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Abstract

Visualizationof CFD simulationdataon adaptve resolution three-
dimensionafridsposesseveralchallengesThewide rangeof real-

world datasetsizesandthe geometricversatility within individual,

CFD simulationmodelspresenthallengeso theengineersanalyz-
ing simulationresults. Usersalso face perceptualproblemssuch
asocclusion,visual compleity, lack of directionalcues,andlack

of depthcues. We presenta collection of geometric o w visual-

izationtechnigueghataddresghesechallengesncluding oriented
streamlines streamletsand a streamrunnetool. Two novel ap-

proachesareincluded: a real-timeanimatedstreamlinetechnique
andstreamcometsWe placespecialemphasion necessarynea-
suresrequiredin orderfor geometridechniqueso beapplicableto

real-world datasets.

CR Categories: 1.3.3 [ComputerGraphics]: Picture/ImageGen-
eration; 1.3.7 [ComputerGraphics]: Three-DimensionaGraphics
andRealism—Colarshadingshadaeving, andtexturel.6.6[Simula-
tion andModeling]: SimulationOutputAnalysis

Keywords: o w visualization,vector eld visualization,stream-
lines,interaction perceptionCFD simulationdata

1 Intro duction

Demandfor visualizationsolutionsfor CFD simulationdatahas
grown rapidly in thelastdecadeThisis due,in part,by theinterest
of manufcturesn minimizing the time taken for their production
cycle. Thisobjectie is realizedwith theuseof softwaresimulation
tools to analyzedesigndecisionsbeforeconstructingreal, heavy-

weightobjects.

At theVRVis researcltentemwe collaboratevith AVL (www.avl.com)
in orderto provide o w visualizationsolutionsfor analysisof their
CFD simulationresultdata. AVL's own engineeraswell asengi-
neersatindustryafliates use o w visualizationsoftwareto analyze
andevaluatethe resultsof their automotve designandsimulation
on a daily basis. The analysisof an engineerincludestaskssuch
assearchindor areaof extremepressurelooking for symmetries
in the o w, searchindor critical points,andcomparingsimulation
resultswith measuredgxperimentalresults. One penadingmes-
sagewe hearconsistentlyis: usersareinterestedn moreinterac-
tive control of the o w visualizationresults—eclassicthemein the
realmof scienti ¢ visualization[Hibbard and Santek1989]. Engi-
neersaswell asuserdrom otherdisciplinesareinterestedn having
acollectionof useroptionsandparameterthatallow themto ful Il
theirindividual goals,whethertheir goalsareexploration,analysis,
or presentationlnteractive toolsfacilitateaniterative visualanaly-
sisandexplorationprocess.e.,anervironmentin which theuseris
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Figurel: A close-upview of two intake portsin a sameCFD sim-
ulationgrid. Themeshcontainsmultiple, adaptve resolutionlevels
of unstructuredyrid cells.

ableto male rapid decisionsandre nementbasedn visualization
results.

AVL analyzesa large, varied collection of datasetsrangingfrom

smallgeometriesuchassmall uid conduitsto mid-rangesizege-
ometriessuchascoolingjackets,to large geometriesuchasauto-
motive exteriors. The geometricsizesof thesegrids differ by six
or moreordersof magnitudeaswell asthe sizesof the underlying
polygons.Hence thetools usedto visualizethe simulationresults
alsoneedto spanthis rangeof sizes.We speculatehatthis differ-

encewill increasen thefuture.

The Versatility of CFD Grids: Anotherreasonthe usersre-
questmoreinteractioncontrol over the visualizationresultsis due
to thefactthatCFD mesheembrace wide varietyof components,
featuresandlevels of resolution. To illustrate, we look at Figure
1.We nd veadaptie levelsof resolutionusedto evaluatethein-
take ports: (a) two levelsfor thetop of the ports,(b) approximately
thesametwo levelsof detailplusanaddedayerof ner resolution
grid cellsfor the rings aroundthe baseof the ports. The facetsin
the o w sourceareapproximatelyl000-200Gimeslargerthanthe
nest resolutionfacetsat the baseof the intake ports. Thesegrids
areadaily experiencen theindustrial CFD community Ourgoalis
to provide o w visualizationsolutionsthatareequallyasversatile
andadaptve asthegridsthemseles.

