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ABSTRACT

Real-timevisualizationof particle tracesin virtual ervironments
canaid in the exploration and analysisof comple threedimen-
sionalvectorfields. This paperintroducesa scalablemethodsuit-
able for the interactve visualizationof large time-varying vector
fieldson commodityhardware. A real-timedatastreamingandvi-
sualizationapproachand its out-of-coreschemefor the pre-pro-
cessingand renderingof dataare described. The presentecap-
proachyieldslow-lateng applicationstart-ugtimesandsmallmem-
ory footprints. A proof of conceptsystemsvasimplementecn a
low-cost Linux workstationequippedwith spatialtracking hard-
ware,dataglovesandshutterglassesThe systemwasusedto im-
plementavirtual wind tunnelin which a volumetricparticleinjec-
tor canintroduceup to 60000particlesinto theflow field while an
interactive renderingperformancef 60 framesperseconds main-
tained.

Keywords

Virtual Reality, Virtual Wind Tunnel, Particle Tracing, Scientific
Visualization,ComputationaFluid Dynamics,Out-of-CoreVisu-
alization,Simulation,Stereoscopi®endering.

1. INTRODUCTION

As numericalsimulationsarebecomingmorepowerful, it is pos-
sibleto simulatephysicalphenomenat everincreasingesolution.
Thegoalis to provide ascientistwith intuitive andinteractie tools
for the exploration and analysisof theselarge time-varying data
sets. The challengeis to visualize the datageneratedby high-
precisionsimulationrunswithout lossof accurag. Unfortunately
computationakesourcesvailable for visualizationfrequentlydo
not matchthoseusedfor simulationandit is no longer possible
to visualizethe resultingmassve datasetsusing an exclusive in-
core approach. This implies that the amountof datahasto be
reducedto allow for reasonablevisualizationtimes. Using avail-
ableapproachesnincreasen renderingspeedyenerallycomesat
the expenseof a reductionin dataprecision. In particular when
techniquesuchasub-samplingreused undesiredartifactscanbe
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Figure 1: Real-time particle visualizationin VR.

introducedor potentiallyimportantfeaturesemoved. The visual-
ization problemsassociatedvith very large time-varying datasets
in computationaffluid dynamics(CFD) are frequentlyaddressed
by creatingimagesequencesr maovies in batchprocessesSuch
an approachgenerallyrequiresbasicknowledgeof the result, fre-
quently derived from interactionwith lower resolutiondatasets.
Someimprovementshave beenmadewith 3D interactive movies,
but interactie visualizationin full resolutionis still expensve.

The goal of thework describechereinis to enablevisualization
of arbitrarily large scientific datasetswhile using minimal CPU
and memory footprints, enablingthe systemto run on low-cost
commodityhardware as well as massiely parallel systems.The
out-of-coreapproachis specializedfor real-timevisualizationof
large-scaleime-varying datasetsat the highestavailable level of
resolutionandis suitablefor virtual wind tunnel scenariogFig-
ure 1). The systemwas usedto implementa volumetric particle
injector, which canemit up to 60000 particlesinto the flow field
while maintainingan interactve framerate of 60 framesper sec-
ond. This performancewas achieved by pre-calculatinga dense
uniform rectilineargrid of particleinjectors (N? trajectoryseeds)
andstoringthe particleson all resultingtrajectoriesout-of-corein
aschemeoptimizedfor selectionof sub-grids.

For theinitial testphasedatasetsweregeneratedor aclassical

LA particleinjector releasesa constantstreamof particlesinto a
flow. In anumericsimulation,thisis discretizedby addinga parti-
cle for eachtime stepof the simulation.



problem:simulatingtheflow of afluid aroundasphericabbject.In
this case a Reynoldsnumbef of about2000wasselectedo simu-
late theflow field arounda spheregpushedslowly throughwater A
rectilineargrid of 128*128*1024wasusedfor the computationof
about250time steps A finite-differenceNavier-Stokessolver was
usedto generatehe simulationdata.

