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ABSTRACT
Real-timevisualizationof particle tracesin virtual environments
can aid in the exploration and analysisof complex threedimen-
sionalvectorfields. This paperintroducesa scalablemethodsuit-
able for the interactive visualizationof large time-varying vector
fieldson commodityhardware.A real-timedatastreamingandvi-
sualizationapproachand its out-of-coreschemefor the pre-pro-
cessingand renderingof dataare described. The presentedap-
proachyieldslow-latency applicationstart-uptimesandsmallmem-
ory footprints. A proof of conceptsystemswasimplementedon a
low-cost Linux workstationequippedwith spatial tracking hard-
ware,dataglovesandshutterglasses.Thesystemwasusedto im-
plementa virtual wind tunnelin which a volumetricparticleinjec-
tor canintroduceup to 60000particlesinto theflow field while an
interactiverenderingperformanceof 60framespersecondis main-
tained.

Keywords
Virtual Reality, Virtual Wind Tunnel, Particle Tracing, Scientific
Visualization,ComputationalFluid Dynamics,Out-of-CoreVisu-
alization,Simulation,StereoscopicRendering.

1. INTRODUCTION
As numericalsimulationsarebecomingmorepowerful, it is pos-

sibleto simulatephysicalphenomenaatever increasingresolution.
Thegoalis to provideascientistwith intuitiveandinteractive tools
for the exploration and analysisof theselarge time-varying data
sets. The challengeis to visualize the data generatedby high-
precisionsimulationrunswithout lossof accuracy. Unfortunately,
computationalresourcesavailable for visualizationfrequentlydo
not matchthoseusedfor simulationand it is no longer possible
to visualizethe resultingmassive datasetsusingan exclusive in-
core approach. This implies that the amountof data has to be
reducedto allow for reasonablevisualizationtimes. Using avail-
ableapproaches,anincreasein renderingspeedgenerallycomesat
the expenseof a reductionin dataprecision. In particular, when
techniquessuchasub-samplingareused,undesiredartifactscanbe
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Figure1: Real-timeparticle visualization in VR.

introducedor potentiallyimportantfeaturesremoved. Thevisual-
izationproblemsassociatedwith very largetime-varyingdatasets
in computationalfluid dynamics(CFD) are frequentlyaddressed
by creatingimagesequencesor movies in batchprocesses.Such
anapproachgenerallyrequiresbasicknowledgeof the result,fre-
quently derived from interactionwith lower resolutiondatasets.
Someimprovementshave beenmadewith 3D interactive movies,
but interactive visualizationin full resolutionis still expensive.

Thegoalof thework describedhereinis to enablevisualization
of arbitrarily large scientific datasetswhile using minimal CPU
and memory footprints, enablingthe systemto run on low-cost
commodityhardwareaswell asmassively parallelsystems.The
out-of-coreapproachis specializedfor real-timevisualizationof
large-scaletime-varying datasetsat the highestavailable level of
resolutionand is suitablefor virtual wind tunnel scenarios(Fig-
ure 1). The systemwasusedto implementa volumetricparticle
injector, which canemit up to 60000particlesinto the flow field
while maintainingan interactive framerateof 60 framesper sec-
ond. This performancewas achieved by pre-calculatinga dense
uniform rectilineargrid of particleinjectors1 ( �

�
trajectoryseeds)

andstoringtheparticleson all resultingtrajectoriesout-of-corein
a schemeoptimizedfor selectionof sub-grids.

For theinitial testphase,datasetsweregeneratedfor a classical

�
A particle injector releasesa constantstreamof particlesinto a

flow. In a numericsimulation,this is discretizedby addinga parti-
cle for eachtime stepof thesimulation.



problem:simulatingtheflow of afluid aroundasphericalobject.In
this case,aReynoldsnumber2 of about2000wasselectedto simu-
latetheflow field arounda spherepushedslowly throughwater. A
rectilineargrid of 128*128*1024wasusedfor thecomputationof
about250time steps.A finite-differenceNavier-Stokessolver was
usedto generatethesimulationdata.