Perceptual Challenges: A large amountof o w visualization
researchliterature addresseswo-dimensionalvisualizationtech-
niques. This is partly becauseo w visualizationon boundarysur
facesandin 3D presentsadditionalperceptuathallengesuchas
occlusion,lack of directionalcues,lack of depthcues,andvisual
complity. Most of the CFD simulationgrids at AVL are un-
structuredand three dimensional. Although engineersoften use
2D slicesthroughthe 3D meshegluring analysisthereis a strong
interestin 3D and boundarysurfacevisualizationtechniqueghat
addresshe perceptuaproblemsmentionedabore.



Figure2: Thevisualizationof blood o w at the surfaceof ananeurysm:(left) geometric o w visualizationusingstreamlinegmiddle-left)
orientedstreamlines—describéxl Section3 and(middle-right)streamlets—alsdescribedn Section3, and(right) streamcomets—iBections.

2 Related Work

Four different approachesare widely usedin ow visualiza-
tion [Postet al. 2002]. Our work falls into the geometric o w vi-
sualizationcategory of techniques. Theseapproacheoften rst
integratethe o w dataandusegeometricobjectsin theresultingvi-
sualization.Theobjectshave ageometnthatre ectstheproperties
of the o w. Examplesinclude streamlinesstreaklinesstreamsur
facesandtimelines.Not all geometrimbjectsarebasednintegra-
tion. Anotherusefulgeometricapproactis generatingsosuraces,
e.g.,with respecto anisovalueof pressurer magnitudeof veloc-
ity. A thoroughdescriptionof o w visualizationtechniquesswell
asour classi cationis presentedy Larameeet al. [Larameeet al.
2004ajandPostetal. [Postetal. 2002]

3 Oriented Streamlines and Streamlets

One of the drawbacksof corventional streamlineds the lack of

o w orientation(upstreamvs. downstreamdirection) depictedin

a still image. Our systemincorporatesan orientedstreamlineim-

plementation.Orientedstreamlinesonvey the downstreamdirec-
tion of the ow by varying the opacity as a function of particle
traceevolution. In otherwords,the furtherdownstreamanintegra-
tion pathis traced,the higherthe opacity of the streamline. This

can be implementedby giving the streamlinesa nite width, ei-

ther automaticallyor throughuserde ned parametersand using
semi-transparerolygonsin orderto depictanorientedstreamline
(Figure2, middle). Arrow headscould alsobe usedto achiere the
sameeffect. However, arrov headglyphscanleadto visual clutter
without carefultreatment.

Attention must be paid when renderingoriented streamlineson
boundarysurfacesin orderto preventartifactsresultingfrom over-
lappingstreamlineandboundarysurfacepolygons.Theseartifacts
canbe avoidedthroughthe useof OpenGLs polygonoffsetfunc-
tionality. Theresultis similar to thatof OLIC (OrientedLine Inte-
gral Corvolution) [Wegenkittl and Groller 1997; Wegenkittl et al.
1997]. Oneimportantdifferenceis that OLIC is basedon a tra-
ditionally slower approachderived from LIC. Also OLIC is more
suitablefor thevisualizationof 2D vector elds.

For the caseof unsteadyo w, drawing a continuousparticle path
usinga singletime-stepof the datasetcanbe considerednislead-
ing. Thisis becausao particleactuallytracessucha path. For the
caseof slicesand surfaces,the visualizationbecomeseven more
problematidoecaus@ componentf thevector eld is takenaway;,
namelythat componenibrthogonalto the slice or surface,absent
after a projectiononto the slice or surface. Oneapproacho han-
dling this is throughthe useof streamletgshortstreamlines)Fig-
ure 2, left-to-right, shavs the useof streamlinesprientedstream-

lines,streamletsandstreamcometall appliedto the samedataset.
Thedatasetin this caseis simulationdatacomingfrom blood o w
throughananeurysm.

4 Animated Streamlines
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Figure 3: The 16-bit stipple pattern seriesused for animating
streamlinesn real-time,basedn OpenGL1.1.

Here,we usea stipplingapproacho animatestreamlinesuchthat
the downstreamdirection of the ow is depicted. The advantage
hereis that the stippling approachis supportedoy OpenGL1.1.
andcommoditygraphicshardware. Thusreal-timeframeratescan
be achieved evenfor large numbersof streamlinesaswell asplat-
form independenceAnti-aliasing, also supporteddy the graphics
hardware,canbeaddedo visually enhanceheresultsat very little
overhead.

