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Abstract

This thesispresentgesearchin the areaof o w visualization. The theoreticalframework is basedon
thenotionthat o w visualizationmethodologycanbe classi edinto four mainareas:direct,geometric,
texture-basedand feature-basedo w visualization. Our work focuseson the direct, geometric,and
texture-basedateyories,with specialemphasi®n texture-base@pproaches.

After presentinghe state-of-the-artye discussatechniqueor resamplingof CFD simulationdata. The
resamplingool addresseboththe perceptuaproblemsesultingfrom a bruteforcehedgehogisualiza-
tion and ow eld coverageproblems. Thesechallengesare handledby giving the usercontrol of the
resolutionof theresamplinggrid in objectspaceandgiving the userprecisecontrolof whereto placethe
vectorglyphs.

Afterward, we presenta novel techniquefor visualizationof unsteadyo w on surfacesfrom computa-
tional uid dynamics.The methodgenerateslenserepresentationsf time-dependentector elds with

high spatio-temporatorrelation.While the 3D vector elds areassociateavith arbitrarytriangularsur

facemeshesthe generatiormandadvectionof texture propertieds con ned to imagespace.Framerates
of upto 60 framespersecondarerealizedby exploiting graphicscardhardware. We applythis algorithm
to unsteadyo w on boundarysurfacesof, large, complex meshesrom computationaluid dynamics
composedf morethan200,000polygons,dynamicmesheswith time-dependengeometryandtopol-

ogy, aswell asmedicaldata. We alsoapply texture-basedo w visualizationtechniquego isosurfces.
Theresultis a combinationof two well known scienti ¢ visualizationtechniquespamelyiso-surfcing
andtexture-basedo w visualization,into a usefulhybrid approach.

Next we describeour collectionof geometric o w visualizationtechniquesncluding orientedstream-
lines, streamletsa streamrunnetool, streamcometg@nda real-timeanimatedstreamlingechnique We
placespeciaemphasi®nnecessarmneasuresequiredn orderfor geometridechniqueso beapplicable
to real-world datasets.

In orderto demonstratehe useof all techniqueswe apply our direct, geometric,and texture-based
o w visualizationtechniquesn orderto investigate swirl andtumble motion, two o w patternsfound

commonlyin computationaluid dynamicqCFD).Ourwork presentsavisualanalysisof thesemotions

acrosghreespatialdomains:2D slices,2.5D surfacesand3D.



Kurzfassung

DieseDissertationstellt aktuelle Forschungseyebnisseausdem Bereichder Stromungsvisualisierung
vor. Der theoretischeRahmenbaut auf der Erkenntnisauf, dassman grob vier verschiedendrten
von Stromungsvisualisierungsaizenunterscheidekann: direkte, geometrischeTextur-basierteund
Merkmal-basierte.Diese Arbeit setztsich vor allem mit direkter geometrischeund Textur-basierter
StromungsvisualisierunguseinandekvobeidasHauptaugenmeruf Letzterediegt.

Nach einem Uberblick iiber den momentanerStandder Forschungwird eine Methodezum Resam-
pling von Stromungssimulationsdatg)CFD-Daten)vorgestellt. Dieser Ansatzversuchtdabeisowohl
Wahrnehmungsproblemdije bei einer direkten Anwendungder HedgehogVisualisierugstechnilauf-
treten,alsauchUnzulanglichleitenbei der AbdeckungdesStromungsfeldegu behebenDaswird erre-
icht,indemdemBenutzeibzw. der Benutzerindie genaueKontrolle iberdie Au 6sungdesResampling
Gitterim Objektraumund Uiberdie Platzierungder Vektomglypheniiberlassemvird.