2. RELATED WORK
Visualizationof time-varyingfluid flows usinglargeamountsof

particleshasbeenapproached,for example,by Lane [1]. Using
3D movies, thepossibilityof renderinglargeamountsof particles
in realtime wasdemonstratedby Meiselbach[2]. Out-of-corepar-
ticle tracing algorithmshave beendevelopedby Ueng et al. [3]
for the mostcommonforms of meshesusedin CFD. A morede-
tailed descriptionof the problemdefinition andrelatedissuescan
be found in [4]. A server-basedapproachsupportinginteractive
framerateswasdemonstratedby Cox andEllsworth [5] for rela-
tively smallparticlesystems.Theinteractive visualizationof flow
datasetsin virtual reality (VR) environmentswasstudiedby Jern
andEarnshaw [6], andfor time-dependentdatasetsby Kenwright
andLane[7] usingin-corealgorithms.

3. IMPLEMENT ATION
The presentedsystemconsistsof four main components:(1) a

CFD simulatorwith (2) a particletracer, (3) anencoder, and(4) a
rendererintegratedinto a VR framework. Figure2 illustratesthe
differentsystemcomponentsanddataflow.
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Figure2: SystemComponents.

3.1 Simulation
Thelegacy simulationcodewasoriginally written in Fortranand

implementsa finite-differencemethodfor a rectangulargrid and
a particle tracer. The particle tracerwasmodifiedfor the contin-
uousinjection of particlesbasedon a uniform rectilineargrid of
entry points. Particleswithout massare calculatedin a second-
ordervon Heunschemeusingtrilinear interpolationin rectilinear
hexahedralgrid elements.TheexistingFortrancodewasconverted
to C usingf2c. Furtherimprovementswereaddedto theC codeto
enablethe useof dynamicallyallocatedmemory. It waspossible
to instrumentthe existing particle tracersuchthat it converts the
�
TheReynoldsnumberis proportionalto theratio of inertial force

andviscousforce. It is usedin momentum,heat,andmasstransfer
computationsto accountfor dynamicsimilarity.

particledatainto the discussedscheme.At eachtime stepduring
thesimulationrun thecoordinatesof all particlestogetherwith the
numberof the injectorandthetime stepof injectionarewritten to
a file andcompressedwith gzip to reducetheamountof memory
neededfor storage.Sincethecodefor thesimulationandparticle
traceris not yet optimizedfor commodityhardware with respect
to the requiredmemoryfootprint, the completesimulationrun is
performedasa pre-processingstepon anOrigin2000server. The
computationalresultsaredirectly storedon the Linux RAID sys-
tem that is mountedthrough the local areanetwork using NFS.
After encoding,the resultingdatafiles are directly available for
visualizationandupdateddatasetscanbe incrementallyaddedas
they becomeavailable.Thespheretestdatasetconsistsof 250time
stepsfor asimulationonarectilineargrid of 128*128*1024resolu-
tion. Theuniformrectilinearinjectorgrid hasasizeof ����	 yielding
approximately400000particleinjectors.Thegrid’sdimensionsare
currentlydeterminedby thesizeof the integrationareain y andz
directions,forming a cube. Sincemany particlesare leaving the
integrationareaafter about100 time steps,the maximumamount
of particlesper injector during the simulationis about130. The
compresseddatafiles have a maximumsizeof 275MB each.Due
to thestructureof thesimulatedflow, theamountof particlesis os-
cillating arounda constantvalueof about110after time step131.
Thefog-ring vortex shown in Figure3 breaksdown (Figure4) and
is replacedby a rotatingdoublehelix structure(Figure5). Effec-
tively, the maximumamountof visualizedparticlesis reachedat
time step130, whenthe broken-down vortex is carriedout of the
integrationarea.Figure7 shows thesefeaturesin moredetail.

Figure3: Vortex structur e.

Figure4: Vortex breakdown.



Figure5: Doublehelix structur e.

3.2 Data Representation
Theclassicalvisualizationapproachfor interactive particletrac-

ing is to readthedataneededfor calculatingtheparticletracesfrom
a storagesystemandcalculatingparticletrajectoriesprocedurally
andin-core. The velocity of the particlesis theninterpolatedand
their new positionsaredetermined.Using this method,visualiza-
tion with artificial fog is impracticalfor tera-bytedatasets,since
very largemassive parallelsystemsareneeded.This is dueto the
amountof datarequiredfor the integrationwith a limiting factor
beingthedatathroughputfrom thestoragesystemto theserver.

