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Abstract

Visualizationof CFD simulationdata on unstructured,3D grids
posesseveral challenges.The wide rangeof real-world dataset
sizesandthe geometricversatility within individual, unstructured
CFD simulationmodelspresentspecialchallengesto theengineers
analyzingflow simulationresults.Usersalsofaceperceptualprob-
lemssuchasocclusion,visualcomplexity, lackof directionalcues,
andlack of depthcues.Theseperceptualproblemscombinedwith
theversatilityof real-world CFD simulationdatamodelsmotivates
highly interactive andversatilevisualizationsolutions.

We presenttwo new integral objects,thestreamrunnerandstream-
comets,thataddressthesechallenges.Thestreamrunnergivesthe
userinteractive control over the evolution of streamlinesfrom the
seedpoint until reachingtheir full length. The streamrunnercon-
trol minimizesocclusionandvisualcomplexity andmaximizesdi-
rectionalanddepthcuesfor flow visualizationin 3D. Thestream-
cometshiftsevenmoreinteractive controlto theuserby letting the
usercontrolthepositionof thecomet’sheadalongtheintegralpath,
thecomettail length,thediameterof thecometheadandtail, and
optionally the comet’s animationspeed.We alsoproposethe use
of thestreamrunnerandstreamcometsfor unsteadyflow visualiza-
tion. Combinedwith our other interactive 3D flow visualization
tools,thesenew integral objectsrepresenttwo furtherstepsin sup-
plying a strongdemandfor moreinteractive visualizationsolutions
for CFD simulationdataon complex, unstructuredgrids.
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1 INTRODUCTION

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. This objective is realizedwith the useof softwaresimula-
tion toolsto analyzedesigndecisionsratherthanconstructingreal,
heavy-weightobjects.

Hereat theVRVis researchcenterwe collaboratewith AVL in or-
derto provideflow visualizationsolutionsfor analysisof theirCFD
simulationresultdata.AVL (www.avl.com) is aninternationallyrec-
ognizedleaderin providing automotivedesignandCFDsimulation
solutionsto its partnersin theautomotiveindustry. AVL workswith
otherinternationallyrecognizedcompaniessuchasToyota,Daim-
lerChrysler– Mercedes-Benz,and Pierburg InstrumentsGmbH.
AVL’s own engineersaswell asengineersat industryaffiliatesuse
flow visualizationsoftware to analyzeandevaluatethe resultsof
their automotive designandsimulationon a daily basis.Theanal-
ysis of an engineerincludestaskssuchas searchingfor areasof

extremepressure,looking for symmetriesin theflow, searchingfor
critical points,andcomparingsimulationresultswith measured,ex-
perimentalresults.

Thevarietyof visualizationsoftwareusersspansthedisciplinesof
mechanicalengineering,softwareengineering,computerscience,
management,andmarketing to namejust a few. Working directly
within theAVL environment,we at VRVis have theprivilegeof re-
ceiving feedbackdirectly from theengineers,managers,andbusi-
nessmarketing executivesaboutthe currentfeaturesin their flow
visualizationsoftwareproducts. The pervading messagewe hear
consistentlyis: usersare interestedin more interactive control of
theflow visualizationresults.This is a classicthemein the realm
of scientificvisualization[8].

1.1 A WIDE RANGE OF SIMULATION DATA SETS

The usershave very goodreasonsfor requestingmoreinteraction
controlover thevisualizationresults.Onereasonis thelargevari-
ety of simulationdatasetsthatundergo analysis.AVL hasa large,
variedcollectionof datasetsrangingfrom small geometriessuch
assmall fluid conduitsandcylinders usedfor connectionobjects
to mid-rangesizegeometriessuchaschain drives,water pumps,
coolingjackets,air boxes,air vents,intake manifolds,intake ports,
catalyticconverters,to large geometriessuchasautomotive cabin
interiors,automotive exteriors,airplaneexteriors,an air flow tun-
nel,andevena hospitalroomwith anair flow simulation.Thefull
list of simulationdatasetsis muchlonger. Thegeometricsizesof
thesegridsdiffer by six or moreordersof magnitudeaswell asthe
sizesof theunderlyingpolygons.Hence,the toolsusedto visual-
ize thesimulationresultsalsoneedto spanthis rangeof sizescor-
respondingly. Furthermore,we speculatethat this differencewill
only increasein thefuture.

