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Abstract

Visualization of CFD simulation data on unstructured,three-
dimensionalgridsposesseveralchallenges.Thewiderangeof real-
world datasetsizesandthegeometricversatilitywithin individual,
CFDsimulationmodelspresentchallengesto theengineersanalyz-
ing simulationresults. Usersalso faceperceptualproblemssuch
asocclusion,visual complexity, lack of directionalcues,andlack
of depthcues. We presenta collectionof geometric�o w visual-
izationtechniquesthataddressthesechallengesincludingoriented
streamlines,streamlets,and a streamrunnertool. Two novel ap-
proachesare included: a real-timeanimatedstreamlinetechnique
andstreamcomets.We placespecialemphasison necessarymea-
suresrequiredin orderfor geometrictechniquesto beapplicableto
real-world datasets.
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1 Intro duction

Demandfor visualizationsolutionsfor CFD simulationdatahas
grown rapidly in thelastdecade.This is due,in part,by theinterest
of manufacturesin minimizing the time taken for their production
cycle. Thisobjective is realizedwith theuseof softwaresimulation
tools to analyzedesigndecisionsbeforeconstructingreal, heavy-
weightobjects.

At theVRVis researchcenterwecollaboratewith AVL (www.avl.com)
in orderto provide �o w visualizationsolutionsfor analysisof their
CFD simulationresultdata.AVL's own engineersaswell asengi-
neersatindustryaf�liates use�o w visualizationsoftwareto analyze
andevaluatethe resultsof their automotive designandsimulation
on a daily basis. The analysisof an engineerincludestaskssuch
assearchingfor areasof extremepressure,looking for symmetries
in the�o w, searchingfor critical points,andcomparingsimulation
resultswith measured,experimentalresults. Onepervadingmes-
sagewe hearconsistentlyis: usersareinterestedin moreinterac-
tive controlof the �o w visualizationresults–aclassicthemein the
realmof scienti�c visualization[HibbardandSantek1989]. Engi-
neersaswell asusersfrom otherdisciplinesareinterestedin having
acollectionof user-optionsandparametersthatallow themto ful�ll
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Figure1: The CFD simulationgrid of an intake port. This image
illustratestheversatilityof a typical,unstructured,CFD simulation
grid.

their individualgoals,whethertheirgoalsareexploration,analysis,
or presentation.Interactive toolsfacilitateaniterativevisualanaly-
sisandexplorationprocessi.e.,anenvironmentin whichtheuseris
ableto make rapiddecisionsandre�nementbasedon visualization
results.

AVL analyzesa large, variedcollectionof datasetsrangingfrom
smallgeometriessuchassmall�uid conduitsto mid-rangesizege-
ometriessuchascoolingjackets,to largegeometriessuchasauto-
motive exteriors. The geometricsizesof thesegrids differ by six
or moreordersof magnitudeaswell asthesizesof theunderlying
polygons.Hence,thetoolsusedto visualizethesimulationresults
alsoneedto spanthis rangeof sizes.We speculatethat this differ-
encewill increasein thefuture.

The Versatilit y of CFD Grids

Anotherreasontheusersrequestmoreinteractioncontrolover the
visualizationresultsis due to the fact that CFD meshesembrace
a wide variety of components,features,and levels of resolution.
To illustrate,we look at Figure1 showing two intake ports–small
valvesin a carenginethatallow air into theengine's cylinders.By
lookingatanoverview, weobservewhatappearto befour adaptive
levelsof resolution:(1) for the�o w sourceon theleft andthecom-
bustionchamberon thelower, right, (2) anotherlevel of resolution
for theconnectingpipesin themiddle,andtwo levelsof resolution
for theintakeport componentsthemselves.