Wir stelleneineneuartigeMethodezur Visualisierungvon nicht-statio@renStromungssimulationsdaten
aufOber achervor. Wahrenddie dreidimensionaleNektorfeldembeliebige durchDreiecksnetzgegeb-
eneOber acherhaberkonnen peschanktsichdie Generierungind Advektionvon Textureigenschaften
aufdenBildraum. Der Einsatzvon Graphik-hardware ermodglicht Frameratewon bis zu 60 Framespro
Sekunde.Die Geometrieauf derenAussen achendie nicht-statiorenStromungsdategegebensind,
aufdiewir diesenAlgorithmusanwendenyumfasstgrof3e komplexe Dreiecksnetzenit mehrals200.000
PolygonenyobeisichGeometriaund Topologietiberdie Zeit veranderrkdonnen sovie auchDatengitze
ausderMedizin. Wir wendenTextur-basiertestromungsvisualisierungstecheikauchfiir Iso acheran.
DasErgebnisist die VerschmelzungweierbekannteMethoderausdemBereichderwissenschaftlichen
Visualisierung—amlichiso-surbicingund Textur-basierteStromungsvisualisierung—iainennitzlichen
Hybridansatz.

Danachwendetsich die Arbeit einerReihevon Technilen zur geometrischestromungsvisualisierung
zu,unteranderengerichteteStromungslinienStreamletseinemStreamrunneWwerkzeug Streamcomets
und einerMethodefir in EchtzeitanimierteStromungslinien.BesonderéBeachtungwird dabeiMal3-
nahmengeschenktdie notwendigsind, um geometrischélechnilen auchfur praxisnaheDatengtze
anwendbaru machen.

AbschlieBendvenderwir direkte,geometrischendTextur-basierteStromungsvisualisierungsmethoden
an, um Strudel-und Wirbelbevegungenzu untersuchen—-zwestromungsmustedie oft in Stromungs-
simulationsdateanzutrefen sind. Die Arbeit stellteinevisuelleAnalysedieseBewegungenn dendrei
raumlichenAuspragungervor: 2D Schichten?.5D Ober achenund3D L.

Thanksto HaraldPiringerandHelmutDoleischfor helpwith thetranslation
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Chapter 1

Intr oduction: Scienti ¢ Visualization

“The codeis thedocumentatioh.
—DanR. Lipsal (1970-)

Here we searchfor a logical startingpoint for a thesison o w visualization. We startby using the
knowledgehierarcly mapshowvn in Figurel.1. At thetop of the hierarcly, we nd ComputerScience
currentlya coretopic of studyat mostuniversities. Computerscienceitself coversseveral disciplines,
only a samplingof which is shavn in the knowledgehierarcly. As we move down the hierarcly, the
topicsbecomamnorefocused.The pathof thisthesisis illustratedby therelationsdown the middle. This
thesisis concernedvith thetopic of Flow Visualization a classicsub-topicof scienti ¢ visualization.

Accordingto the Merriam-Websterdictionary (online at www.m-w.com ), visualizationis de ned as
(1) the formation of mentalvisual images,(2) the act or processof interpretingin visual termsor of
puttinginto visible form, (3) the procesof makinganinternalorganvisible by theintroduction(asby
swallowing, by aninjection, or by anenema)of a radiopaquesubstancdollowed by roentgenograph
Already, thedictionarypointsto animportantapplicationof visualizationhamely medicalvisualization.

Scienti ¢ visualizationsometimesalleddatavisualization,

!RomaniarsoftwareengineemndeducatorDan (Radu)wasa colleagueof minein the PhD programat the University of
New Hampshire After UNH hejoined Ecora(www.ecora.com ) from which this quotewasinspired. Afterward, he joined
thestaf at ArmstrongAtlantic StateUniversityin Geogia.

Computer
Science

. Algorithms Databases Computer Networking Artificial
Graphics Intelligence
. Modeling Animation Visualization Virtual Reality Rendering
Volume Information Flow GPU-based Medical
Visualization Visualization Visualization Techniques Visualization
Direct Texture- Based Goemetric Feature- Based

Figurel.1: A knowledgehierarcly thatplacesthe subjectof this thesisinto a largercontext of subjects.
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Figurel.2: An early hand-dravn visualizationby LeonardadaVinci. Imagesfrom Frontiers of Scienti ¢ Visual-
izationby Pickover and Tewkshkury [113].

is thetransformatiorof data,usuallynumericaldata,into images.This processvasdoneby handalong
timeago[113)], asillustratedin Figurel.2,dravn by LeonardadaVinci (1452-1519). We areconcerned
with computeraidedvisualizationwith computergeneratedata.

