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Abstract

Visualizationof CFD simulation data on unstructured 3D grids
posesseveral challenges. The wide rangeof real-world dataset
sizesandthe geometricversatility within individual, unstructured
CFD simulationmodelspresenspecialchallengeso the engineers
analyzingflow simulationresults.Usersalsofaceperceptuaprob-
lemssuchasocclusion,visualcompleity, lack of directionalcues,
andlack of depthcues.Theseperceptuaproblemscombinedwith
theversatility of real-world CFD simulationdatamodelsmotivates
highly interactive andversatilevisualizationsolutions.

We presentwo new integral objects the streamrunneandstream-
cometsthataddresghesechallenges.The streamrunnegivesthe
userinteractve control over the evolution of streamlinedrom the
seedpoint until reachingtheir full length. The streamrunnecon-
trol minimizesocclusionandvisual compleity andmaximizesdi-

rectionalanddepthcuesfor flow visualizationin 3D. The stream-
cometshiftsevenmoreinteractive controlto theuserby letting the
usercontrolthepositionof thecomets headalongtheintegral path,
the comettail length,the diameterof the cometheadandtail, and
optionally the comets animationspeed. We also proposethe use
of the streamrunneandstreamcometfor unsteadyflow visualiza-
tion. Combinedwith our otherinteractive 3D flow visualization
tools, thesenew integral objectsrepresentwo further stepsin sup-
plying a strongdemandor moreinteractie visualizationsolutions
for CFD simulationdataon comple, unstructuredyrids.
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1 INTRODUCTION

Demandfor visualizationsolutionsfor CFD simulationdatahas
grown rapidly in thelastdecadeThisis due,in part,by theinterest
of manufcturesin minimizing the time taken for their production
cycle. This objectie is realizedwith the useof software simula-
tion toolsto analyzedesigndecisiongatherthanconstructingeal,
heary-weightobjects.

Hereatthe VRVis researcltenterwe collaboratewith AVL in or-
derto provide flow visualizationsolutionsfor analysisof their CFD
simulationresultdata.AVL (wwv. avl . com)is aninternationallyrec-
ognizedeaderin providing automotve designandCFD simulation
solutionsto its partnersn theautomotve industry AVL workswith
otherinternationallyrecognizeccompaniesuchasToyota, Daim-
lerChrysler— Mercedes-Benzand Pierlurg InstrumentsGmbH.
AVL's own engineeraswell asengineeratindustryaffiliates use
flow visualizationsoftware to analyzeand evaluatethe resultsof
their automotve designandsimulationon a daily basis. The anal-
ysis of an engineerincludestaskssuchas searchingfor areasof

extremepressurelooking for symmetriesn theflow, searchindor
critical points,andcomparingsimulationresultswith measuredegx-
perimentakesults.

Thevariety of visualizationsoftware usersspanghe disciplinesof

mechanicakengineering software engineering computerscience,
managementandmarketing to namejust a few. Working directly

within the AVL environment,we at VRVis have the privilege of re-

ceiving feedbaclkdirectly from the engineersmanagersandbusi-

nessmarketing executives aboutthe currentfeaturesin their flow

visualizationsoftware products. The penading messageve hear
consistentlyis: usersareinterestedn moreinteractve control of

the flow visualizationresults. This is a classicthemein the realm
of scientificvisualization[8].

1.1 A WIDE RANGE OF SIMULATION DATA SETS

The usershave very goodreasondor requestingmoreinteraction
controlover thevisualizationresults.Onereasons the large vari-
ety of simulationdatasetsthatundego analysis.AVL hasalarge,
varied collection of datasetsrangingfrom small geometriesuch
assmall fluid conduitsand cylinders usedfor connectionobjects
to mid-rangesize geometriessuchas chain drives, water pumps,
coolingjackets,air boxes,air vents,intake manifolds,intake ports,
catalyticcorverters,to large geometriesuchasautomotve cabin
interiors, automotve exteriors, airplaneexteriors, an air flow tun-
nel,andevena hospitalroomwith anair flow simulation. The full
list of simulationdatasetsis muchlonger The geometricsizesof
thesegridsdiffer by six or moreordersof magnitudeaswell asthe
sizesof the underlyingpolygons. Hence the tools usedto visual-
ize the simulationresultsalsoneedto spanthis rangeof sizescor
respondingly Furthermorewe speculatethat this differencewill
only increasen thefuture.