2. RELATED WORK

Visualizationof time-varyingfluid flows usinglarge amountsof
particleshasbeenapproachedfor example,by Lane[1]. Using
3D movies, the possibility of renderinglarge amountsof particles
in realtime wasdemonstratety MeiselbacH2]. Out-of-corepar
ticle tracing algorithmshave beendevelopedby Uenget al. [3]
for the mostcommonforms of mesheaisedin CFD. A morede-
tailed descriptionof the problemdefinition andrelatedissuescan
be found in [4]. A senerbasedapproachsupportinginteractve
frame rateswas demonstratedy Cox and Ellsworth [5] for rela-
tively small particlesystems.The interactve visualizationof flow
datasetsin virtual reality (VR) ervironmentswas studiedby Jern
andEarnshw [6], andfor time-dependentlatasetsby Kenwright
andLane[7] usingin-corealgorithms.

3. IMPLEMENT ATION

The presentedsystemconsistsof four main componentsi(1) a
CFD simulatorwith (2) a particletracer (3) anencoderand(4) a
rendererintegratedinto a VR framawork. Figure?2 illustratesthe
differentsystemcomponentanddatafiow.
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Figure 2: SystemComponents.

3.1 Simulation

Thelegag simulationcodewasoriginally writtenin Fortranand
implementsa finite-differencemethodfor a rectangulargrid and
a particletracer The particle tracerwas modifiedfor the contin-
uousinjection of particlesbasedon a uniform rectilineargrid of
entry points. Particleswithout massare calculatedin a second-
ordervon Heunschemeusingtrilinear interpolationin rectilinear
hexahedragrid elementsTheexisting Fortrancodewasconverted
to C usingf2c. Furtherimprovementsnereaddedto the C codeto
enablethe useof dynamicallyallocatedmemory It waspossible
to instrumentthe existing particle tracersuchthatit corvertsthe

2The Reynoldsnumberis proportionalto the ratio of inertial force
andviscousforce. It is usedin momentumheat,andmasstransfer
computationgo accountfor dynamicsimilarity.

particledatainto the discussedcheme.At eachtime stepduring

the simulationrun the coordinate®f all particlestogethemwith the

numberof the injectorandthetime stepof injectionarewritten to

afile andcompresseavith gzip to reducethe amountof memory
neededor storage.Sincethe codefor the simulationandparticle
traceris not yet optimizedfor commodity hardware with respect
to the requiredmemoryfootprint, the completesimulationrun is

performedasa pre-processingtepon an Origin2000sener. The

computationatesultsaredirectly storedon the Linux RAID sys-
tem that is mountedthroughthe local areanetwork using NFS.

After encoding,the resultingdatafiles are directly available for

visualizationandupdateddatasetscanbe incrementallyaddedas
they becomeavailable. Thespherdestdatasetconsistf 250time

stepgfor asimulationonarectilineargrid of 128*128*1024resolu-
tion. Theuniformrectilinearinjectorgrid hasasizeof 76° yielding

approximately200000particleinjectors.Thegrid's dimensionsre
currentlydeterminedby the size of the integrationareain y andz

directions,forming a cube. Sincemary particlesare leaving the

integrationareaafter about100 time steps,the maximumamount
of particlesper injector during the simulationis about130. The

compressedatafiles have a maximumsizeof 275MB each.Due

to the structureof the simulatedflow, theamountof particlesis os-

cillating arounda constantvalueof about110 aftertime step131.

Thefog-ring vortex shavn in Figure3 breaksdown (Figure4) and

is replacedby a rotatingdoublehelix structure(Figure5). Effec-

tively, the maximumamountof visualizedparticlesis reachedat

time step130, whenthe broken-davn vortex is carriedout of the

integrationarea.Figure7 shavs thesefeaturesn moredetail.

Figure 3: Vortex structur e.

b

Figure 4: Vortex break down.



Figure 5: Double helix structure.

3.2 Data Representation

TheclassicalvisualizationapproacHor interactive particletrac-
ing is to readthedataneededor calculatingtheparticletracesrom
a storagesystemand calculatingparticle trajectoriesprocedurally
andin-core. The velocity of the particlesis theninterpolatedand
their new positionsare determined.Using this method,visualiza-
tion with artificial fog is impracticalfor tera-bytedatasets,since
very large massie parallelsystemsareneeded.This is dueto the
amountof datarequiredfor the integrationwith a limiting factor
beingthe datathroughputfrom the storagesystemto thesener.

