitself to beavery reliableandcorvenientintegration
schemesinceit providesfast,3rd orderintegrationandan
estimatee of theintegrationerror While e is usuallyusedto
adapthestepsize,in real-timeapplicationsuchanadaption
compromiseghe physical interpretationof particle veloci-
ties. To avoid this problem,we usee to hint the userabout
theerrorvisually andallow to adaptthe stepsizemanually

Of all the modulesof the GPU particle engine,only the
particleadwectionmodulehasto be changedo accountfor
unsteadyo w elds. This modulewill be describedorie y
in thefollowing.

Object-spaceparticle positionsare storedin RGB-color
component®f a oating point texture of sizeM N, such
thatM N matchegsheamountof desiredorimitives.Thea
componenbf eachtexture elementcontainsthe respectie
particle’s lifetime. With respecto the asymmetridragment
vs. vertex processingcapabilitiesof recentGPUs, particle
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adwectionis entirely performedn the fragmentstage Since
mutualexclusionprohibitsconcurrentead/writeaccesgo a
single texture, in eachtime stepupdatedparticle positions
arerenderednto a secondendertargetof the samesizeand
format as the currentcontainer(seeFigure 4). Thesetwo
textures,A andB, areusedin a “ping-pong”-like fashion;A
is the currentreadbuffer containingold particle positions,
andB is the currentwrite buffer to which the resultof the
ad\ectionis written. After eachadwectioncycle A andB are
swapped.Thetime stepsrequiredto integratethe particles'
characteristidinesareboundto 3D textureunits.

Static Quad Texture,  Texture, Texture,

v ‘ NN/ N
—»{—»—» }

N Render To Texture
Vertex Shader Fragment Shader

[ —,
m m

[ —,

Figure4: Afragmentstreamis geneatedby renderinga quadthat
covers asmanypixelsasthere shouldbeitemsin the stream.

For the sale of simplicity we will only discussheimple-
mentationof an Euler schemehere,wheretwo time steps
sufce to performthe numericalintegrationover time. For
unsteadyo ws the eld ¥ is sampledon a discretespace-
time lattice, which requiresspatialand temporalinterpola-
tion. Spatialinterpolationis usuallyperformedby the GPU,
temporalinterpolationhasto be implementedin a shader
programbasecbn anappropriatdinearinterpolationweight
w. This weightis fed into the pipelineasa shadevariable
to performthe desirednterpolationin time.

In afragmentshadethefollowing operationsareexecuted:

Texture Access Currentparticle positionsand lifetimes
arereadfrom buffer A.

Death Test The shaderchecksfor invalid positions,i.e.
particlesoutsidethe domainor particleswhoselifetime
hasexpired.If oneof theseconditionsis truethepatrticleis
reincarnateatadifferentlocation.Otherwisethe particle
is adwectedthroughthe o w.

— Advection: Basedon eachparticle's positionp(t);t 2
[ti;ti+ 1], valuesarefetchedfrom both¥(t;) and¥(t;. 1).
Additional fetchesmay be necessaryf the hardware
doesnot supportautomaticspatialtri-linear interpola-
tion for thetextureformatused Oncetri-linearly inter-
polatedvalueshave beenfetched temporalinterpola-
tion usingw yieldsthevelocity ¥(p(t);t). Theparticle
is thenadwectedusingthe chosenintegrationscheme
and written to buffer B. If higher order integration
schemesreto beused additionaltexturefetcheshave
to be performed.Comparedo steadyow elds, the
amountof 3D texturefetchess atleastdoubleddueto
quadri-lineawvectorinterpolation.

— Reincamation: Reincarnations realizedby usingan
additional texture storing one starting position and
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lifetime per particle (see[KKKWO05] for full detail).
If a particle dies, its initial position and lifetime is
fetchedandwrittento buffer B.

To renderparticleson the GPU we usethe possibility to
accessexturemapsn vertex units. A static*dummy” vertex
buffer is storedon the GPU containingasmary verticesas
thereareparticlesWheneer particlesaredisplayedhisver-
tex buffer is renderedA simplevertex shadetthenreplaces
eachdummypositionwith therespectie particle’s position.
In thisway, ary readbacko the systemmemoryis avoided.

5. Visualization of Characteristic Lines

To offer additional visualizationmodesfor unsteady o w

elds we have integratedGPUbasectconstructiorof stream,
streak andpathlinesinto theparticleengine Figure5 shavs
suchlines in an unsteady o w arounda cylinder. For the
constructiorof characteristidines particlesareinitially po-
sitioned inside a userde ned probe. The constructionof

streamand pathlines essentiallyusesparticle adwectionas
describedbefore.For the constructiorof streaklines, how-

ever, we performaslightly differentstrateyy. Throughouthe
following discussiorwe will assumeéhatcharacteristitines
of M N particlesareto be computed.