We applyaline stipplepatternto streamlingpaths.Eachstreamline
is renderedusingoneof 16 stipplepatternsshovn in Figure3. In
orderto addanimation,we simply shift the stipple patternapplied
to theintegral pathsat renderingtime 1. This approachs reminis-
centof thatusedby JobardandLefer [JobardandLefer 1997b]or
Berger and Groller [Berger and Groller 2000] wherea color-table
look-upapproachs usedto animatethestreamlinesOneimportant
differenceis thatthetechniquehereapplieswell to 3D o w.

Without special handling, geometrictechniquescan also suffer
from someof the sameperceptuaproblemsthatdirect o w visu-
alizationcan. Onemeansy which to focuson a particularsubset,

1For supplementarimagesandMPEG animationspleasevisit:
http://www.VRVis.at/scivis/geometricApproach/



Figure 4: The visualization of tumble motion using animated,
dashedtreamlinesTwo seedingplanesareused:oneseedingolor
mappedstreamlinesthe otheremanatinged streamlines A gray-
scalemappedslice senesascontet information.

areaof interest,or featureof a ow eld is via a streamlineseed-
ing stratgy. In general,three popularstreamlineseedingstrate-
gies are often used: (1) image-basedseedingstratgies such as
that describedby Turk and Banks[Turk and Banks1996] or the
evenly spaced-streamlingeedingstrateyy presentedby Jobardand
Lefer [Jobardand Lefer 1997a],(2) topolayical or feature-based,
seedingstratgyies suchasthosepresentedy and L ffelmannand
Groller [L 6ffelmannand Groller 1998], Sannaet al. [Sannaet al.
2000],or Vermaetal. [Vermaetal. 2000]and(3) interactiveseed-
ing strat@iesusinga streamlineseedingrake usedby Brysonand
Levit [BrysonandLevit 1992]or Schultzetal. [Schulzetal. 1999].
OurapproacHallsinto thethird catgyory—aninteractve streamline
seedingstrateyy. Userswould like full control over which subsets
of the vector eld to highlightin orderto highlight both desirable
andundesirableharacteristicef the o w.

Our seedingool providesthe userwith severalinteractive degrees
of freedom(DoF): threetranslational scaling,rotational,andres-
olution control. Theseinteractve DoFsarerequiredto investigate
theresultsof CFD simulationsbecaus¢he meshegrom CFD em-
bracea wide variety of componentsfeaturesandlevels of resolu-
tion.

Figure4 shavs animated-dashestreamlinesisedto visualizetum-

ble motion [Larameeet al. 2004b]. Tumble motion is the name
givento anideal patternof ow within the comhustion chamber
of a gasengine. The sparseranimated-dashestreamlinesallow

the userto seethroughthe volume. Furthermorethe implemen-
tation is simpler than the dashtube techniqueof Fuhrmannand
Groller [FuhrmannmandGroller 1998].

5 Streamcomets

Streamcometsare an extension of the streamrunner{Laramee
2002]. Streamcometfollow a very intuitive metaphar They of-
fer four interactve DoFsasshowvn in Figure5. The useris given
interactive controlover: (1) the positionof the headalongtheinte-
gral path,(2) thediameternof the cometheadandcomettail, (3) the

', Seeding Location

DoF -Animation Speed

DoF -Length of T'a}‘ Diameter

DoF -Position of Head

Figure5: The streamcomepromotesfour interactve degreesof
freedom:(1) the positionof the cometheadalongthe pathof inte-
gration,(2) thediametemf thecometheadandtail, (3) thelengthof
thecomettail, andoptionally (4) theanimationspeedf thecomets

lengthof the semi-transparertomettail, andoptionally (4) thean-
imation speedof the cometalongthe pathof integration. Coupled
with moreinteractve degreesof freedom,streamcometsffer the
adwantageof shaving local o w directionand cunaturefor static
images. Thereis strongevidenceto supportthe notion that ow
visualizationobjectsthatshaw thedirectionof thelocal vector eld
improve the users ability to identify critical pointsandunderstand
particle adwection paths[Laidlaw et al. 2001]. We also apply a
semi-transparerfinctionto the comettails andgive thema glow-
ing effect. The alphavaluealongeachcomettail is a function of
thedistanceto the cometheadi.e., thefurtheraway from the head,
the moretransparenthe tail. The semi-transparecusesa stan-
dardOpenGLblendingfunctionin conjunctionwith back-to-front
orderingof polygons. A usefulfeatureis the option of animating
the streamcometsConceptuallyanimatingthe streamcometsuch
thatthecometheadpositionis automaticallyincrementeclongthe
path of integration, actsas a visual searchfunction. The viewer
is ableto usethe animationto searchfor optimalcometheadposi-
tions. Thisis very usefulwhentheuseris notsurewhereto position
the head,searchindor interestingfeaturesn the ow eld, or op-
timizing the otherinteractve degreesof freedom.We alsogive the
userthe optionof interactively adjustingthe animationspeed.