Whenwe zoomin (Figure2) we �nd � ve adaptive levels of reso-
lution usedto evaluatethe intake portsthemselves: (a) two levels
for the top of the ports,(b) approximatelythe sametwo levels of
detailplusanaddedlayerof �ner resolutiongrid cellsfor therings
aroundthebaseof theports. Thefacetsin the �o w source(on the
left in Figure1) areapproximately1000–2000timeslargerthanthe
�nest resolutionfacetsat thebaseof the intake ports. Thesegrids
areadaily experiencein theindustrialCFDcommunity. Ourgoalis



Figure 2: A close-upview of the intake ports in the sameCFD
simulationgrid asshown in Figure1. Themeshcontainsmultiple,
adaptive resolutionlevelsof unstructuredgrid cells.

to provide �o w visualizationsolutionsthatareequallyasversatile
andadaptiveasthegridsthemselves.

Perceptual Challenges

A large amountof �o w visualizationresearchliteratureaddresses
two-dimensionalvisualizationtechniques.This is partly because
�o w visualizationon boundarysurfacesand in 3D presentsaddi-
tional perceptualchallengessuchasocclusion,lack of directional
cues,lack of depthcues,andvisualcomplexity. Most of theCFD
simulationgrids at AVL are unstructuredand threedimensional.
Althoughengineersoftenuse2D slicesthroughthe3D meshesdur-
ing analysis,thereis a stronginterestin 3D andboundarysurface
visualizationtechniquesthataddresstheperceptualproblemsmen-
tionedabove. Wealsoknow thatthereis strongevidenceto support
thenotionthatusersacquirea betterunderstandingof 3D datasets
using3D visualizationtechniquesasopposedto 2D visualization
techniques[WareandFranck1996].

The rest of this paperis organizedas follows: In Section2 we
discussrelatedresearchin �o w visualizationwith anemphasison
geometricapproaches.Section3 describesour approachof using
orientedstreamlinesandstreamlets.Section4 introducesa novel
animatedstreamlinetechnique.Section5 outlinesthe streamrun-
nerandstreamcometconceptsandresultingimplementations.Each
tool is appliedto real-world datasetsfrom CFD. Finally, we con-
cludewith someinitial resultsandideasfor futurework.

2 Related Work

Four different approachesare widely used in �o w visualiza-
tion [Postetal. 2002]:

Direct�ow visualization: Thiscategoryof techniquesusesatrans-
lation that is as straightforward as possiblefor representing�o w
datain theresultingvisualization.Theresultis anoverallpictureof
the�o w. Commonapproachesaredrawing arrows or color coding
velocity. Intuitive picturescanbe provided,especiallyin the case
of two dimensions.

Geometric�ow visualization: Theseapproachesoften �rst inte-
gratethe�o w dataandusegeometricobjectsin theresultingvisu-
alization. The objectshave a geometrythat re�ects the properties
of the �o w. Examplesincludestreamlines,streaklines,streamsur-
faces,andtimelines. Not all geometricobjectsarebasedon inte-
gration. Anotherusefulgeometricapproachis generatingisosur-
faces,e.g.,with respectto anisovalueof pressureor magnitudeof
velocity. A morethoroughdescriptionof geometrictechniquesis
presentedby Postetal. [Postetal. 2002]

Dense, texture-based�ow visualization: A texture is computed
that is usedto generatea denserepresentationof the �o w. A no-
tion of wherethe �o w moves is incorporatedthroughco-related
texture valuesalong the vector �eld. In most casesthis effect is
achievedthrough�ltering of texelsaccordingto thelocal �o w vec-
tor. Texture-basedmethodsoffer a denserepresentationof the�o w
with completecoverageof the vector �eld. Recentexamplesin-
cludeImageBasedFlow Visualization(IBFV) [vanWijk 2002]and
ImageSpaceAdvection(ISA) [Larameeet al. 2004b],which can
generateboth Spot Noise [van Wijk 1991] and LIC-lik e [Cabral
and Leedom1993] imagery. We note that a full comparisonof
texture-based�o w visualizationtechniquesis beyondthescopeof
thispaper[Larameeetal. 2004a].