In atime-dependentFD simulationon anunstructuredetrahe-
dral grid, the minimal datarequiredto computea particlepathare
two tetrahedrawith velocity vectorsdefinedat their corners. This
meanghatfor every particletwo setsof four coordinatesvith four
velocity vectorsareneeded Whenusingsingle-precisiorfloating-
point variables,256 byteswill have to be transferredoer particle.
Assuminga staticmesh thisamountcanbereduceddy 50%when
the meshis cachedin main memory The otherlimiting factoris
theamountof searchesequiredon the storagesystem.As “seeks”
generallyrequiremoretime thantheactualreadoperationsusually
largerdatablocksneedto be processedor eachparticle.

Sincethesemethodsstrive to achiere completefreedomof in-
teractionfor userspecifiablenput, they areoptimizedfor random
accesgo dataon the storagesystem. For the particlesthat are
renderedthe amountof dataneededs muchsmaller Every par
ticle canbe describedby its coordinates. Using single-precision
floating-pointvariables twelve bytesareneeded By transforming
the coordinatego 16-bit integer values,this canbe reducedo six
bytes. In certaincasegarticlesare color-codedby an underlying
scalarfield valuesuchas pressureor absolutespeed.For this pur-
poseanadditionall6-bitvaluecanbe addedo alignthe datato 64
bits (8 bytes). With this approachparticlesneedonly % of data
throughputtomparedo the dataneededo actuallygeneratehem.

3.3 Particle Tracer and Encoder

In orderto optimizerenderingperformancéhemethoddescribed
hereinlimits interactionby pre-calculatingarticletracesor auser
definedraster Insteadf calculatingparticletracesonthefly proce-
durally, andtraversingthe completevisualizationpipelinein real-
time, the approachcalculatesparticle tracesin bulk large enough
to allow interactionby selection.It is possibleto storethe particles
in aschemesuchthatthey canbeinteractvely selectedn realtime
during later dataexploration. The dravbackis that a new raster
needsto be selectedandthe particlesre-calculatedo explore dif-
ferentpartsof theflow. This turn-aroundime is highly dependent
on the size of the data, its structure,and the usedcomputational
hardware. As particle tracing can be parallelizedefficiently, ei-
ther a simulationmainframeor a renderfarm could be used. The
simulationusedfor testingis a sequentiafinite-differencemethod

appliedto arectangulagrid includinga particletracer After each
time step,new particlesareinjectedfrom arasterof entry points.
All particlesin theintegrationareaaretracedandtheir coordinates,
time of entry andnumberof entry pointsarestored. The integra-
tion schemas asecond-ordevon Heunmethodusingthetwo time
stepsthat are storedin main memoryduring the simulation. The
second-ordeschemas sufiicient, asthe simulationitself is only of
first order Thetime steppingof the particleintegrationis the same
asthesteppingof thesimulation.This assureshatthe particlesare
synchronizedvith the simulationspeed.

Particle injectorsarelocatedin a uniform rectilinearmeshthat
discretizesa volumein a userspecifiedregion. Thevolumecanbe
intersectedvith the modellocatedin theflow field. Whenthis oc-
curs,the particleinjector aredisabledin the impactedregion. For
every injector, the particlesare storedin a list, sortedby time of
entry At eachtime step,a particleis addedto thelist with the co-
ordinatesof the injector, andnew particlepositionsarecalculated.
All particlesthatleave theintegrationspacewill be deleted.When
the maximum particle thresholdis reached particlesare deleted
basedntheirage,i.e.,in FIFO order Thisapproactsimulateghe
dissolvingof paintmoleculedn aliquid.