Datacancomefrom awide variety of sourcesuchassimulation,modeling,measurmentr from non-
scienti ¢ disciplinessuchas nance, marketing, andbusiness. The goal of visualizationis to gain a
deepemunderstandin@f data. Visualizationallows usto seestructuresand nd patternghatareunable
to seefrom avastarrayof raw numbers Some(but notall) of the classicsub-topicof visualizationare:

volume visualization: an methodologyfor visualizing3D datathat may usediscretepolygonal
primitivesor volumerenderingechniquesVolumerenderings basednthevoxel primitive. Data
source®ftencomefrom themedicaldomain,e.g.,computeaidedtomograply (CAT) or magnetic
resonancémaging(MRI).

information visualization: assignsanabstracgeometryor topologyto datathatdoesnotalready
have an inherentgeometricrepresentationData sourcesare often nancial or economicin na-
ture. Examplevisualizationtechniquednclude the useof pie charts,scatterplots, and parallel
coordinate$172].

GPU-basedtechniques: a rapidly growing areaof researchs centeredaroundprogrammable
GPUs.Thegoalis to speedup computationthatmight otherwisetake placeon the CPUby taking
adwantageof the computingfeatureofferedby the GPU.

medical visualization: this is the areathat mary peopleintuitively connectwith the eld of vi-
sualization. Medical visualizationtechniquesllustrate subsetsof the humanbody, suchasthe
skeletonor brain, usingdatageneratedby medicaltools suchasCAT scannersClearly adwvances
in medicinearea strongdriving factorfor innovationin this eld.

Figure 1.3 shavs a recentvisualizationresultthat overlapsthree of thesecateyories,namely volume
rendering GPUprogrammingandmedicalvisualization[49]. We notethatFigurel.lis notmeanto be
takentoo literally. In fact,it would be very dif cult to nd two researcher&/ho would agreeto a clean
classi cation. We chosethis classi cation basedon simplicity and experience.Thereare conferences
and/orworkshopgdedicatedo eachoneof thesetopics. The | EEE Visualizationconferencealsodivides
up literatureinto thevisualizationcateyoriesshown.

Of coursetrying to placevisualizationinto a map suchas Figure 1.1 is inherentlyrisky. This is be-
causevisualizationoverlapswith mary otherdisciplinessuchascomputergraphicsjmaging,statistics,
computationabeometry numericalanalysis,andstudiesin humanperception.Figurel.1is merelyan
attemptto placeour coretopic into the big picture. We also notethat the levels in the hierarcly can
continuedown to subjectie levels of specialization.For example,all of the o w visualizationtopics
canbe furtherdivided up by dimensionalityboth spatialandtemporal,or otherclassi cations,e.g.,see
Chapter2.
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Figurel.3: A visualizationresultthatinvolveselementsrom volumerendering GPU-basegrogrammingand
medicalvisualization[49].

1.1 Flow Visualization

Flow visualizationis the visualizationof datawith a magnitudeand direction with specialemphasis
hereon direction. Vectordataoftenresultsfrom the studyof uid o w or aderivative quantity

Themostolbviousway of visualizingvectordatais with the useof glyphs. However, theuseof glyphs
is associatedvith several problemsincluding (1) occlusion,(2) visual compleity, (3) problemswith
placementgeithertoo sparseor too dense,(4) problemswith interpretation[158], (5) lack of spatial
cohereng, andmore. A moredetaileddiscussiorof theseproblemsis givenin Chapter3. As aresult,a
lot of work hasbeendonein theareaof vector eld visualization.