Feature-based�ow visualization: Anotherapproachmakesuseof
anabstractionand/orextractionstepwhich is performedbeforevi-
sualization.Specialfeaturesareextractedfrom theoriginaldataset,
such as important phenomenaor topological information of the
�o w. Visualizationis thenbasedon these�o w features(insteadof
theentiredataset),allowing for compactandef�cient �o w visual-
ization,evenof verylargeand/ortime-dependentdatasets.Thiscan
alsobethoughtof asvisualizationof deriveddata.Postet al. [Post
et al. 2003] cover feature-based�o w visualizationin detail. See
Doleischet al. [Doleischet al. 2004a;Doleischet al. 2004b] for
morerecentdevelopmentsin feature-based�o w visualization.

Wefocusoninteractivegeometricvisualizationtechniquesbecause
they arevery suitablefor 3D vector �elds. Direct �o w visualiza-
tion approachessuchas color mappingandusingglyphsapplied
to 3D dataresult in imageswith a high amountof occlusionand
lessspatialcoherency thangeometricapproaches.Thesameis true
for texture-based�o w visualizationin 3D. Texture-based�o w vi-
sualizationin 3D is alsousuallyvery computationallyexpensive.
Feature-basedmethodsarealsocomputationallyexpensive, gener-
ally moresothangeometricmethods.

Therehasbeena lot of work donein this area. And while some
of the geometrictechniquesherehave beenpresentedin previous
literature,they areoftennot illustratedin thecontext of real-world
datasets.Hereweonly highlight someof therelatedliterature.

JobardandLefer presenta 2D techniquethatpreservesthedensity
of evenly spacedstreamlines[JobardandLefer 1997a].Zöckleret
al. [Zöckler et al. 1996] presentinteractive 3D �o w visualization
with real-timeilluminatedstreamlines.The user-interactioncom-
ponentof their researchconsistsof theuseof “draggers”provided
by the OpenInventorgraphicstoolkit. However, this methodstill
suffersfrom occlusionandvisualcomplexity.

LöffelmannandGröller usestreamletsin order to highlight char-
acteristicstructuresof dynamicalsystems[L öffelmannandGröller
1998]. Themostinterestingbehavior of thedynamicalsystemsis
highlightedusinganautomaticseedingstrategy.

FuhrmannandGröller [FuhrmannandGröller 1998]usedashtubes
with reducedocclusion,animationfor cleardirection,andfastren-
dering.Therearea few waysin which their techniquesarerelated
to ourssincethey addressthesameperceptualproblemsassociated
with 3D visualizationthat we do. They also add stronguserin-



Figure3: Thevisualizationof blood�o w atthesurfaceof ananeurysm:(left) geometric�o w visualizationusingstreamlines(middle)oriented
streamlinesand(right) streamlets.

teractiontechniquesvia theuseof magiclensesandmagicboxes.
However, their presentationlacksapplicationto practicaldatasets.
In factweseenoclearillustrationof theirtechniqueappliedtoareal
dataset.Wealsosupplymoreinteractivedegreesof freedomto the
visualizationvia new integration-basedglyph representations.

3 Oriented Streamlines and Streamlets

One of the drawbacksof conventionalstreamlinesis the lack of
�o w orientation(upstreamvs. downstreamdirection) depictedin
a still image. Our systemincorporatesan orientedstreamlineim-
plementation.Orientedstreamlinesconvey thedownstreamdirec-
tion of the �o w by varying the opacity as a function of particle
traceevolution. In otherwords,thefurtherdownstreamanintegra-
tion path is traced,the higher the opacityof the streamline.This
can be implementedby giving the streamlinesa �nite width, ei-
ther automaticallyor throughuser-de�ned parameters,and using
semi-transparentpolygonsin orderto depictanorientedstreamline
(Figure3, middle). Arrow headscouldalsobeusedto achieve the
sameeffect. However, arrow headglyphscanleadto visualclutter
withoutcarefultreatment.