5.1. StreamLines

A streamline describesninstantaneougarticlepath,which
is a pathof a particlein anunsteadyo w frozenattime't.
Tracesof all particlesreleasedhre storedin a texture atlas
large enoughto storeL blocksof M N entries,whereL is
thenumberof adwectionstepsto be performedeveryframe.
If the size of this atlasexceedsthe maximumtexture size,
mary of suchatlasesnight have to be stored.

Particle adwectionis performedas describedabove, but
after eachadwectionstepthe contentof the outputbuffer is
copiedinto therespectie partof the atlas.Onceall particle
trajectorieshave beencomputeda vertex buffer containing
L entriessrendered N timesasaline strip,with avertex
shaderreplacingvertex coordinatedy therespectie values
from theatlas.Theapplicationtakescareof settingappropri-
ate2D texture coordinateoffsetsasuniform shadewvariables
to correctlyaccessheatlas.

5.2. Path Lines

A pathline describes particletrajectoryovertimein anun-
steady o w. GPU constructiorof pathlinesdiffersfrom the
constructionof streamlines asonly oneadwectionstepper
frameis computedin the time-varying eld. Thusw goes
periodicallyfrom 0 to 1 in userde ned incrementsandthe
texturescontainingthe(tj) areupdatedconsecutiely onthe
GPU.If thenumberof positionsalongthe pathline exceeds
L, the texture atlasis accessednh a ring-like manner This
meansthatin eachframethe oldestof all storedpositions
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Figure5: Comparisorbetweerstream(white), streak(green)and pathlines (red)in the samedataset.

of a particleis overwrittenby the currentposition.Sincein
thisway thestartvertex of thelinesto berendereds shifted,
texture coordinateshave to be adaptedisingmoduloarith-
metic in the vertex shader As a result, line primitives of
growing length are constructedand displayed.As soonas
theamountof tracedpositions(frames)exceedd., thetraces
startto move with the o w.

If a particlediesit cannotsimply be reincarnatedasthis
createsanincorrectline segmentfrom the last positionbe-
fore thereincarnatiorto the new seedposition.Instead,in-
visible line sggmentsare generatedn this case.The frag-
mentshadercopiestheold positionbut marksthe particleby
settingits a-componento 0. Thenthe next adwectionstep
determineghat the particle dies, but alsothat it hasbeen
marked during the last pass.In this casea new initial seed
positionis readandthe a-components left at0. In the next
step,the shademrecognizeghat the particle hasbeenprop-
erly reincarnatedluringthelastpassandsetsthea-channel
of the respectie entry backto 1. The particularline seg-
mentscan nally bemasledoutusinga-blending.

5.3. Streak Lines

In contrasto pathlines,streaklinesdo notdepictthehistory
of particlesmoving in anunsteadyo w, but ratherdescribe
the pathstracedby dye continuouslyinjectedinto the ow
at a x ed position. In this caseall the positionalinforma-
tion storedin thetextureatlashasto beupdatedevery frame.
Thus,insteadof usingtwo ping-pongbuffersof sizeM N,
asin the constructionof streamand path lines, thesetwo
buffers now have to be aslarge asthe entire texture atlas.
Notethatall L M N particlescanbe adwectedin a sin-
gle renderingpass Again the atlasis implementedasaring
buffer, seedingnew initial positionsafterL framesinto the
respectie textureentries.

6. Discussionand Results

Comparedto particle tracing in steady o ws, the tracing
of particlesin unsteadyo ws is moretime-consumingiue
to the following reasonskFirstly, the velocity elds have to
be updatedon the GPU, imposingadditionalbandwidthre-
quirementsThis problemhasbeenalleviated by the multi-
threadingapproactpresentedn this work. As datahandling

and visualizationrun concurrentlyin separatehreadswe
achieze 1) asigni cantly higheroverall systemperformance
and2) muchmorehomogeneousameratesby selectinghe
time incrementsusedfor pathintegration accordingto the
expectedtime neededor datathroughput.Second numer
ical and memoryaccessperationsare more than doubled
dueto interpolationin the 3+1D dataset. Due to the sec-
ond constraintwe obsere in all our experimentsa lossin
performanceof about20-40%,dependingon the geometry
andrasterizatiodoad imposedby the renderingof particle
sprites.

The computationof streamlinesin unsteadyow elds
comesat the expenseof recalculatingthe whole texture at-
las, i.e..the entire set of lines within the frozentime step,
within oneframe.Pathlines, on the otherhand,only cause
a slightly higher computationaload than particle tracing,
becausecopying perframeresultsinto the atlasaswell as
the proposedine primitive renderingcan be realizedwith-
out noticeableperformancdoss.For streaklines,numerical
integrationin the4D eld hasto be performedevery frame
andfor eachpositionstoredin the atlas.On the otherhand,
streaklines caneffectively be usedto emphasize&hangesn
unsteadyo w (seeFigure6 for a snapshobf aninteractve
visualization) A comparatre performancenalysisetween
streamstreak.andpathlinesis givenin Table2.