In a time-dependentCFD simulationonanunstructuredtetrahe-
dral grid, theminimal datarequiredto computea particlepathare
two tetrahedrawith velocity vectorsdefinedat their corners.This
meansthatfor everyparticletwo setsof four coordinateswith four
velocity vectorsareneeded.Whenusingsingle-precisionfloating-
point variables,256 byteswill have to be transferredper particle.
Assuminga staticmesh,thisamountcanbereducedby 50%when
the meshis cachedin main memory. The other limiting factor is
theamountof searchesrequiredon thestoragesystem.As “seeks”
generallyrequiremoretimethantheactualreadoperations,usually
largerdatablocksneedto beprocessedfor eachparticle.

Sincethesemethodsstrive to achieve completefreedomof in-
teractionfor userspecifiableinput, they areoptimizedfor random
accessto dataon the storagesystem. For the particlesthat are
rendered,the amountof dataneededis muchsmaller. Every par-
ticle can be describedby its coordinates.Using single-precision
floating-pointvariables,twelve bytesareneeded.By transforming
thecoordinatesto 16-bit integervalues,this canbereducedto six
bytes. In certaincasesparticlesarecolor-codedby an underlying
scalarfield valuesuchaspressureor absolutespeed.For this pur-
pose,anadditional16-bitvaluecanbeaddedto alignthedatato 64
bits (8 bytes). With this approach,particlesneedonly

�
��
 of data

throughputcomparedto thedataneededto actuallygeneratethem.

3.3 Particle Tracer and Encoder
In orderto optimizerenderingperformancethemethoddescribed

hereinlimits interactionby pre-calculatingparticletracesfor auser
definedraster. Insteadof calculatingparticletracesonthefly proce-
durally, andtraversingthecompletevisualizationpipelinein real-
time, the approachcalculatesparticle tracesin bulk large enough
to allow interactionby selection.It is possibleto storetheparticles
in aschemesuchthatthey canbeinteractively selectedin realtime
during later dataexploration. The drawback is that a new raster
needsto beselectedandtheparticlesre-calculatedto explore dif-
ferentpartsof theflow. This turn-aroundtime is highly dependent
on the sizeof the data,its structure,and the usedcomputational
hardware. As particle tracing can be parallelizedefficiently, ei-
ther a simulationmainframeor a renderfarmcouldbe used.The
simulationusedfor testingis a sequentialfinite-differencemethod

appliedto a rectangulargrid includinga particletracer. After each
time step,new particlesareinjectedfrom a rasterof entrypoints.
All particlesin theintegrationareaaretracedandtheircoordinates,
time of entry, andnumberof entrypointsarestored.The integra-
tion schemeis asecond-ordervonHeunmethodusingthetwo time
stepsthat arestoredin main memoryduring the simulation. The
second-orderschemeis sufficient,asthesimulationitself is only of
first order. Thetimesteppingof theparticleintegrationis thesame
asthesteppingof thesimulation.Thisassuresthattheparticlesare
synchronizedwith thesimulationspeed.

Particle injectorsarelocatedin a uniform rectilinearmeshthat
discretizesa volumein a user-specifiedregion. Thevolumecanbe
intersectedwith themodellocatedin theflow field. Whenthis oc-
curs,theparticleinjectoraredisabledin the impactedregion. For
every injector, the particlesarestoredin a list, sortedby time of
entry. At eachtime step,a particleis addedto thelist with theco-
ordinatesof the injector, andnew particlepositionsarecalculated.
All particlesthatleave theintegrationspacewill bedeleted.When
the maximumparticle thresholdis reached,particlesare deleted
basedon their age,i.e., in FIFOorder. Thisapproachsimulatesthe
dissolvingof paintmoleculesin a liquid.