1.2 THE VERSATILITY OF UNSTRUCTURED CFD
SIMULATION MODELS

Anotherreasontheusersrequestmoreinteractioncontrolover the
visualizationresultsis dueto theversatility of individual datasets.
By versatile,we meanembracinga wide variety of components,
features,and levels of resolution. To illustrate this idea, we can
look at figure 1 showing two intake ports– small valves in a car
enginethatallow air into theengine’s cylinders. By looking at an
overview of theintakeportgrid,weobservewhatappearsto befour
adaptive levelsof resolution:(1) for theflow sourceon theleft and
thecylinder on the lower, right, (2) anotherlevel of resolutionfor
theconnectingpipesin themiddle,(3+4) andtwo levelsof resolu-
tion for theintakeportcomponentsthemselves.However, whenwe
zoomin to have a closerlook at the intake ports(figure2) we are
somewhatsurprisedto find fiveadaptive levelsof resolutionusedto
evaluatetheintakeportsthemselves:(a)two levelsfor thetopof the
ports,(b) approximatelythesametwo levelsof detailplusanadded



Figure1: The CFD simulationgrid of an intake port. This imageillustratesthe
versatility of a typical, unstructured,CFD simulationgrid containinga flow source
from the left, two connectingpipesin the middle, two intake portsat the endsof the
pipes,anda combustionchambercylinder on the right (intake port data courtesyof
AVL).

layerof finer resolutiongrid cellsfor a few of theringsaroundthe
baseof theports. Whenwe examinethegeometricsizesof the in-
dividual facetsin theintake portgrid, wediscover thatfacetsin the
flow source(on the left in figure1) areapproximately1000–2000
timeslargerthanthefinestresolutionfacetsat thebaseof theintake
ports.

We don’t often seesuchcomplex, unstructuredgrids in the flow
visualizationresearchliterature,however, thesegrids are a daily
experiencein theindustrialCFDsimulationandvisualizationcom-
munity. Our goal is to provide flow visualizationsolutionsthatare
equallyasversatileandadaptive asthe grids themselves. We ap-
proachthis challengeby providing theuserwith highly interactive
toolsincludingthestreamrunnerandstreamcomets.

1.3 PERCEPTUAL CHALLENGES IN 3D FLOW VIZ

Themajority of flow visualizationresearchliteratureaddresses2D
visualizationtechniques.This is partly becauseflow visualization
onboundarysurfacesandin 3D presentsadditionalperceptualchal-
lengessuchas occlusion,lack of directionalcues,lack of depth
cues,andvisualcomplexity. Figure3 illustratestheseproblemsin
thewire-framecontext of thetwo connectingpipesfrom theintake
port shown in figure1.

All of the CFD simulationmodelsat AVL are unstructuredand
threedimensional.Although engineersoften use2D cutsthrough
the 3D meshesduring their analysis,thereis a stronginterestin
3D andboundarysurfacevisualizationtechniquesthataddressthe
perceptualproblemsmentionedabove. We alsoknow that thereis
strongevidenceto supportthenotionthatusersacquireabetterun-
derstandingof 3D datasetsusing3D visualizationtechniquesas
opposedto 2D visualizationtechniques[27].

Therestof this paperis organizedasfollows: In section2 we dis-
cussrelatedresearchin both 2D and3D flow visualizationwith a
stronginteractioncomponentaswell asrelatedwork in visualiza-
tion of CFD simulationdata. In section3 we describethestream-
runnerfeaturein thecontext of two practicalexamples.Section4
presentsstreamcometsin detail with examplesof their use. Then
we proposetheextensionof thestreamrunnerandstreamcometsto

Figure2: A close-upview of the intake portsin thesameCFD simulationgrid as
shown in figure1. We canseemultiple,adaptive resolutionlevelsof unstructuredgrid
cells.