1.2 THE VERSATILITY OF UNSTRUCTURED CFD
SIMULATION MODELS

Anotherreasorthe usersrequesimoreinteractioncontrol over the
visualizationresultsis dueto the versatility 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 shawing two intake ports— small valvesin a car
enginethatallow air into the engines cylinders. By looking at an
overview of theintake portgrid, we obsene whatappearso befour
adaptve levelsof resolution;(1) for theflow sourceontheleft and
the cylinder on the lower, right, (2) anotherevel of resolutionfor
the connectingpipesin the middle, (3+4) andtwo levels of resolu-
tion for theintake port componentshemseles. However, whenwe
zoomin to have a closerlook at the intake ports(figure 2) we are
somavhatsurprisedo find five adaptve levelsof resolutionusedto
evaluatetheintake portsthemseles: (a) two levelsfor thetop of the
ports,(b) approximatelythe sametwo levelsof detailplusanadded



Figure 1. The CFD simulationgrid of anintake port. This imageillustratesthe
versatility of a typical, unstructuredCFD simulationgrid containinga flow source
from theleft, two connectingpipesin the middle, two intake portsat the endsof the
pipes,anda comtustion chambercylinder on the right (intake port data courtesyof
AVL).

layer of finer resolutiongrid cellsfor afew of theringsaroundthe
baseof the ports. Whenwe examinethe geometricsizesof thein-
dividualfacetsn theintake portgrid, we discover thatfacetsin the
flow source(on theleft in figure 1) are approximatelyl000—2000
timeslargerthanthefinestresolutionfacetsatthe baseof theintake
ports.

We don't often seesuchcomple, unstructuredgrids in the flow
visualizationresearcHiterature, however, thesegrids are a daily
experiencen theindustrial CFD simulationandvisualizationcom-
munity. Our goalis to provide flow visualizationsolutionsthatare
equally asversatileand adaptve asthe grids themseles. We ap-
proachthis challengeby providing the userwith highly interactve
toolsincludingthe streamrunneandstreamcomets.

1.3 PERCEPTUAL CHALLENGES IN 3D FLOW VIZ

Themajority of flow visualizationresearcHiteratureaddresse&D
visualizationtechniques.This is partly becausdlow visualization
onboundansurfacesandin 3D presentsadditionalperceptuathal-
lengessuchas occlusion,lack of directionalcues,lack of depth
cues,andvisual compleity. Figure3 illustratestheseproblemsin
thewire-framecontext of thetwo connectingpipesfrom theintake
portshavn in figure 1.

All of the CFD simulation modelsat AVL are unstructuredand
threedimensional.Although engineeroften use2D cutsthrough
the 3D meshedduring their analysis,thereis a stronginterestin
3D andboundarysurfacevisualizationtechniqueshataddresshe
perceptuaproblemsmentionedabove. We alsoknow thatthereis
strongevidenceto supportthe notionthatusersacquirea betterun-
derstandingof 3D datasetsusing 3D visualizationtechniquesas
opposedo 2D visualizationtechnique$27].

Therestof this paperis organizedasfollows: In section2 we dis-
cussrelatedresearchn both 2D and 3D flow visualizationwith a
stronginteractioncomponentaswell asrelatedwork in visualiza-
tion of CFD simulationdata. In section3 we describethe stream-
runnerfeaturein the contet of two practicalexamples.Section4
presentstreamcometin detail with examplesof their use. Then
we proposehe extensionof the streamrunneandstreamcometto

Figure2: A close-upview of theintake portsin the sameCFD simulationgrid as
shavnin figure 1. We canseemultiple, adaptve resolutionlevels of unstructuredyrid
cells.