During theencodingstep,themaximumamountof particlesper
injector is calculated,and all active injectorsare sortedby their
Morton code3. Basedon the final order, the particlelists for each
injectoraretraversed.Thecoordinatesaredown-sampledto 16-bit
integervaluesandstoredin consecutivefiles. To achieveaconstant
block size,eachparticlelist is paddedwith zerosup to the maxi-
mumamountperentrypoint. After storingtheparticles,a header
file is generatedwith thefollowing information:

� numberof particleinjectors,

� file pointer for the first time stepof eachparticle injector
(usedto calculatetheseeklocation),

� block size(maximumamountof particlesperentrypoint),

� sizeof integrationarea(to transformfrom 16-bit to floating-
point representation),

� sizeof particleinjectorgrid (to calculatecursorposition),

� numberof timesteps,and

� file sizepertime step.

Theencoderwasimplementedin C andutilizesa localRAID on
theLinux system.Eachtimestepis readinto mainmemory, sorted,
re-sampled,padded,andwritten into consecutive files. Following
eachtime step,the headerfile is alsogeneratedandstored. The
file namesaredirectly correlatedwith thecurrenttime step.Since
theconverterparsesASCII datapipedto it from a de-compression
process,eachtime steprequiresaboutfive minutesto complete.
The paddingpenaltyfor missingparticlesis up to five megabytes
per time step,resultingin a maximumfile sizeof 28MB for the
describedproblem. This overhead,however, enablessignificantly
fasterlook-up operationson block-aligneddata. The alternative
would be to storeblock sizesper time stepand injector in main
memory. Using the ��

�
grid with 250 time steps,resultsin an

�
The Morton orderdefinesa linear numberingof the leavesof a

completequadtree(2D case)or octree(3D case)[8]. A Morton or-
deroptimizestheamountof searchesneededto selectarectangular
subsetof a uniform rectilineargrid. In the3D case,theworstcase
requireseightsearchesto accessarectangularsubset,seeFigure6.
Themaximumsizeof thedatato bereadis eight timesthesizeof
a rectangularsubset.
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Figure 6: Morton scheme.The shadedarea indicatesthe data
blocksassociatedwith the given 4x4 cursor for the 2D case.

overheadof approximately1.4GB to be storedin main memory,
which conflictswith theoriginal goalof working with thesmallest
possibleCPUandmainmemoryfoot prints. Theresultingdataset
for thedescribedtestcaseis 60GB.

3.4 Renderer
The rendereris implementedas a plug-in componentfor Vir-

tualExplorer, aVR toolkit developedjointly betweentheUC Davis
andUC Irvine [9]. VirtualExplorer(VE) is a customizableplug-
in-basedVR framework for immersivescientificvisualization,data
exploration and geometricmodeling. The framework is layered
on top of a run-time plug-in systemand re-configurablevirtual
userinterfaceandprovidesa variety of plug-in components.The
systemenablesaccessto scene-graph-basedAPIs, including Per-
formerandOpenInventor, directOpenGLsupportfor visualization
of time-critical dataaswell ascollision andgenericdevice man-
agers. Plug-inscan be loaded,disabled,enabled,or unloadedat
any time, triggeredeitherthroughpre-definedeventsor throughan
external Python-basedinterface. The framework is currentlybe-
ing extendedwith a varietyof applicationareasin mind, with the
mostimportantonesbeinguser-guideddataexplorationandhigh-
precisionengineeringdesign.

The CFD visualizationtoolkit providestwo distinct plug-insto
enableout-of-coreparticlevisualization.An optimizeddataloader
and datastreamingcomponentand a designatedOpenGL-based
real-timerenderingengine.The requireduserinterfaceandinter-
actionmetaphorsareprovidedthroughtheVE framework. For ex-
ample,thevirtual particleinjectorcanbecontrolledeitherthrough
aspatiallytrackedinputdeviceor its appropriatekeyboard-or soft-
ware-basedsimulator.

At start-uptime, the plug-insarelaunchedasindependentpro-
cesses.The dataacquisitionprocessthenacquiresdatafrom the
RAID systemand storesit in sharedmemory, togetherwith the

requiredpointers.Thespecificdatasetsaredeterminedby thecur-
rent spatialcoordinatesof the cursorthat is provided throughthe
VE framework andconstantlydispatchedto theplug-ins.