Figure3: This imageillustratessomeof the perceptualchallengesfacing3D flow
visualizationincludingocclusion,visualcomplexity, andlackof directionalcues.

unsteadyflow visualization.Finally, we concludewith someinitial
resultsandideasfor futurework.

2 RELATED WORK

In our review of the flow visualizationresearchliterature[7, 16]
wedonotseeverymany integration-basedvisualizationtechniques
whosemain emphasisis on user interactionand even fewer that
addressthe versatility aspectof CFD simulationgrids. However,
herewereview flow visualizationliteraturewith astronginteraction
component.

2.1 INTERACTIVE FLOW VIZ

Of thedifferenttoolsusedto visualizeflow, streamlinesarea very
popularchoicedueto their intuitive semanticsandeaseof imple-
mentation.JobardandLeferpresentanexcellent2D techniquethat
preservesthe densityof their evenly spacedstreamlines[9] while



the useris able to zoom in and out of a vector field [10]. Their
algorithm� alsosupportsenrichment,i.e., providing moredetailsin
specificareasof interestvia theplacementof morestreamlines.

De Leeuwandvan Wijk introducea probefor local flow field vi-
sualizationandanalysis[2]. Theusercaninteractively positionthe
probeat a certainlocationin the 3D flow field andvisualizelocal
velocity, curvature,rotation, shear, convergence,divergence,and
acceleration.Wedon’t proposetheuseof suchaprobefor aninitial
explorationof a large,complex, unstructuredCFD simulationdata
set.This tool would beextremelyusefulaftera globalunderstand-
ing of theflow field is obtained.

Zöckler et al. [28] presentinteractive 3D flow visualizationwith
real-timeilluminatedstreamlines.Theuser-interactioncomponent
of their researchconsistsof theuseof “draggers”providedby the
OpenInventorgraphicstoolkit. Eachdraggerdefinesa rectangular
or sphericalvolumein whichstreamlinesareseeded.However, this
methodstill suffersfrom occlusionandvisualcomplexity.

FuhrmannandGröller [6] usedashtubeswith volumefilling prop-
erties,reducedocclusion,animationof flow for cleardirection,and
fastrendering.Therearea few waysin which their techniquesare
relatedto ourssincethey addressthesameperceptualproblemsas-
sociatedwith 3D visualizationthat we do. They alsoaddstrong
userinteractiontechniquesvia the useof magiclensesandmagic
boxes, similar to the tools usedby Zöckler et al. [28]. However,
their presentationseverely lacksapplicationto practicaldatasets.
In factwe seeno clearillustrationof their techniquebeingapplied
to a realdataset. We alsosupplymoreinteractive degreesof free-
domto thevisualizationvia new integration-basedglyph represen-
tations.

Rezk-Salamaetal. [17] presentaninteractivetechniquefor 3D flow
visualizationusingLIC in combinationwith 3D texture mapping.
Primaryuserinteractionis realizedusinga clipping planethat is
translatedinteractively. However, their methodresultsin an over
complex 3D flow visualizationaswell asocclusion.Furthermore,
theuseof a clipping planemakesthis interactiontechniqueinher-
ently2D sincetheresultingflow visualizationusingLIC is ona2D
rectangle.

2.2 RELATED RESEARCH IN CFD SIMULATION
DATA VISUALIZATION

Herewe briefly outlineotherimportantresearchliteraturethat tar-
getsthe visualizationof CFD simulationdatabut doesnot place
specificemphasison interactiontechniques.

Ebertet al. presentthreealternative volumerenderingapproaches
for visualizing CFD simulation data [5]. Roth and Peikert dis-
cusstechniquesfor locatingvorticeswithin CFD vectorfield data
[18, 19]. Their work is targetedspecificallyat turbomachineryde-
signwith unstructuredgrids.