During the encodingstep,the maximumamountof particlesper
injector is calculated,and all active injectorsare sortedby their
Morton cod€. Basedon the final order the particlelists for each
injectoraretraversed.The coordinatesaredowvn-sampledo 16-bit
integervaluesandstoredin consecutie files. To achieze aconstant
block size,eachpatrticlelist is paddedwith zerosup to the maxi-
mum amountper entry point. After storingthe particles,a header
file is generatedvith thefollowing information:

e numberof particleinjectors,

o file pointer for the first time step of eachparticle injector
(usedto calculatethe seeklocation),

e block size(maximumamountof particlesperentrypoint),

e sizeof integrationarea(to transformfrom 16-bitto floating-
pointrepresentation),

e sizeof particleinjectorgrid (to calculatecursorposition),
e numberof time stepsand

o file sizepertime step.

Theencodemasimplementedn C andutilizesalocal RAID on
theLinux system Eachtime stepis readinto mainmemory sorted,
re-sampledpaddedandwritten into consecutie files. Following
eachtime step,the headeffile is also generatedand stored. The
file namesaredirectly correlatedwith the currenttime step. Since
the cornverterparsesASCII datapipedto it from a de-compression
process.eachtime steprequiresaboutfive minutesto complete.
The paddingpenaltyfor missingparticlesis up to five megabytes
per time step, resultingin a maximumfile size of 28MB for the
describedoroblem. This overhead however, enablessignificantly
fasterlook-up operationson block-aligneddata. The alternatve
would be to storeblock sizesper time stepandinjector in main
memory Using the 76% grid with 250 time steps,resultsin an

3The Morton order definesa linear numberingof the leaves of a
completequadtreg2D case)or octree(3D case)8]. A Morton or-
deroptimizestheamountof searcheseededo selectarectangular
subsebf a uniform rectilineargrid. In the 3D case the worstcase
requireseightsearche$o accesarectangulasubsetseeFigure6.
The maximumsizeof the datato bereadis eighttimesthe sizeof
arectangulasubset.
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Figure 6: Morton scheme.The shadedareaindicatesthe data
blocks associatedwith the given 4x4 cursor for the 2D case.

overheadof approximatelyl.4GBto be storedin main memory

which conflictswith the original goal of working with the smallest
possibleCPUandmainmemoryfoot prints. Theresultingdataset
for thedescribedestcaseis 60GB.

3.4 Renderer

The rendereris implementedas a plug-in componentfor Vir-
tualExploreraVR toolkit developedjointly betweerthe UC Davis
andUC Irvine [9]. VirtualExplorer(VE) is a customizableplug-
in-basedvR framework for immersie scientificvisualization data
exploration and geometricmodeling. The framework is layered
on top of a run-time plug-in systemand re-configurablevirtual
userinterfaceand providesa variety of plug-in components.The
systemenablesaccesdo scene-graph-basedPls, including Per
formerandOpenliventor directOpenGLsupportfor visualization
of time-critical dataaswell as collision and genericdevice man-
agers. Plug-inscan be loaded,disabled,enabled,or unloadedat
ary time, triggeredeitherthroughpre-definedaventsor throughan
external Python-basednterface. The framework is currently be-
ing extendedwith a variety of applicationareasin mind, with the
mostimportantonesbeinguserguideddataexplorationandhigh-
precisionengineeringlesign.

The CFD visualizationtoolkit providestwo distinct plug-insto
enableout-of-coreparticlevisualization.An optimizeddataloader
and data streamingcomponentand a designatedOpenGL-based
real-timerenderingengine. The requireduserinterfaceandinter
actionmetaphorsareprovidedthroughthe VE framework. For ex-
ample,thevirtual particleinjectorcanbe controlledeitherthrough
aspatiallytrackedinputdevice or its appropriatekeyboard-or soft-
ware-basedimulator

At start-uptime, the plug-insarelaunchedasindependenpro-
cesses.The dataacquisitionprocesshen acquiresdatafrom the
RAID systemand storesit in sharedmemory togetherwith the

requiredpointers.The specificdatasetsaredeterminedy the cur
rent spatialcoordinatesof the cursorthatis provided throughthe
VE framevork andconstantlydispatchedo the plug-ins.