Attention must be paid when renderingorientedstreamlineson
boundarysurfacesin orderto preventartifactsresultingfrom over-
lappingstreamlineandboundarysurfacepolygons.Theseartifacts
canbe avoidedthroughthe useof OpenGL's polygonoffset func-
tionality. Theresultis similar to thatof OLIC (OrientedLine Inte-
gral Convolution) [Wegenkittl andGröller 1997;Wegenkittl et al.
1997]. One importantdifferenceis that OLIC is basedon a tra-
ditionally slower approachderived from LIC. Also OLIC is more
suitablefor thevisualizationof 2D vector�elds.

For the caseof unsteady�o w, drawing a continuousparticlepath
usinga singletime-stepof thedatasetcanbeconsideredmislead-
ing. This is becauseno particleactuallytracessucha path.For the
caseof slicesandsurfaces,the visualizationbecomeseven more
problematicbecausea componentof thevector�eld is takenaway,
namelythatcomponentorthogonalto thesliceor surface,absentaf-
teraprojectionontothesliceor surface.Oneapproachto handling
this is throughthe useof streamlets(shortstreamlines).Figure3,
left-to-right,showstheuseof streamlines,orientedstreamlines,and
streamletsall appliedto thesamedataset.Thedatasetin this case
is simulationdatacomingfrom blood�o w throughananeurysm.
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Figure 4: The 16-bit stipple pattern seriesused for animating
streamlinesin real-time,basedonOpenGL1.1.

4 Animated Streamlines

Here,we usea stipplingapproachto animatestreamlinessuchthat
the downstreamdirectionof the �o w is depicted. The advantage
hereis that the stippling approachis supportedby OpenGL1.1.
andcommoditygraphicshardware.Thusreal-timeframeratescan
beachievedeven for largenumbersof streamlinesaswell asplat-
form independence.Anti-aliasing,alsosupportedby the graphics
hardware,canbeaddedto visuallyenhancetheresultsat very little
overhead.

Weapplya line stipplepatternto streamlinepaths.Eachstreamline
is renderedusingoneof 16 stipplepatternsshown in Figure4. In
orderto addanimation,we simply shift thestipplepatternapplied
to theintegral pathsat renderingtime 1. This approachis reminis-
centof thatusedby JobardandLefer [JobardandLefer 1997b]or
Berger andGröller [Berger andGröller 2000] wherea color-table
look-upapproachis usedto animatethestreamlines.Oneimportant
differenceis thatthetechniquehereapplieswell to 3D �o w.

Without special handling, geometrictechniquescan also suffer
from someof the sameperceptualproblemsthat direct �o w visu-
alizationcan.Onemeansby which to focuson a particularsubset,

1For supplementaryimagesandMPEGanimations,pleasevisit:
http://www.VRVis.at/scivis/geometricApproach/
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Figure 5: Our seedingplaneimplementationhasseveral interac-
tive DoFs including: threetranslational,scaling,rotation, resolu-
tion control.

areaof interest,or featureof a �o w �eld is via a streamlineseed-
ing strategy. In general,threepopularstreamlineseedingstrate-
gies are often used: (1) image-basedseedingstrategies suchas
that describedby Turk and Banks[Turk and Banks1996] or the
evenly spaced-streamlineseedingstrategy presentedby Jobardand
Lefer [JobardandLefer 1997a],(2) topological or feature-based,
seedingstrategiessuchas thosepresentedby andLf̈felmannand
Gröller [L öffelmannandGröller 1998], Sannaet al. [Sannaet al.
2000],or Vermaet al. [Vermaet al. 2000]and(3) interactiveseed-
ing strategiesusinga streamlineseedingrake usedby Brysonand
Levit [BrysonandLevit 1992]or Schultzetal. [Schulzetal. 1999].
Ourapproachfalls into thethird category–aninteractivestreamline
seedingstrategy. Userswould like full controlover which subsets
of the vector�eld to highlight in orderto highlight bothdesirable
andundesirablecharacteristicsof the�o w.