Figure3: Thisimageillustratessomeof the perceptuathallengegacing 3D flow
visualizationincluding occlusion visualcomplexity, andlack of directionalcues.

unsteadyflow visualization.Finally, we concludewith someinitial
resultsandideasfor futurework.

2 RELATED WORK

In our review of the flow visualizationresearcHiterature[7, 16]
we do notseevery mary integration-basedisualizationtechniques
whosemain emphasiss on userinteractionand even fewer that
addresghe versatility aspectof CFD simulationgrids. However,
herewereview flow visualizationliteraturewith astronginteraction
component.

2.1 INTERACTIVE FLOW VIZ

Of the differenttools usedto visualizeflow, streamlinesarea very
popularchoicedueto their intuitive semanticsand easeof imple-
mentation.JobardandLefer presentinexcellent2D techniquethat
preseresthe densityof their evenly spacedstreamlineg9] while



the useris ableto zoomin and out of a vectorfield [10]. Their
algorithmalsosupportsenrichmentj.e., providing moredetailsin
specificareasof interestvia the placemenbf morestreamlines.

De Leeuwandvan Wijk introducea probefor local flow field vi-
sualizationandanalysig2]. Theusercaninteractively positionthe
probeat a certainlocationin the 3D flow field andvisualizelocal
velocity, cunature, rotation, shear corvergence,divergence,and
accelerationWedon't proposetheuseof sucha probefor aninitial
explorationof alarge, comple, unstructuredCFD simulationdata
set. This tool would be extremelyusefulaftera globalunderstand-
ing of theflow field is obtained.

Zockler et al. [28] presentinteractive 3D flow visualizationwith
real-timeilluminatedstreamlines The userinteractioncomponent
of their researcltonsistsof the useof “draggers”provided by the
Openlinventorgraphicstoolkit. Eachdraggerdefinesa rectangular
or sphericalvolumein which streamlinesreseededHowever, this
methodstill suffersfrom occlusionandvisual compleity.

FuhrmanrandGroller [6] usedashtubesvith volumefilling prop-
erties,reducedcclusionanimationof flow for cleardirection,and
fastrendering.Therearea few waysin which their techniquesre
relatedto ourssincethey addresshe sameperceptuaproblemsas-
sociatedwith 3D visualizationthat we do. They alsoadd strong
userinteractiontechniquesvia the useof magiclensesand magic
boxes, similar to the tools usedby Zockler et al. [28]. However,
their presentatiorseverely lacks applicationto practicaldatasets.
In factwe seeno clearillustration of their techniquebeingapplied
to areal dataset. We alsosupplymoreinteractve degreesof free-
domto thevisualizationvia new integration-basedlyph represen-
tations.

Rezk-Salamatal. [17] presenaninteractive techniqueor 3D flow
visualizationusing LIC in combinationwith 3D texture mapping.
Primary userinteractionis realizedusing a clipping planethatis
translatednteractvely. However, their methodresultsin an over
complex 3D flow visualizationaswell asocclusion. Furthermore,
the useof a clipping planemalesthis interactiontechniqueinher
ently 2D sincetheresultingflow visualizationusingLIC isona 2D
rectangle.

2.2 RELATED RESEARCH IN CFD SIMULATION
DATA VISUALIZATION

Herewe briefly outline otherimportantresearcHiteraturethattar
getsthe visualizationof CFD simulationdatabut doesnot place
specificemphasi®n interactiontechniques.

Ebertet al. presenthreealternatve volumerenderingapproaches
for visualizing CFD simulationdata[5]. Roth and Peikert dis-
cusstechniquedor locatingvorticeswithin CFD vectorfield data
[18, 19]. Theirwork is targetedspecificallyat turbomachinende-
signwith unstructuredyrids.