We do not proposethe streamrunneand streamcomess stand-
alonefeatures. They are meantto be combinedwith other clas-
sic, 3D interactiontechniquesuchasrotation,scaling,andtrans-
lation. Additional importantfeatureswe have includedare: the
optionof choosinga non-uniformcoloringschemesocolliding ge-
ometricobjectscanbe moreeasilydistinguishedfurningon or off

semi-transparerdr wire-framecontect information,andadjusting
the streamlineseedingdensityin the ow eld. The morestream-
cometsaaddedo thescenethemorelik ely theuseris to facepercep-
tual issues.We recommendestrictingthe numberto onehundred
or lessasaroughguide.

6 Results

Performancdimes dependon the numberof streamlines.Perfor
mancetimesfor theanimatedstreamlinesregivenin Tablel. Per
formancewasevaluatedon a machinerunningRedHat Linux with
a3.2GHzIntel Xeondualprocessar2 GB of RAM, andanNVIDIA
Quado FX 1300graphicscard. Notethattheframeratealsovaries
asaresultof caching.Anti-aliasingaddsvery little overheadsince
it is built into OpenGL1.2andhencds supportedy mostgraphics
cards.As we see the stippling approacteallows animationof thou-
sandsof streamlinesn real-time. Furthermorewe have not em-
ployeddisplayliststo increaseheframerates.Figure6 shavs two
seedingplanesinside the comhustion chamberof a piston valve.
The seedingplanein the top (foreground)hasstreamcometema-
natingfrom it. Theseedingplanein themiddle (backgroundseeds
shadedstreamlines. We emphasizethe importanceof the users



Figure6: Two seedinglanesn thecomtustionchambepf apiston
valve: oneseedingstreamcometghe otherseedingshadedstream-
lines.

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

Tablel: Sampleframeratesfor theanimatedstreamlinesn frames
persecond.

ability to resizethe streamcometalongarbitrarydimensionavhen
zoomingin and out of the datasets. It is importantto note that
changedo the diameterof the cometheadsapplyto the entirecol-
lection of streamcometsgndarenot appliedon a percometbasis.
Applying sizechangeso individual cometswould leadto mislead-
ing visualizatiorresultse.g.,theusermayinterpretdifferentcomet
headsizesto beare ection of scalampropertiesnherentin the o w
eld.

7 Conclusions and Future Work

Theaddednteractionprovidedby ourgeometrico w visualization
techniquess veryusefulfor o w visualizationin 3D andwithin the
domainof versatilegrids associatedvith CFD simulations. This
is becausehey are basedon geometricprimitives that are more
suitablefor the visualizationof 3D o w thanapproachebasedon
color-mapping,glyphs,or texturesonly. The usercontrolafforded
by thestreamcometaswell astheintuitive metaphoonwhichthey
arebasednalesthemmoreversatilefor 3D o w visualizationthan
previoustechniquesFurthermorethe simplicity of our approaches
malkesthemstrongcandidatesor inclusionin other o w visualiza-
tion software packagesThe approacheslescribecherehave been
includedin a cross-platform,jndustry-level visualizationapplica-
tion for the analysisof CFD simulationdata. Thesegeometricob-
jectsgive anew level of controlover to usersnvestigatinga vector

eld. We encouragehereaderto view the animationsat the given
URL.

Futurework couldgo in severaldirectionsincluding: (1) animple-

mentationprototypeof the streamrunneand the streamcomefor

unsteadyo w visualizationincludingtheintroductionof a pathrun-
ner — the unsteadyequialentof a streamrunnera streakrunner

theinteractve equivalentof astreaklineor (2) aformal HCI evalua-
tion of the perceptuaéffectivenesof the streamrunneandstream-
cometsfor 3D o w visualization.

We would like to thankall thosewho have contritutedto nanc-

ing thisresearchincluding AVL (www.avl.com) andthe Austrianna-
tionalresearchprogramKplus www.kplus.at ). A speciathanksgoes
to Helmut Doleischof VRVis for his valuablefeedback.All CFD
simulationdatais courtesyof AVL.
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