Shenet al. describetechniquesto accuratelycompareCFD sim-
ulation datawith experimentaldatain the context of a wind tun-
nel [23]. Ratherthancomparingdataon animagelevel, their tech-
niquecomparesdataat thedatasetlevel. Schulzetal.describeflow
visualizationtechniquesof fluid dynamicssimulationsof Cartesian
gridsof multiple resolutions[22]. Userinteractionis provided by
freelymovableprobessuchasrakes,2D slices,anda cube.Streak-
lines, streamribbons,andglyphsaresomeof the integral objects
usedin thevisualization.

Silver andWang[24] illustrateseveral niceexamplesof their fea-
ture tracking algorithm on structuredand unstructuredCFD data
setsover several time steps. SadarjoenandPostpresenta vortex
detectionalgorithmthatutilizesthegeometricpropertiesof stream-
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Figure 4: The streamrunnerpromotes2 interactive degreesof freedom: (1) the
positionof the objectheadalongthe pathof integrationand(2) the diameterof the
streamtube.

lines [20]. They illustratetheir techniqueon CFD simulationdata
sets.

Doleischand Hauserpresenta focus+context visualizationtech-
nique for CFD simulationdatain 3D [3]. They minimize visual
complexity via theuseof anon-discretedegreeof interestfunction.
Userinteractionis providedvia differentviews of theCFD simula-
tion dataincludinga scatterplot view anda histogramview.

3 THE STREAMRUNNER

Thestreamrunnerfeature,alreadyacknowledgedby theHCI com-
munity [14], addressesthe problemsof occlusionandscenecom-
plexity directly by giving theuserinteractive controlover theevo-
lution of streamlinesfrom thetime they areseedsuntil they termi-
nate. A streamlinemay terminatewhen it reachesa boundaryin
thegeometry, reachesa region of zerovelocity, or reachesa maxi-
mumlengthsetby theuser. Thetwo interactivedegreesof freedom
(DOF) affordedby thestreamrunnerareillustratedin figure4: (1)
thepositionof thestream’s headalongtheintegral pathand(2) the
diameterof thetheintegralobject,in this casethetubediameter.

3.1 THE STREAMRUNNER FOR FLOW VIZ IN 3D
AND ON SURFACES

Using the streamrunner, the user is able to set the streamevolu-
tion to integrationstep1 asshown in figure5 (comparewith figure
3). At this point, only the streamlineseedsareshown. Individual
streamlinesareeasilydistinguishedandfocuseduponearlyin their
evolution becauseocclusionhasbeenalmosteliminatedwhile vi-
sual complexity is at a minimum. The streamrunnercan thenbe
usedto changethecurrentintegrationstepof thestreamtubessuch
that the usercanwatchthe streamlinesgrow, or run, in the direc-
tion of theflow. This givesa clear, unequivocal indicationof flow
direction. With the streamrunner, the useris able to focuson an
individual streamline,a groupof streamlines,or a particulararea
of theflow field asthey interactively adjustthecurrentintegration
step. Watchingthestreamsflow in 3D combinedwith shading,in
this caseusingtubes,alsogivesaddeddepthcues.Thestreamrun-
ner alsoallows the userto tracethe evolution of the streamtubes
backwards in orderto seewherea tubehascomefrom. An illustra-
tive sequenceof streamrunnerimagesis shown in figure13 in the
appendix.

3.2 THE STREAMRUNNER FOR DENSE,
INTEGRATION-BASED FLOW VIZ ON SLICES

We, as well as other researchers[10], make a distinction be-
tween flow visualization using integral objectssuch as stream-
lines, streamtubes,streamribbons,and streampolygons[21] and
dense,integration-basedflow visualizationtechniquessuchasSpot



Figure5: This imageshows streamseedsasshortpipesegmentsincludinga wire-
framecontext of theconnectingpipesin theintakeportsdataset.In thiswayocclusion
andimagecomplexity areminimized(comparewith figure3).