Shenet al. describetechniquego accuratelycompareCFD sim-

ulation datawith experimentaldatain the context of a wind tun-

nel[23]. Ratherthancomparingdataon animagelevel, their tech-
niquecomparesiataatthe datasetlevel. Schulzetal. describelow

visualizationtechnique®f fluid dynamicssimulationsof Cartesian
grids of multiple resolutiong22]. Userinteractionis provided by

freely movableprobessuchasrakes, 2D slices,anda cube.Streak-
lines, streamribbons,and glyphs are someof the integral objects
usedin thevisualization.

Silver andWang[24] illustrate several nice examplesof their fea-
ture tracking algorithm on structuredand unstructuredCFD data
setsover several time steps. Sadarjoerand Postpresenta vortex

detectioralgorithmthatutilizesthegeometriqropertieof stream-
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Figure 4. The streamrunnepromotes? interactie degreesof freedom: (1) the
positionof the objectheadalongthe path of integrationand (2) the diameterof the
streamtube.

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

Doleischand Hauserpresenta focus+contgt visualizationtech-
nique for CFD simulationdatain 3D [3]. They minimize visual
compleity viatheuseof anon-discretelegreeof interestfunction.
Userinteractionis providedvia differentviews of the CFD simula-
tion dataincludinga scattemplot view anda histogramview.

3 THE STREAMRUNNER

The streamrunnefeature alreadyacknavledgedby the HCI com-
munity [14], addressethe problemsof occlusionand scenecom-
plexity directly by giving the userinteractie control over the evo-

lution of streamlinegrom thetime they areseedsauntil they termi-
nate. A streamlinemay terminatewhenit reachesa boundaryin

the geometryreachesa region of zerovelocity, or reaches maxi-
mumlengthsetby theuser Thetwo interactve degreesof freedom
(DOF) affordedby the streamrunneareillustratedin figure 4: (1)

the positionof the streams headalongtheintegral pathand(2) the
diameternof thetheintegral object,in this casethetubediameter

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

Using the streamrunnerthe useris ableto setthe streamevolu-
tion to integrationstepl asshavn in figure 5 (comparewith figure
3). At this point, only the streamlineseedsare shavn. Individual
streamlineareeasilydistinguishedandfocuseduponearlyin their
evolution becausecclusionhasbeenalmosteliminatedwhile vi-
sualcomplity is at a minimum. The streamrunnecanthenbe
usedto changethe currentintegrationstepof the streamtubesuch
thatthe usercanwatchthe streamlineggrow, or run, in the direc-
tion of theflow. This givesa clear unequvocalindicationof flow
direction. With the streamrunnerthe useris ableto focuson an
individual streamline,a group of streamlinespr a particulararea
of theflow field asthey interactiely adjustthe currentintegration
step. Watchingthe streamdlow in 3D combinedwith shading,in
this caseusingtubes,alsogivesaddeddepthcues. The streamrun-
ner alsoallows the userto tracethe evolution of the streamtubes
badkwardsin orderto seewhereatubehascomefrom. An illustra-
tive sequencef streamrunneimagesis shawvn in figure 13 in the
appendix.

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

We, as well as other researcherg10], make a distinction be-
tween flow visualization using integral objects such as stream-
lines, streamtubesstreamribbonsand streampolygong21] and
densejntegration-basedlow visualizationtechniquesuchasSpot



Figure 5: Thisimageshaws streamseedsasshortpipe sgymentsincluding a wire-
framecontext of theconnectingpipesin theintake portsdataset. In this way occlusion
andimagecompleity areminimized(comparewith figure 3).