A schematicof our interactive streamlineseedingtool is shown
in Figure 5. This tool provides the userwith several interactive
degreesof freedom(DoF): threetranslational,scaling,rotational,
andresolutioncontrol. Theseinteractive DoFsarerequiredto in-
vestigatethe resultsof CFD simulationsbecausethemeshesfrom
CFD embracea wide variety of components,features,and levels
of resolution.Ideally, thetoolsusedto analyzeandvisualizethese
datasetsshouldbe �e xible enoughto adapttheir size,orientation,
andresolutionto �t the featuresof interesteitherautomaticallyor
throughuser-speci�edparameters.

Figure6 showsanimated-dashedstreamlinesusedto visualizetum-
ble motion [Larameeet al. 2004c]. Tumble motion is the name
given to an ideal patternof �o w within the combustion chamber
of a gas engine. The sparseranimated-dashedstreamlinesallow
the userto seethroughthe volume. Furthermore,the implemen-
tation is simpler than the dashtube techniqueof Fuhrmannand
Gröller [FuhrmannandGröller 1998].

5 Streamcomets

Streamcometsare an extension of the streamrunner[Laramee
2002]. Thestreamrunneraddressestheproblemsof occlusionand
scenecomplexity by giving the usercontrol over the evolution of
streamlinesfrom seedingtime until they terminate. A streamline
mayterminatewhenit reachesaboundaryin thegeometry, reaches
a region of zerovelocity, or reachesa maximumlengthsetby the
user. The two interactive DoFsaffordedby the streamrunnerare:
(1) thepositionof thestream's headalongtheintegral pathand(2)
thediameterof thetheintegralobject,in thiscasethetubediameter.

Figure 6: The visualization of tumble motion using animated,
dashedstreamlines.Two seedingplanesareused:oneseedingcolor
mappedstreamlines,theotheremanatingredstreamlines.A gray-
scalemappedsliceservesascontext information.

Usingthestreamrunner, theuseris ableto setthestreamevolution
to its origin asshown in Figure7. In this �gure, only theseedsare
shown. Individual streamlinesareeasilydistinguishedandfocused
upon early in their evolution becauseocclusionhasbeenalmost
eliminatedwhile visual complexity is at a minimum. Thestream-
runnercanthenbeusedto changethecurrentgeometriclengthof
theshadedtubessuchthattheusercanwatchthestreamlinesgrow,
or run, in the direction of the �o w. This gives a clear, unequiv-
ocal indicationof �o w direction. The useris ableto focuson an
individualstreamline,agroupof streamlines,or aparticularareaof
the�o w asusersadjustthecurrentgeometriclength.Watchingthe
streams�o w in 3D combinedwith shading,givesaddeddepthcues.
Thestreamrunneralsoallows theuserto tracetheevolution of the
streamlinesbackwardsin orderto seewhereapathoriginated.

Streamcometsfollow avery intuitivemetaphor. They offer four in-
teractive DoFsasshown in Figure8. Theuseris given interactive
control over: (1) the positionof the headalongthe integral path,
(2) the diameterof the cometheadandcomettail, (3) the length
of the semi-transparentcomettail, and optionally (4) the anima-
tion speedof thecometalongthepathof integration.Coupledwith
moreinteractivedegreesof freedom,streamcometsoffer theadvan-
tageof showing local �o w directionandcurvaturefor staticimages.
Thereis strongevidenceto supportthenotion that �o w visualiza-
tion objectsthatshow thedirectionof thelocalvector�eld improve
theuser's ability to identify critical pointsandunderstandparticle
advectionpaths[Laidlaw etal. 2001].

Figure9 givesusanimpressionof whatit is like to usethestream-
cometsfor 3D �o w visualization.We includethesemi-transparent
ring geometryas context information. We also apply a semi-
transparentfunction to the comet tails and give them a glowing
effect. The alphavaluealongeachcomettail is a function of the
distanceto thecometheadi.e., thefurtheraway from thehead,the
moretransparentthetail.