Initially, the rendereronly readsthe globalheaderfile andpro-
ceedsto createhandlesto all availableparticlefiles. As a conse-
quence,the visualizationsystemhasnearlyno pre-loaddelaybe-
fore rendering. Onceinitialized, the userhasinteractive control
over abox-shapedcursorof customizablesize.Themaximumcur-
sorsizeis limitedby thedatatransferrateof thedatastoragesystem
thatis used.A cursorencapsulating�

�
particleinjectorshasproven

very efficient for the testedvisualizationtasks.Oncethecursoris
positionedin theflow field, thematchingparticleinjectorsin it are
calculated.Next, thecorrespondingfile pointersaresortedandtra-
versed. If the differencebetweentwo pointersis larger than the
cursorsize timesthe block size,the dataup to the last pointer is
readandaseekoperationto thenext pointeris performed.Theun-
derlyingMorton orderof thefile pointersminimizestheamountof
requiredseeks.

For eachpoint in thecursor, apointerinto theloadeddatablocks
is storedto enablerenderingof theparticles.Duringactualrender-
ing, the list of pointersinto the loadedblocksis traversed.Every
particle is thentransformedback into its original coordinatesys-
temandrendered.Particlesarerenderedassimplepointswith user
adjustablecolor. The blendfunction of the 3D hardwareis setto
addup theRGB valuesperrenderedpixel, thereforeachieving the
desiredfog effect. By default particlesarerenderedasgraypixels
onto a dark blue background,addingup the RGB valuesof over-
lying particleswithout Z-buffering. Particlesthatarein alignment
with theviewing directionappearbrighter. Finally, thebackground
geometry, thecursor, model,integrationareaandnavigation tools
arerenderedfrom a user-definablescenegraph.

3.5 Interaction
The applicationsupportsthe advantagesof head-trackingand

naturaltwo-handedinput. It canutilize spatialtrackinghardware
andglove devicesfor theinteractionwith thedata.A setof generic
handgesturesis supportedfor intuitivescenenavigation.Userscan
applya walk, drive or fly metaphorto explore theenvironmentor
usetranslate,rotateandscaleoperationsfor morecustomizedcon-
trol. Theparticleinjectorcanbeattachedto a trackeddatagloveor
stylusdevice andfreely positionedwithin thevirtual wind tunnel.
Particlescanbe injectedat any time andfor any duration.An ad-
vantageof the two-handedinterfaceis thatparticlescanbeadded
to theflow field while theusernavigatesthroughit.

4. RESULTS
A uniform rectilinearparticleinjectorgrid of ��

�
wassufficient

to visualizethekey featuresof the turbulentflow. However, addi-
tional testswith differentdatasetsarerequiredto determineif an
“optimal” injectorsizecanbedefinedfor arbitrarydata.

Initial runsindicatethat the visualizationalgorithmsarebound
by the transferratefrom the sideof the RAID. The datatransfer
ratecurrentlytranslatesinto a stableupdaterateof 10 framesper
second,with eachframerepresentingauniquetimestep.Theaver-
ageCPUloadonthesystemis roughly20%while utilizing 128MB
of RAM.

The available dataupdaterate of 10Hz is fast enoughto sup-
port smoothvisualization. Although the updaterate is boundby
thespeedof theRAID system,thethreadedrenderingprocessruns
at a framerateof morethan 75 framesper second.This perfor-
mancemakes the systemsuitablefor real-timeinteractive stereo-
scopicrenderingin virtual environments.Theunder-utilized CPU
andmemoryresourcesallow for a variety of additionalimprove-



mentsin renderingtechniquesandinteraction.However, the turn-
aroundtime of the simulatorusing the currentsequentialimple-
mentationneedsto beimprovedby a factorof at least10.

4.1 Performance
At the moment,the performanceof the pre-processorseemsto

be poor in comparisonwith the performanceof the renderer. As
particle tracingcanbe efficiently parallelized,this is of lesscon-
cern.

4.1.1 Pre-processing
Eventhoughparticletracingfor rectangularmeshesleadsto very

fast algorithms,the sequentialtechniqueintegratedin the finite-
differencesimulationprogramrequiresabouta dayto calculateall
particlesfor the250timestepsof thesimulation.An improvedpar-
allel, out-of-coreparticletraceris neededandshouldexploit bulk
particlerendering.