Figure6: Thisimageillustratesdensentegration-basedisualizationvia a dense
streamlineseeding (CFD datacourtesyof AVL)

Noise[26] and LIC [1, 25]. However, thesetwo approachesre
closelycoupled.Conceptuallythe pathfrom usingintegral objects
to dense,integration-basediisualizationis obtainedvia a dense
seedingstratgy. Denselyseededntegral objectsresultin animage
similar to that obtainedby denseintegration-basedisualization.
Theinversepathis obtainedby usingatool suchasa sparsdexture
for textureadwection.

Figure6 illustratesa dense jntegration-basedisualizationresult-
ing from adensestreamlineseedingstrategy in the context of asur
facecutfrom avery small, thin fluid conduitwherethefluid enters
ontheleft andexits ontheright. Thestreamrunnefeaturealsoadds
anew dimensiorof interactionto this typeof visualizationstrateyy.
By allowing the userto “rewind” the streamlinedo seedsyisual-
izationof thestreamlineseedplacementisedto generatehedense,
integration-basedisualizationcanbeaccomplishedavith easeThe
seeddor theresultingstreamlinesn figure 6 areshavn in figure7.
An illustrative sequence®f the streamrunnebeingusedfor dense,
integration-basedisualizationonthis surfaceis shavn in figure 14
of theappendix.

Figure?: Usingthestreamrunneto “rewind” thestreamlinesn figure6 to seedsthe
useris ableto visualizethe streamlineseedplacemenusedin the densejntegration-
basedvisualizationwith ease.
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Figure8: Thestreamcomepromotest interactie degreesof freedom:(1) the posi-
tion of thecometheadalongthe pathof integration,(2) the diameterof thecomethead
andtail, (3) thelengthof the comettail, andoptionally (4) the animationspeedf the
comets

4 STREAMCOMETS

Streamcometarea naturalextensionof the streamrunneandfol-
low a very intuitive metaphar They offer four interactve degrees
of freedomasshawn in figure 8. The useris giveninteractve con-
trol over: (1) the position of the headalongthe integral path, (2)
thediameterf the cometheadandcomettail, (3) the lengthof the
semi-transparerdomettail, andoptionally (4) the animationspeed
of the cometalongthe pathof integration. Coupledwith morein-
teractve degreesof freedom,streamcometsffer the advantageof
shawing local flow directionandcurvaturefor staticimages.There
is strongevidenceto supportthe notionthatflow visualizationob-
jectsthat shaw the direction of the local vectorfield improve the
users ability to identify critical pointsandunderstangarticlead-
vectionpaths[13].

Figure9 givesusanimpressiorof whatit is like to usethe stream-
cometsfor 3D flow visualization.We includethe semi-transparent
ring geometryas context information. We also apply a semi-
transparenfunction to the comettails and give them a glowing
effect. The alphavaluealongeachcomettail is a function of the
distanceto thecometheadi.e., thefurtheraway from the head the
moretransparenthetail.

4.1 ANIMATED STREAMCOMETS

Anotherusefulfeatureis theoptionof animatingthe streamcomets.
Conceptuallyanimatinghestreamcometsuchthatcometheadpo-
sition is automaticallyincrementedalong the path of integration,
actsa visual searchfunction. The viewer is ableto usethe anima-



Figure9: Herestreamcometarerenderedn the contect of a semi-transparertng
geometry We add semi-transpareycand a glowing impressionto the streamcomet
tails, whosetransparengincreasesvith the distancefrom thecomethead.(CFD sim-
ulation datacourtesyof AVL)

tion to searchfor optimalcometheadpositions.Thisis very useful
whenthe useris (1) not surewhereto positionhead,(2) searching
for interestingeaturesn theflow field, and(3) optimizingtheother
interactve degreesof freedom.We alsogive the userthe option of
interactively adjustingthe animationspeed.