Figure6: This imageillustratesdense,integration-basedvisualizationvia a dense
streamlineseeding.(CFD datacourtesyof AVL)

Noise [26] and LIC [1, 25]. However, thesetwo approachesare
closelycoupled.Conceptually, thepathfrom usingintegral objects
to dense,integration-basedvisualizationis obtainedvia a dense
seedingstrategy. Denselyseededintegralobjectsresultin animage
similar to that obtainedby dense,integration-basedvisualization.
Theinversepathis obtainedby usingatool suchasasparsetexture
for textureadvection.

Figure6 illustratesa dense,integration-basedvisualizationresult-
ing from adensestreamlineseedingstrategy in thecontext of asur-
facecut from a very small,thin fluid conduitwherethefluid enters
ontheleft andexits ontheright. Thestreamrunnerfeaturealsoadds
anew dimensionof interactionto thistypeof visualizationstrategy.
By allowing the userto “rewind” the streamlinesto seeds,visual-
izationof thestreamlineseedplacementusedto generatethedense,
integration-basedvisualizationcanbeaccomplishedwith ease.The
seedsfor theresultingstreamlinesin figure6 areshown in figure7.
An illustrative sequenceof thestreamrunnerbeingusedfor dense,
integration-basedvisualizationonthissurfaceis shown in figure14
of theappendix.

Figure7: Usingthestreamrunnerto “rewind” thestreamlinesin figure6 to seeds,the
useris ableto visualizethestreamlineseedplacementusedin thedense,integration-
basedvisualizationwith ease.
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Figure8: Thestreamcometpromotes4 interactivedegreesof freedom:(1) theposi-
tion of thecometheadalongthepathof integration,(2) thediameterof thecomethead
andtail, (3) thelengthof thecomettail, andoptionally (4) theanimationspeedof the
comets

4 STREAMCOMETS

Streamcometsarea naturalextensionof thestreamrunnerandfol-
low a very intuitive metaphor. They offer four interactive degrees
of freedomasshown in figure8. Theuseris giveninteractive con-
trol over: (1) the positionof the headalongthe integral path,(2)
thediameterof thecometheadandcomettail, (3) thelengthof the
semi-transparentcomettail, andoptionally(4) theanimationspeed
of thecometalongthepathof integration. Coupledwith morein-
teractive degreesof freedom,streamcometsoffer theadvantageof
showing local flow directionandcurvaturefor staticimages.There
is strongevidenceto supportthenotionthatflow visualizationob-
jects that show the directionof the local vectorfield improve the
user’s ability to identify critical pointsandunderstandparticlead-
vectionpaths[13].

Figure9 givesusanimpressionof whatit is like to usethestream-
cometsfor 3D flow 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.

4.1 ANIMATED STREAMCOMETS

Anotherusefulfeatureis theoptionof animatingthestreamcomets.
Conceptually, animatingthestreamcometssuchthatcometheadpo-
sition is automaticallyincrementedalong the path of integration,
actsa visualsearchfunction. Theviewer is ableto usetheanima-



Figure9: Herestreamcometsarerenderedin thecontext of a semi-transparentring
geometry. We addsemi-transparency anda glowing impressionto the streamcomet
tails,whosetransparency increaseswith thedistancefrom thecomethead.(CFD sim-
ulationdatacourtesyof AVL)

tion to searchfor optimalcometheadpositions.This is very useful
whentheuseris (1) not surewhereto positionhead,(2) searching
for interestingfeaturesin theflow field,and(3) optimizingtheother
interactive degreesof freedom.We alsogive theusertheoptionof
interactively adjustingtheanimationspeed.