4.1.2 Rendering
Thetheoreticalminimal refreshrateof this systemis givenby

�

��������� �"!#� $&%('()*�+%-,/.

where� �+��� � = theaverageseektime of theRAID systemand
� $&%('()*�+%0, = thetimeneededto readin thelargestblockof particles
in seconds.Thevalueof � $&%0'()1�2%0, canbeestimatedfrom theraw
throughputof theRAID system.

In this case,theassumedvalueof ������� � would be10ms.With a
cursorsizeof �

�
injectorsandanaverageof 130activeparticlesper

injector, the largestdatablock size is 520KB assumingthat eight
bytesareusedto representeachparticle. With a datatransferrate
of 60MB persecond,theRAID systemcandeliver 118blocksper
second,resultingin � $3%('()*�+%0, = 8.47ms.

Therefore,a theoreticalminimal updaterate of 11 framesper
secondis possible. The achieved frame rate is currently on the
lower theoreticallimit. Data fragmentationon the RAID system
hasto beanalyzedmorecarefullyandcorrelatedwith the60MBper
secondpeaktransferrateto providea betterperformancemeasure.

5. HARDWARE SETUP
All algorithmsweredevelopedwith awiderangeof systemcon-

figurationsin mind. However, the emphasiswasto provide real-
time visualizationand interactioncapabilitiesfor low-cost com-
modity hardware.Thecurrentproof-of-conceptsystemrunsunder
RedHatLinux 6.2 on a PentiumIII (866Mhz)systemwith 512MB
of main memoryand a GeForce2GTS graphicsboard(64MB).
The datasetsarestoredon a 120GBE-IDE RAID systemusing
four low-cost IBM DeskStarATA 100 disksandan AMI Hyper-
disk soft-raidcontroller. At this point, theavailableLinux drivers
limit theRAID to ATA 66. Eye3DPremiumshutterglasseswere
usedfor the creationof stereoscopicvisualizations. This system
configuration,in combinationwith theVirtualExplorervirtual real-
ity framework, providesintuitiveaccessto thecommoninteraction
metaphors.In the cost-optimizedimplementation,the userrelies
on mouseandkeyboardmappingsthat simulatethe moreexpen-
sive spatialtrackingand interactiondevices. Consideringthe to-
tal price of lessthanUS$ 2500for this setup,the systemdelivers
an astonishingprice-performanceratio. If the useris not limited
by systemcost,additionaltrackinghardwaresuchasthePolhemus
Fastrak,AscensionFlockof BirdsandtheFakespacePinchGlovein
combinationwith moreadvancedprojectiondisplayssuchaswork-
benchesor wallsaresupportedandreplacethedevice simulators.

6. CONCLUSIONS
This paperintroducesa new methodfor the interactive visual-

ization of particle tracesfor large time-dependentCFD datasets
anddemonstratedthatthismethodcanbeperformedoncommodity
hardware. The describedout-of-corevisualizationtechniquepro-
videsframeratessuitablefor fully interactive virtual environments
andscalesfor biggerdatasetsizes.Out-of-corealgorithmsin com-
binationwith the commodityPC basedsystemscanaid in transi-
tioning virtual reality applicationsinto the main streamresearch
anddevelopmentaswell astheconsumermarket.

A distributedclient-server basedimplementationwhich enables
accessto a wide rangeof availableVR visualizationhardware is
currentlybeingtested.Theachieveddataratessuggestthata cou-
pling of theavailablesystemsusingthecommon100MbitEthernet
is feasiblefor thedescribeddatacomplexity.

Systemtestsonawidevarietyof alreadyexistingdatasetsarein
progress.Thesetestswill determinehow efficient thedataconver-
siontoolsareandhow thesystemperformswith tera-bytedatasets
streamedover a high-speednetwork.

Experimentsonhow thismethodscalesonlargerandfasterRAID
systemsneedto be conductedand a wide rangeof possibleop-
timization strategies suchas dataset partitioning and hard drive
de-fragmentationexplored.
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(a) (b)
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Figure 7: Core vortex structur e in the simulation. As the sphere is suddenly moved thr ough the liquid, a fog ring forms (a). The
vortex breaksdown after about 50 time steps(b) and is replacedby a helix lik e structur e (c). This figure is reproducedin color on
page202.