Initially, the rendereronly readsthe global headeffile andpro-
ceedsto createhandlesto all available particlefiles. As a conse-
guencethe visualizationsystemhasnearly no pre-loaddelay be-
fore rendering. Onceinitialized, the userhasinteractve control
over abox-shapedaursorof customizableize. Themaximumcur-
sorsizeis limited by thedatatransferateof thedatastoragesystem
thatis used.A cursorencapsulating® particleinjectorshasproven
very efficient for the testedvisualizationtasks.Oncethe cursoris
positionedn theflow field, the matchingparticleinjectorsin it are
calculated Next, thecorrespondindile pointersaresortedandtra-
versed. If the differencebetweentwo pointersis larger thanthe
cursorsizetimesthe block size, the dataup to the last pointeris
readanda seekoperationto the next pointeris performed.Theun-
derlyingMorton orderof thefile pointersminimizesthe amountof
requiredseeks.

For eachpointin thecursor a pointerinto theloadeddatablocks
is storedto enablerenderingof the particles.During actualrender
ing, thelist of pointersinto the loadedblocksis traversed. Every
particleis thentransformedbackinto its original coordinatesys-
temandrenderedParticlesarerenderedassimplepointswith user
adjustablecolor. The blendfunction of the 3D hardvareis setto
addup the RGB valuesperrenderecdixel, thereforeachievzing the
desiredfog effect. By default particlesarerenderedasgray pixels
onto a dark blue backgroundaddingup the RGB valuesof over
lying particleswithout Z-buffering. Particlesthatarein alignment
with theviewing directionappeabrighter Finally, thebackground
geometrythe cursor model,integrationareaandnavigationtools
arerenderedrom a userdefinablescenegraph.

3.5 Interaction

The applicationsupportsthe advantagesof head-trackingand
naturaltwo-handednput. It canutilize spatialtracking hardware
andglove devicesfor theinteractionwith thedata.A setof generic
handgesturess supportedor intuitive scenenavigation. Userscan
apply a walk, drive or fly metaphorto explore the ervironmentor
usetranslaterotateandscaleoperationgor morecustomizedon-
trol. Theparticleinjectorcanbeattachedo atracked dataglove or
stylusdevice andfreely positionedwithin the virtual wind tunnel.
Particlescanbe injectedat ary time andfor ary duration. An ad-
vantageof the two-handednterfaceis that particlescanbe added
to theflow field while the usernavigatesthroughit.

4. RESULTS

A uniform rectilinearparticleinjector grid of 76% wassuficient
to visualizethe key featuresof the turbulentflow. However, addi-
tional testswith differentdatasetsarerequiredto determineif an
“optimal” injectorsizecanbedefinedfor arbitrarydata.

Initial runsindicatethatthe visualizationalgorithmsare bound
by the transferrate from the side of the RAID. The datatransfer
rate currentlytranslatesnto a stableupdaterate of 10 framesper
secondwith eachframerepresenting uniquetime step.Theaver-
ageCPUloadonthesystemis roughly20%while utilizing 128MB
of RAM.

The available dataupdaterate of 10Hz is fastenoughto sup-
port smoothvisualization. Although the updaterateis boundby
thespeedf theRAID systemthethreadedenderingprocessuns
at a framerate of morethan 75 framesper second. This perfor
mancemalkesthe systemsuitablefor real-timeinteractve stereo-
scopicrenderingin virtual ervironments.The underutilized CPU
andmemoryresourcesllow for a variety of additionalimprove-



mentsin renderingtechniquesandinteraction. However, the turn-
aroundtime of the simulatorusing the currentsequentiaimple-
mentationneedgo beimprovedby afactorof atleast10.

4.1 Performance

At the moment,the performanceof the pre-processoseemso
be poorin comparisorwith the performanceof the renderer As
particle tracing can be efficiently parallelizedthis is of lesscon-
cern.

4.1.1 Pre-processing

Eventhoughparticletracingfor rectangulameshedeadsto very
fast algorithms, the sequentiatechniqueintegratedin the finite-
differencesimulationprogramrequiresabouta dayto calculateall
particlesfor the 250time stepsof thesimulation.An improvedpar
allel, out-of-coreparticletraceris neededand shouldexploit bulk
particlerendering.