We do not proposethe streamrunnerand streamcometas stand-
alonefeatures.They aremeantto becombinedwith otherclassic,
3D interactiontechniquessuchasrotation,scaling,andtranslation.
Wealsomake useof thefocus+context metaphorfrom information
visualizationso the usermaximizestheir global understandingof
the vector field. Additional importantfeatureswe have included
are: (1) theoption of choosinga non-uniformcoloringschemeso
colliding integralobjectscanbemoreeasilydistinguished,(2) turn-
ing on or off semi-transparentor wire-framecontext information
and, (3) interactively adjustingthe streamlineseedingdensity in
theflow field.

4.2 THE STREAMRUNNER AND STREAM-
COMETS FOR UNSTEADY FLOW VIZ

Here we proposethe logical extensionof streamcometsand the
streamrunnerfor unsteadyflow visualization.Thecometglyphcan
intuitively encodetime attributesfor unsteadyflow visualization.
At thetop of figure10,we seea sampleseedpoint whosegeomet-
ric locationis constantover timeandfrom whichstreamcometsare
injectedinto theflow, similar to a streakline– the line tracedby a
setof particlesthathave previously passedthrougha uniquepoint
in thedomain[21]. As thecometages(afterbeinginjectedinto the
flow), thesizeof theheaddecreasesasdoesarealcometwhentrav-
eling throughspaceor burningup in theearth’s atmosphere.Also
thelengthof thetail encodesthelocal instantaneousvelocity at the
comet’s currentposition. Thecolor of thecometheadencodesthe
local temperatureand the color of the comettail reflectsanother
scalarattributeof theflow suchaspressure.If we representcomet
tailsusingstreamtubes,thelocalconvergenceanddivergenceof the
flow maybeencoded.If comettails arerepresentedusingstream-
ribbons,localvorticity is encoded.Ideally, theuseris ableto toggle
betweenthe two representations.We claim that theuseof stream-
cometglyphsfor encodingattributesof the flow is moreintuitive

Time Step n+1

Time Step n

StreakRunner

Time Step n+2

Seed Location Over Time

Figure10: Theuseof thestreamrunnerandstreamcometsfor unsteadyflow visual-
ization.Cometheadsshrinkover time. i.e., theolderthecomet,thesmallerthecomet
head.The interactive equivalentof a streaklineis a streakrunner, which interactively
controlsthenumberof discretetime stepsalongthestreaklinedefinedby theseriesof
cometheads.

thanusingotherglyphssuchassuperquadricshapes[4].

The interactive analogueof a streaklineis a streakrunner, also
shown in figure10. Thestreakrunneris an interactive control that
definesthenumberof discretetimestepsalongthestreakline.Such
a line is shown in figure10 connectingthecometheads.

5 ACCURATE VS. PRECISE
INTEGRATION

In our experiencewith versatile,unstructuredgrids,thedistinction
betweenaccurate andpreciseflow field integrationhasplayedan
importantrole. Wegive theuserstheoptionof usinganEulerinte-
grator, known to havelessaccuracy thanRunge-Kuttaintegratorsof
order2 or higher, becausetheusers’top priority is oftenthefastest
interactionspeedpossible.Nevertheless,we still have therequire-
mentof implementinganintegratorthatis veryprecise.

We canillustratethis ideawith ananalogy. Considerthescenario
of abowmanshootinganarrow atatarget.A veryaccurateshooter
will alwayslauncharrows thatlandnearthebulls-eyewithin a cer-
taindeviationsuchas+/- 30cm.A verypreciseshooterwill always
launcharrows that land very closeto eachother, e.g. within +/-
10cmof eachotherat thesamelocation,but not necessarywithin
30cm of thebulls-eye.

Sinceour integrationcomputationinvolvesedgeintersectiontests
with polygonsthat areon the orderof �����	� – �
�������� , we arere-
quiredto usehighprecisionmethodology. Wedon’t seethisdistinc-
tion of precisionvs.accuracy beingmadein our review of theflow
visualizationliterature[7, 16] andit is a very importantdistinction
in othercloselyrelateddisciplines[11, 12].