A goodstartingpoint for the topic o w visualizationis to look at the data. Velocity, v = dx=dt, is
itself a derivative quantity If we imaginetrackinga masslesparticlethrougha vector eld, thenthe
displacementf sucha pointcanbedescribedsimply by:

dx = v dt (1.1
In orderto evaluateequationl.1,we canexpresst in integral form:
z t
X(t; Xg) = Xo+ v()d (1.2)
=0

Thisis oneof the mostfundamentaéquationsn the eld of o w visualization.Generallyall geometric
0 w visualizationtechniqueg116], texture-basedechniqueg82], andfeature-basedpproachefl17]
relatebackto equationl.2in someway.
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data acquisition

feature
extraction

A 4

h 4 geometry
il extraction
- dense il |
__direct texture-based i geometry
visualization visualization : extraction \
visualization l

l visualization
v

user perception

Figure 1.4: Classi cationof ow visualizationtechniques- (left) direct, (middle-left) texture-based(middle-
right) basedon geometricobjects,and(right) feature-based.

For the datawe are concernedvith, namelyCFD simulationdata,equationl.2 cannotbe solved ana-
Iytically. And like most o w visualizationresearchersye rely on numericalintegrationtechniquesas
an approximation.The simplestand perhapsmostcommonapproximationof equationl.2is given by
Euler's method:

Xi+1 = Xj+ Vi t (1.3)

wherethepositionof amasslesparticleattimei + 1is givenby thesumof the previouspositionandthe
productof thevelocity timesanincrementatime step t. Oneproblemwith usingEulerintegrationis
its inherenterrorof orderO(  t2), which maynotbeaccurateenoughin somecaseg135]. Hencethere
aremoreaccuratghigherorder)alternatvessuchasthe secondrderRunge-Kittaintegrator[22]:

t
Xi+1 = Xj + 7(Vi + Vi) (1.4)

wherevelocity vi+1 is computedusingequationl.3. The errorof equationl.4is O( t3) [22]. When
comparedwith equationl.3, equationl.4 allows usto usea larger integration stepfor the costof one
additionalfunction evaluation. Higher orderintegratorssuchasthe fourth order Runge-Kitta arealso
available.

1.2 Classi cation and Contrib ution

This thesisis concernedvith researchfrom the areaof o w visualization. Four differentapproaches
arewidely usedin o w visualization[116]: direct, geometric,texture-basedand feature-basedo w
visualization.Theseareillustratedin Figuresl.4and1.5andexplainedin moredetailbelow.

Direct ow visualization: This catgyory of techniquesusesa translationthat is as straightforvard
as possiblefor representingo w datain the resultingvisualization. The resultis an overall picture
of the ow. Commonapproachesiredraving arrowns or color codingvelocity. Intuitive picturescan
be provided, especiallyin the caseof two dimensions.Direct o w visualizationapproachesrelikely
amongstheoldestandwell known. Theuseof color mappingn glyphsis standardn graphicssoftware.
Hence thisis not anareaof focusin this thesis.However, we do make useof direct o w visualization
in the context of aresamplingapproactasdetailedin Chapter3 [78], aswell asin othercasesAs such,
direct o w visualizationis a closelyrelatedtopic.
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Figure 1.5: An exampleof circular o w at the surfaceof a ring to helpillustrate our o w visualizationclas-
si cation: (left) directvisualizationby the useof arrav glyphs, (middle) texture-basedy the useof LIC, and
(right) visualizationbasedn geometricobjects herestreamlines.

Geometric o w visualization: Theseapproachesften rst integratethe o w dataandusegeometric
objectsin the resultingvisualization. The objectshave a geometrythat re ects the propertiesof the
ow. Examplesinclude streamlinesstreaklinesandtimelines. Not all geometricobjectsare based
on integration. Anotherusefulgeometricapproachis to generatésosurfices,e.g., with respectto an
isovalueof pressurer magnitudeof velocity.

Geometric o w visualizationtechniquesare onetopic of researctwithin this thesis. We apply a vari-
ety of techniqguego CFD simulationdataincluding orientedstreamlinesdashed-animatestreamlines,
streamletsand streamcometsWe also discussan interactve techniquethat addresseghe perceptual
problemsassociatedvith o w visualizationin 3D, namelya streamrunnef77].