Figure 6: Dyeinjectionin thecylinder ow. Semi-tanspaentpar-
ticlesare injectedinto the eld usingthe probingmetaphor
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Table 2: Performancemeasuements(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 271114/ 45 15/60/24

In Figure7 analternatve renderingmodeusingparticles
is shavn, wherewe just testwhethera particleis closeto
a clip plane.If so,its positionis projectedinto this plane,
the aligned particle sprite is rendered,and the integration
startsatthenew position.As canbeseenthe o w structures
within the planecanbe effectively visualized.

Figure 7: Particles-in-planevisualization.

7. Validation

To validate the proposedvisualizationtechniquesve em-

ployedthemfor the visual explorationof the Terashak 2.1

earthquak simulationfODM 06]. Eachtime stepholdsone

3D oating pointvelocity vectorpergrid cell. Particle-based
visualizationasdescribedn thiswork wasemployedfor the

classi cationof interestingtypesof wavesasthey typically

occurin earthquaks.

By the possibility to interactvely adwectandrenderhuge
amountsof particles,speci ¢ structuredormedby the par
ticle tracescan be obsered easily Thesestructuresshav
typical o w patternsausedy compressiongP), shear(S),
andLove (L) waves.In theanalysiof thesepatternst turned
outto bevery helpfulto interactvely zoominto thedataand
to visualize particularregions using differentvisualization
modedik e orientedparticlesor pathandstreaklines.Dueto
the ef ciency of the proposedvisualizationtechniquesand
thusthe possibility to visually corvey the dynamicsof the

ow in realtime, all relevant patternscould be understood
almostimmediately(seeFigure8).

Only oneparticularwave type,the socalledRayleigh(R)
waves,wasvery dif cult to understandisingparticle-based
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Figure 8: Several wavetypesare revealedby speci ¢ particle pat-
ternsthatare formedin theunsteadyow visualization Fromleft to

right: P-wavesS-wavesand L-wavesare shown.Thesehreetypes
can be recgnizedmosteffectivelyby particlesin motion.Orange
marksthewavepropagationdirection,andwhite markslocal parti-

cle motion.

visualizationsTo analysethesevery specialwaveswe used
amixedmodalityvisualizationusingparticlesandadditional
color-codingon a context-surface. Therefore the xyz com-
ponentof thenearsurfacedisplacementwere rst mapped
to RGB-colors.Thesecolors were then usedto modulate
the topographicmap overlayedto the height- eld over the
simulationdomain.Furthermorenormalsontheheight- eld
were perturbedby the displacemento further emphasize
displacemenmaxima. This resultsin caustic-lile patterns
on the groundthat clearly indicate importantregions (see
Figure9). As canbe seenin all of the examplesshovn, by
augmentingthe visualizationdatawith additionalmodali-
ties suchas height- elds, textures,geometriesetc., the co-
locationof differentfeatureshecomewery easy

8. Conclusionand Futur e Works

In this papewe have presentedhteractvetechniquegor the
visualizationof large unsteady3D o ws. We have shavn
that on recentdual-corearchitectureseven high-resolution
datasetscan be streamedo the GPU at interactie rates.
We have exploited featuresof recentgraphicsaccelerators
to adwect particleson the GPU, saving particle positionsin
graphicsmemory andthensendingthesepositionsthrough
the GPU again to obtainimagesin the frame buffer. This
approachallows for interactve streamingand renderingof
millions of particles,and it enablesvirtual exploration of
high resolution elds in a way similar to real-world exper
iments.To our bestknowledge thisiis for the rst time ever
thatlargeunsteadydD o ws canbevisualizedatinteractive
rateson consumeclassPCs.Ourexperimentsandin partic-
ularathoroughvalidationof theproposedechniquesisinga
benchmarkor the visualizationcommunityclearly demon-
stratethe effectivenessof thesetechniquedor the purpose
of visualdataanalysis.

In the future,we will investicateparallelizationstrateies
onmulti-coreCPUsanddistributedsystemsncludingmulti-
ple GPUs.In thisrespectthequestiorhow to ef ciently par
allelize particle-basedisualizationmethodson distributed
memoryarchitecturehasto be answeredrst. Furthermore,
wewouldliketo extendtheproposednethodsaboutalterna-
tive visualizationmodego displaydifferentmodalitiesmost
effectively.
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Figure 9: Snapshobf the TeraShalk 2.1 data set. Nearsurface
displacementsre color-codedand visualizedtogether with parti-
cles.Top: Observethe characteristic patternsformedby the parti-
cles.Bottom: Redparticlesindicate a large longitudinal displace-
ment,while greenindicatesa large transvesal component.
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