4.1.2 Rendering
Thetheoreticaminimal refreshrateof this systemis givenby

1
8tseek + tmazread ’

wheret..r = theaverageseektime of the RAID systemand
tmazread = thetime neededo readin thelargestblock of particles
in seconds.Thevalueof t,,.2rcaq Canbe estimatedrom the raw
throughpuiof the RAID system.

In this case the assumedalueof t..x would be 10ms. With a
cursorsizeof 82 injectorsandanaverageof 130active particlesper
injector, the largestdatablock size is 520KB assuminghat eight
bytesareusedto represeneachparticle. With a datatransferrate
of 60MB persecondthe RAID systemcandeliver 118 blocksper
secondresultingin tmazread = 8.47mMs.

Therefore,a theoreticalminimal updaterate of 11 framesper
secondis possible. The achieved framerate is currently on the
lower theoreticallimit. Datafragmentationon the RAID system
hasto beanalyzednorecarefullyandcorrelatedvith the60MB per
secondpeaktransferrateto provide a betterperformanceneasure.

5. HARDWARE SETUP

All algorithmsweredevelopedwith awide rangeof systemcon-
figurationsin mind. However, the emphasisvasto provide real-
time visualizationand interactioncapabilitiesfor low-cost com-
modity hardware. The currentproof-of-concepsystemrunsunder
RedHatLinux 6.2 on a Pentiumlll (866Mhz)systemwith 512MB
of main memoryand a GeForce2 GTS graphicshoard (64MB).
The datasetsare storedon a 120GB E-IDE RAID systemusing
four low-costIBM DeskStarATA 100 disksandan AMI Hyper
disk soft-raidcontroller At this point, the availableLinux drivers
limit the RAID to ATA 66. Eye3D Premiumshutterglassesvere
usedfor the creationof stereoscopiwisualizations. This system
configurationjn combinatiorwith the VirtualExplorervirtual real-
ity framework, providesintuitive accesgo the commoninteraction
metaphors.In the cost-optimizedmplementationthe userrelies
on mouseand keyboard mappingsthat simulatethe more expen-
sive spatialtracking andinteractiondevices. Consideringthe to-
tal price of lessthan US$ 2500for this setup,the systemdelivers
an astonishingprice-performanceatio. If the useris not limited
by systemcost,additionaltrackinghardware suchasthe Polhemus
Fastrak AscensiorfFlock of BirdsandtheFakespacd’inchGlaein
combinatiorwith moreadwancedprojectiondisplayssuchaswork-
bencheor walls aresupportedandreplacethedevice simulators.

6. CONCLUSIONS

This paperintroducesa nev methodfor the interactve visual-
ization of particle tracesfor large time-dependen€FD datasets
anddemonstratethatthis methodcanbeperformedon commodity
hardware. The describedbut-of-corevisualizationtechniquepro-
videsframeratessuitablefor fully interactize virtual ervironments
andscaledor biggerdatasetsizes.Out-of-corealgorithmsin com-
binationwith the commodity PC basedsystemscanaid in transi-
tioning virtual reality applicationsinto the main streamresearch
anddevelopmentaswell asthe consumemarlet.

A distributedclient-serer basedmplementationwhich enables
accesgo a wide rangeof available VR visualizationhardware is
currentlybeingtested.The achierzed dataratessuggesthata cou-
pling of the availablesystemsausingthe common100Mbit Ethernet
is feasiblefor thedescribeddatacompleity.

Systemtestson awide variety of alreadyexisting datasetsarein
progressThesetestswill determinenow efficientthe datacorver
siontoolsareandhow the systemperformswith tera-bytedatasets
streamedaver a high-speedetwork.

Experiment®nhaw thismethodscaleonlargerandfasteRAID
systemsneedto be conductedand a wide rangeof possibleop-
timization stratgies such as dataset partitioning and hard drive
de-fragmentatiomexplored.
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Figure 7: Core vortex structurein the simulation. As the sphere is suddenly moved thr ough the liquid, a fogring forms (a). The
vortex breaksdown after about 50 time steps(b) and is replacedby a helix lik e structur e (c). This figureis reproducedin color on
page202.