We do not proposethe streamrunneand streamcomess stand-
alonefeatures.They aremeantto be combinedwith otherclassic,
3D interactiontechniquesuchasrotation,scaling,andtranslation.
We alsomale useof thefocus+contet metaphoifrom information
visualizationso the usermaximizestheir global understandingf

the vectorfield. Additional importantfeatureswe have included
are: (1) the option of choosinga non-uniformcoloring schemeso
colliding integral objectscanbemoreeasilydistinguished(2) turn-

ing on or off semi-transparerr wire-framecontet information
and, (3) interactvely adjustingthe streamlineseedingdensityin

theflow field.

42 THE STREAMRUNNER AND STREAM-
COMETS FOR UNSTEADY FLOW VIZ

Here we proposethe logical extensionof streamcometsnd the
streamrunnefor unsteadylow visualization.Thecometglyph can
intuitively encodetime attributesfor unsteadyflow visualization.
At thetop of figure 10, we seea sampleseedpoint whosegeomet-
ric locationis constanbvertime andfrom which streamcometare
injectedinto the flow, similar to a streakline— theline tracedby a

setof particlesthat have previously passedhrougha uniquepoint

in thedomain[21]. As the cometageqafterbeinginjectedinto the
flow), thesizeof theheaddecreaseasdoesarealcometwhentrav-

eling throughspaceor burningup in the earths atmosphereAlso

thelengthof thetail encodeshelocalinstantaneouselocity atthe
comets currentposition. The color of the cometheadencodeghe
local temperatureand the color of the comettail reflectsanother
scalarattribute of theflow suchaspressurelf we representomet
tails usingstreamtubeghelocal corvergenceanddivergenceof the
flow maybe encoded.If comettails arerepresentedisingstream-
ribbons localvorticity is encodedldeally, theuseris ableto toggle
betweerthe two representations\We claim thatthe useof stream-
cometglyphsfor encodingattributesof the flow is moreintuitive

Seed Location Over Tim

>Time Step n+2

[
', StreakRunner

Time Step n+1

AY
Y
@Time Step n

Figure10: Theuseof the streamrunneandstreamcometfor unsteadyflow visual-
ization. Cometheadsshrinkovertime. i.e., theolderthe comet,the smallerthe comet
head. Theinteractie equivalentof a streaklineis a streakrunnerwhich interactiely
controlsthe numberof discretetime stepsalongthe streaklinedefinedby the seriesof
cometheads.

thanusingotherglyphssuchassuperquadrishapeg$4].

The interactve analogueof a streaklineis a streakrunner also
shavn in figure 10. The streakrunners aninteractve controlthat
defineghe numberof discretetime stepsalongthe streakline.Such
aline is shavn in figure 10 connectinghe cometheads.

5 ACCURATE VS. PRECISE
INTEGRATION

In our experiencewith versatile unstructuredyrids, the distinction
betweenaccuiate and preciseflow field integrationhasplayedan
importantrole. We give the usersthe optionof usinganEulerinte-
grator known to have lessaccurag thanRunge-Kittaintegratorsof
order2 or higher becausehe users'top priority is oftenthefastest
interactionspeedpossible.Neverthelessyve still have therequire-
mentof implementinganintegratorthatis very precise.

We canillustratethis ideawith ananalogy Considerthe scenario
of abovmanshootinganarron atatarget. A very accuiate shooter
will alwayslauncharrows thatland nearthe bulls-eye within a cer
tain deviation suchas+/- 30cm.A very preciseshootewill always
launcharrows that land very closeto eachother e.g. within +/-
10cmof eachotherat the samelocation, but not necessaryvithin
30cmof thebulls-eye.

Sinceour integration computationinvolves edgeintersectiontests
with polygonsthat are on the order of - , we arere-
quiredto usehighprecisionrmethodologyWe don't seethisdistinc-
tion of precisionvs. accurag beingmadein our review of theflow
visualizationliterature[7, 16] andit is a veryimportantdistinction
in othercloselyrelateddisciplines[11, 12].