6 RESULTS

Figure11 shows anextremeclose-upof streamcometson thesur-
faceof oneof the intake portsfrom figure 11. We emphasizethe
importanceof the user’s ability to resizethe streamcometsalong
arbitrarydimensionswhenzoomingin andout of theunstructured
datasets.Thestreamcometsshown herearefar too small to view
otherpartsof theintake portssuchastheconnectingpipesandthe
cylinder. Furthermore,it is importantto notethatchangesto thedi-
ameterof thecometheadsapply to theentirecollectionof stream-



Figure11: This is anextremecloseup view of thestreamcometson thesurfaceof
oneof theintake portsshown in figure2.

comets,andarenot appliedon a per-cometbasis. Applying size
changesto individual cometswould leadto misleadingvisualiza-
tion results,e.g.,theusermay interpretdifferentcometheadsizes
to bea reflectionof scalarpropertiesinherentin theflow field.

Figure12 givesus anotherimpressionof what it is like to usethe
streamcometsfor flow visualizationin 3D. Herethestreamcomets
areshown in the semi-transparentcontext of the cylindrical com-
bustion chamberfrom the intake port dataset. Giving the user
interactive control over the placementof the cometheads,the di-
ameterof the cometheadsand tails, the seedingdensity, and the
lengthof semi-transparentcomettails,affordstheusera verygood
opportunityto seeinsidetheflow field.

7 CONCLUSIONS AND FUTURE WORK

We believe that the addedinteractionprovided by the streamrun-
ner andstreamcometsis a very useful tool for flow visualization
in 3D andwithin thedomainof versatile,unstructuredgridsoften
resultingfrom CFD simulations.In fact, the streamrunnerfeature
wasrequestedby theheadof thebusinessmarketingdepartmentat
AVL. We believe that the fine, interactive control affordedby the
streamcometsaswell asthe intuitive metaphoron which they are
basedmakesthemmoresuitablefor 3D flow visualizationthanpre-
vioustechniques.Furthermore,their simplicity makesthemstrong
candidatesfor inclusionin futureflow visualizationsoftwarepack-
ages.Theseintegral objectsgive a brandnew level of controlover
to usersinvestigatinga vectorfield.

Futurework couldgo in severaldirectionsincluding: (1) animple-
mentationprototypeof the streamrunnerandthe streamcometfor
unsteadyflow visualizationincludingtheintroductionof apathrun-
ner – the unsteadyequivalentof a streamrunner, a streakrunner–
the interactive equivalentof a streakline,(2) a formal HCI evalua-
tion of theperceptualeffectivenessof thestreamrunnerandstream-
cometsfor 3D flow visualization– an extensionof the pioneering
work by Laidlaw etal. [13] to includemoreflow visualizationtech-
niques,and(3) dynamicallyannotatedstreamcomets,anextension
of the excellent work by Loughlin and Hughes[15]. With this
methodology, theuserwould beableto selectany streamcometin
thevisualizationandobtaindynamicallyupdatedquantitative infor-
mationaboutlocal flow attributessuchasvelocity, location,tem-
perature,pressure,shear, accelerationetc. in the form of a digital
Post-it note. Theuseris thenableto addtheir own informationto

Figure12: Here the streamcometsreflect the flow on the cylinder portion of the
intake port dataset2. Theuseris affordeda new level of controlwheninvestigating
fluid flow in 3D with streamcomets.

theanalysisandaddit to anarchive from which they cancontinue
futureinvestigation.
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Figure13: Theseimages(startingfrom thetop-leftandendingwith thebottom-right)illustrateprogressive integrationstepscontrolledby the
streamrunner. Thelengthof theintegral object,streamtubesin this case,is oneof theinteractive DOFprovidedby thestreamrunner.

Figure14: Theseimages(startingfrom thetop-left andendingwith thebottom-right)illustrateprogressive integrationstepsresultingin a dense,integration-basedvisualization.
We canclearlyseetheseedsthatwereusedin generatingthedense,integration-basedvisualizationresult.Thegeometryis thesurfaceof a tiny fluid conduit.