Densetexture-basedo w visualization: A textureis computedhatis usedo generat@a denseepre-
sentatiorof the o w. A notionof wherethe o w movesis incorporatedhroughco-relatedexturevalues
alongthevector eld. In mostcaseghis effectis achieved through ltering of texels accordingto the
local o w vector Texture-baseanethodsffer adensaepresentationf the o w with completecoverage
of thevector eld. In thisthesiswe useadwectionapproacheaccordingo ImageBasedrlow Visualiza-
tion (IBFV) [164] andimageSpaceAdvection(ISA) [83], which cangeneratdoth SpotNoise[163] and
LIC-like [17] imagery Both approachesrerelatedto Lagrangian-Euleriadvection(LEA) [64]. A
full comparisorof texture-basedo w visualizationtechniquess givenin the next chapteythe state-of-
the-art.We focusoninteractive visualizationtechniquedecausaninteractve explorationof parameter
spacds essentiafor improving the designof automotve componentshatundego CFD analysis.

The long computatiorntime associatedavith texture-basedpproachetasbeena problemsincethein-
troductionof thesetechniqguegshemselesstartingin the early 1990s[17, 163]. The computationtime
barrierwas hurdledwith the introductionof LEA [63] andagain with IBFV [164]. IBFV solved the
computationtime problemfor the caseof 2D, unsteadyo w. Most of the researchwork in this the-
sis hingeson the methodologynecessaryo extendtexture-basedechniquego surfacesin 3D for both
steadyandunsteadyo w. With theintroductionof ISA (Chapter4 [83]) andIBFVS (IBFV for Curved
Surfaces)165] we sav texture-basedo w visualizationon surfacesat fastframeratesfor the rst time.
And sincethesemethodswvereintroducedo thevisualizationcommunityatthe sametime, acomparison
of thetwo approachewasa naturalchoicefor furtherresearch85].
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Feature-based o w visualization: For the sale of completenessye notethatfeature-based w vi-
sualization,anotherclassof techniquesncluding featureextractionandtracking, is beyond the scope
of this thesis.Theresearctwe've donewith Postet al. [116] coversfeature-based w visualizationin
detail. SeeDoleischetal. [35, 36] for evenmorerecentresearchiesultsin this area.

Note that there are differentamountsof computationassociatedvith eachcateyory, asillustratedin
Figurel.4. In generaldirect o w visualizationtechniquesequirelesscomputatiorthanthe otherthree
categyories,whereadeature-basetkechniquesequirethe mostcomputation.This thesisfocuseson the
bodyof researchielatedto geometricdenseandtexture-basedechniques.

1.3 Overview

Therestof this thesisis organizedasfollows: In Chapter2 we presenthe state-of-the-artechniquesn
geometricandtexture-basedo w visualization[82, 116]. A detailedoverview of relatedresearchin the
eld is given. Thisalsosenesasanintroductionto the mainbody of this thesis.

In Chapter3 we presenta practicalapproacho resamplingof CFD simulationdatafrom unstructured,
adaptie resolutiongrids onto regular, rectilineargrids [78]. The techniguealso handlesthe caseof
unsteadyo w. Chapter4 presentsa novel techniquefor the generationof dense texture-basedo w
visualizationon surfacesfor the casesf both steadyandunsteadyo w [85]. The techniqueis named
ISA [83] for Image SpaceAdvection[85]. Chapter5 appliesISA to the caseof isosurfices[84] and
presentsan amgumentwith respectto the utility of the approach.Chapter6é we discussgeometric o w
visualizationtechniquesagain, appliedto CFD simulationdata. Chapter7 putsall theseelementgo-
getherandevaluateghemby applyingdirect,geometricandtexture-basedo w visualizationtechniques
in orderto investigatetwo important,commonpatternof o w motionin CFD, namelythe case®f swirl
andtumble o w.

Chaptei8 givessomedetailsaboutthe designandimplementatiorof the softwaremodulesusedto build

the o w visualizationsubsystensoftware. Someuserinterfaceconcernsare also addressedFinally,

Chapte presents summaryof all thework in thethesisandthe nal chaptepresentsomeconcluding
remarks.Someinteresting relatedbackgroundnaterialmayalsobe foundin theappendices.