Anotherusefulfeatureis theoptionof animatingthestreamcomets.
Conceptually, animatingthestreamcometssuchthatthecomethead



Figure7: This imageshows streamseedsasshortpipe segments
including a wire-framecontext of the connectingpipesin the in-
takeportsdataset.In thiswayocclusionandimagecomplexity are
minimized.

Seeding Location

DoF -Animation Speed

DoF
DiameterDoF -Length of Tail

DoF -Position of Head

Figure 8: The streamcometpromotesfour interactive degreesof
freedom:(1) thepositionof thecometheadalongthepathof inte-
gration,(2) thediameterof thecometheadandtail, (3) thelengthof
thecomettail, andoptionally(4) theanimationspeedof thecomets

positionis automaticallyincrementedalongthepathof integration,
actsasa visual searchfunction. The viewer is ableto usethe an-
imation to searchfor optimal cometheadpositions. This is very
usefulwhentheuseris notsurewhereto positionthehead,search-
ing for interestingfeaturesin the�o w �eld, or optimizingtheother
interactive degreesof freedom.We alsogive theusertheoptionof
interactively adjustingtheanimationspeed.

We do not proposethe streamrunnerand streamcometas stand-
alonefeatures. They are meantto be combinedwith other clas-
sic, 3D interactiontechniquessuchasrotation,scaling,andtrans-
lation. Additional important featureswe have includedare: the
optionof choosinganon-uniformcoloringschemesocolliding ge-
ometricobjectscanbemoreeasilydistinguished,turningon or off
semi-transparentor wire-framecontext information,andadjusting
thestreamlineseedingdensityin the�o w �eld.

Thecometglyphcanintuitively encodetimeattributesfor unsteady
�o w visualization.At the top of Figure10, we seea sampleseed
point whosegeometriclocation is constantover time and from
which streamcometsareinjectedinto the �o w, similar to a streak-
line – theline tracedby asetof particlesthathavepreviouslypassed
througha uniquepoint in the domain[Schroederet al. 2003]. As
the cometages(after beinginjectedinto the �o w), the sizeof the
headdecreasesasdoesa realcometwhentraveling throughspace.
Also thelengthof thetail encodesthelocal instantaneousvelocity
at the comet's currentposition. The color of the cometheaden-
codesthe local temperatureandthecolor of thecomettail re�ects

Figure9: Herestreamcometsarerenderedin thecontext of asemi-
transparentring geometry. We addsemi-transparency anda glow-
ing impressionto the streamcomettails, whosetransparency in-
creaseswith thedistancefrom thecomethead.

anotherscalarattributeof the�o w suchaspressure.If werepresent
comettails usingstreamtubes[Uenget al. 1996],the local conver-
genceanddivergenceof the �o w may be encoded.If comettails
arerepresentedusingstreamribbons[Uenget al. 1996], local vor-
ticity is encoded.Ideally, theuseris ableto togglebetweenthetwo
representations.We claim that the useof streamcometglyphsfor
encodingattributesof the �o w is more intuitive thanusingother
glyphssuchassuperquadricshapes.The interactive analogueof a
streaklineis astreakrunner. Thestreakrunneris aninteractivecon-
trol thatde�nes thegeometriclengthof thestreakline.Sucha line
is shown in Figure10connectingthecometheads.

6 Results

Performancetimesdependon the numberof streamlines.Perfor-
mancetimes for the animatedstreamlinesare given in Table 1.
Performancewasevaluatedon a machinerunningRedHat Linux
with a 3.2 GHz Intel Xeondualprocessor, 2 GB of RAM, andan
NVIDIA Quadro FX 1300graphicscard. Note that the framerate
alsovariesasaresultof caching.Anti-aliasingaddsverylittle over-
headsinceit is built into OpenGL1.2 andhenceis supportedby
mostgraphicscards.As we see,thestipplingapproachallows an-
imationof thousandsof streamlinesin real-time.Furthermore,we
have not employeddisplaylists to increasetheframerates.Figure

no. of with without
streamlines anti-aliasing anti-aliasing

10 101 101
100 101 101

1,000 64 66
2,500 35 40
5,000 20 24
10,000 11 14

Table1: Sampleframeratesfor theanimatedstreamlinesin frames
persecond.