6 RESULTS

Figure 11 shavs an extremeclose-upof streamcometsn the sur
faceof oneof the intake portsfrom figure 11. We emphasizehe
importanceof the users ability to resizethe streamcometsalong
arbitrarydimensionsvhenzoomingin andout of the unstructured
datasets. The streamcometshavn herearefar too smallto view
otherpartsof theintake portssuchasthe connectingpipesandthe
cylinder. Furthermoreit is importantto notethatchangeso thedi-
ameterof the cometheadsapplyto the entirecollectionof stream-



Figure11: Thisis anextremecloseup view of the streamcometsn the suriaceof
oneof theintake portsshavn in figure 2.

comets,and are not appliedon a percometbasis. Applying size
changego individual cometswould leadto misleadingvisualiza-
tion results,e.g.,the usermay interpretdifferentcometheadsizes
to beareflectionof scalampropertiesnherentin theflow field.

Figure 12 givesus anotherimpressionof whatit is like to usethe
streamcometfor flow visualizationin 3D. Herethe streamcomets
areshavn in the semi-transparentontext of the cylindrical com-
bustion chamberfrom the intake port dataset. Giving the user
interactive control over the placemenbf the cometheads the di-
ameterof the cometheadsandtails, the seedingdensity andthe
lengthof semi-transparertomettails, affordsthe useravery good
opportunityto seeinsidetheflow field.

7 CONCLUSIONS AND FUTURE WORK

We believe that the addedinteractionprovided by the streamrun-
ner and streamcometss a very usefultool for flow visualization
in 3D andwithin the domainof versatile,unstructuredyrids often

resultingfrom CFD simulations. In fact, the streamrunnefeature
wasrequestedby the headof the businessmarketing departmenat

AVL. We believe that the fine, interactve control afforded by the

streamcometaswell asthe intuitive metaphoron which they are
basedmakesthemmoresuitablefor 3D flow visualizationthanpre-

vioustechniquesFurthermoretheir simplicity makesthemstrong
candidatesor inclusionin futureflow visualizationsoftwarepack-
ages.Theseintegral objectsgive a brandnew level of control over

to usersinvestigatinga vectorfield.

Futurework couldgoin severaldirectionsincluding: (1) animple-
mentationprototypeof the streamrunneandthe streamcometfor
unsteadylow visualizationincludingtheintroductionof a pathrun-
ner — the unsteadyequialentof a streamrunnera streakrunner-
the interactve equivalentof a streakline (2) a formal HCI evalua-
tion of the perceptuakffectivenesof the streamrunneandstream-
cometsfor 3D flow visualization— an extensionof the pioneering
work by Laidlaw etal. [13] to includemoreflow visualizationtech-
niques,and(3) dynamicallyannotatedstreamcometsgnextension
of the excellentwork by Loughlin and Hughes[15]. With this
methodologythe userwould be ableto selectary streamcomein
thevisualizationandobtaindynamicallyupdatedjuantitatve infor-
mationaboutlocal flow attributessuchasvelocity, location,tem-
perature pressuresheay acceleratioretc. in the form of a digital
Post-it note. The useris thenableto addtheir own informationto

Figure 12: Herethe streamcometseflectthe flow on the cylinder portion of the
intake port dataset2. The useris affordeda new level of controlwheninvestigating
fluid flow in 3D with streamcomets.

the analysisandaddit to anarchive from which they cancontinue
futureinvestigation.
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Figure13: Thesemageqstartingfrom thetop-leftandendingwith thebottom-right)illustrateprogressie integrationstepscontrolledby the
streamrunnerThelengthof theintegral object,streamtube this casejs oneof theinteractve DOF provided by the streamrunner

Figure 14: Theseimages(startingfrom the top-leftandendingwith the bottom-right)illustrate progressie integrationstepsresultingin a densejntegration-basedisualization.
We canclearly seethe seedghatwereusedin generatinghe densejntegration-basedisualizationresult. The geometryis the surfaceof atiny fluid conduit.