Figure12: Thevisualizationof a vortex using(top) streamlinesand(bottom)animatedstreamcomets.Thestreamcometsreduceocclusion
andprovide thesamecoveragewhenanimated.

Time Step n+1

Seed Location Over Time

Time Step n+2

StreakRunner

Time Step n

Figure10: The useof the streamrunnerandstreamcometsfor un-
steady�o w visualization.Cometheadsshrink over time. i.e., the
olderthecomet,thesmallerthecomethead.Theinteractiveequiv-
alentof a streaklineis a streakrunner, which interactively controls
the numberof discretetime stepsalong the streaklinede�ned by
theseriesof cometheads.

11 shows two seedingplanesinsidethe combustionchamberof a
pistonvalve. Theseedingplanein thetop(foreground)hasstream-
cometsemanatingfrom it. Theseedingplanein themiddle(back-
ground)seedsshadedstreamlines.Weemphasizetheimportanceof
theuser's ability to resizethestreamcometsalongarbitrarydimen-
sionswhenzoomingin andout of thedatasets. It is importantto
notethatchangesto thediameterof thecometheadsapplyto theen-
tire collectionof streamcomets,andarenot appliedon a per-comet
basis. Applying sizechangesto individual cometswould lead to
misleadingvisualizationresults,e.g.,theusermayinterpretdiffer-
entcometheadsizesto bea re�ection of scalarpropertiesinherent
in the�o w �eld.

Figure12 givesusanotherimpressionof what it is like to usethe

streamcometsfor �o w visualizationin 3D. Here,bothstreamlines
andstreamcometsareusedto visualizea vortex. Giving the user
interactive control over the placementof the cometheads,the di-
ameterof the cometheadsandtails, the seedingdensity, and the
lengthof semi-transparentcomettails,affordstheuseraverygood
opportunityto seethecharacteristicsof the�o w �eld.

7 Conclusions and Future Work

Theaddedinteractionprovidedby ourgeometric�o w visualization
techniquesis veryusefulfor �o w visualizationin 3D andwithin the
domainof versatilegrids associatedwith CFD simulations. This
is becausethey are basedon geometricprimitives that are more
suitablefor thevisualizationof 3D �o w thanapproachesbasedon
color-mapping,glyphs,or texturesonly. Theusercontrolafforded
by thestreamcometsaswell astheintuitivemetaphoronwhichthey
arebasedmakesthemmoreversatilefor 3D �o w visualizationthan
previoustechniques.Furthermore,thesimplicity of ourapproaches
makesthemstrongcandidatesfor inclusionin other�o w visualiza-
tion softwarepackages.Theapproachesdescribedherehave been
includedin a cross-platform,industry-level visualizationapplica-
tion for theanalysisof CFD simulationdata.Thesegeometricob-
jectsgiveanew level of controlover to usersinvestigatingavector
�eld. We encouragethereaderto view theanimationsat thegiven
URL.

Futurework couldgo in severaldirectionsincluding: (1) animple-
mentationprototypeof the streamrunnerandthe streamcometfor
unsteady�o w visualizationincludingtheintroductionof apathrun-
ner – the unsteadyequivalentof a streamrunner, a streakrunner–
theinteractiveequivalentof astreaklineor (2) aformalHCI evalua-
tion of theperceptualeffectivenessof thestreamrunnerandstream-
cometsfor 3D �o w visualization.



Figure 11: Two seedingplanesin the combustion chamberof a
pistonvalve: oneseedingstreamcomets,theotherseedingshaded
streamlines.
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