Chapter 2

The Stateof the Art In Flow Visualization:
Geometric, Dense,and Texture-Based
Technigues

“The schoolteatier asksBilly Bob: “If youhavetwelvesheepand onejumpsoverthe
fence howmanysheepdo youhaveleft?'

Billy Bobanswes, "Non€

"Well, saystheteadier, 'you sure don't knowyour subtiaction’ 'Maybe not; Billy Bob
replies, but | darn sure knowmysheeg.

—anold Texasjoke

Flow visualization(FlowVis) is one of the classicsub elds of visualization,covering a rich variety of
applicationsfrom the automotve industry aerodynamicsturbomachinerydesign,to weathersimula-
tion, meteorologyclimate modeling,groundwater o w, and medicalvisualization. Consequentlythe
spectrunof FlowVis solutionsis very rich, spanningmultiple technicalchallenges2D vs. 3D solutions
andtechniquedor steadyor time-dependentata.

Bringing mary of thosesolutionsin linear order (asnecessaryor a text like this) is neithereasynor
intuitive. Several optionsof subdviding this broad eld of literatureare possible.Hesselinket al., for
example, addressedhe problemof how to cateyorize techniquesn their 1994 overviewv of research
issueg55] andconsiderdimensionalityasa meansto classifythe literature. In the following, several
aspectarediscussean anabstractevel beforeliteratureis addressedirectly.

The classi cationwe usehereis describedn Sectionl.2. Figure 1.4 illustratesa classi cation of the
aforementionedtlassesand Figure 1.5 shavs threetypical examples. The two main sectionsof this
chapterarethe texture-basedo w visualizationtechniquesn Section2.5 andthe geometric 0 w visu-
alizationtechniquesn Section2.6. We also notethe bulk of the materialin this chapterhasalsobe
publishedelsevhere[82,116,117].

2.1 Spatial, Temporal, and Data Dimensionality

Solutionsin o w visualizationdiffer with respecto the dimensionalityof the o w data. Useful tech-
niquesfor 2D o w data like colorcodingor arrow plots,sometimesack similaradwvantagesn 3D. Here,
the spatialdimensionalityof the o w datais indicatedaseither2D, 2.5D (surfacesin 3D), or 3D. In our
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classi cationthe dimensionalityof theresultsfrom eachtechniques markedwith acorrespondindgbel
indicatingdimensionality(seeFigure2.2).

By 2.5D we mean o w visualizationrestrictedto surfacesin 3D. We draw attentionto the notion that
in mary casedike CFD, the simulationsetsall velocitieson a surfaceto zero. Oneway to approach
this is to extrapolatethe vector eld just inside the surfaceto the boundary In ary case,the vector
componenhormalto thesurfaceis usuallylostin thevisualization.Furthermoreanotheector eld can
becalculatecbn asurface,suchasskinfriction.

In additionto spatial dimensionstempoal dimension(dimensionalitywith respecto time) is of great
importance.Firstly, velocity itself incorporatesa notion of time — o ws areofteninterpretedasdiffer-

ential datawith respectto time (cf. Equation2.1), i.e., whenintegrating the data,instantaneoupaths
suchasstreamlinesnay be obtained(cf. Equation2.3). We call this steadyvelocitytime. Additionally,

the ow dataitself canchangeover time resultingin time-dependentor unsteady)o w. We referto

this asunsteadyelocitytime The visualizationmustcarefully distinguishbetweenboth. Performing
integrationin the caseof unsteadydataresultsin pathlinesor streaklinesasopposedo streamlines.

The distinction betweensteadyand unsteadyvelocity time is importantespeciallywhen animationis
usedin the visualization. Then,even athird notion of time, i.e., animationtime, may affect the visual-
ization. Animationtime canbeanarbitraryfeatureaddedo thevisualizationin orderto createmotion.
Sometimesgeometricobjectslik e streamlinesareanimatedn orderto shav o w orientation,e.g.,the
motionof color controlledby a color-table[66]. Animationis alsooftenaddedo texture-baseanethods
with thesamegoalin mind. Specialattentionis requiredfor correctinterpretatiorof animationtime.

In mary casesfurtherdatadimensionsij.e., attributes,aresuppliedwith the data,suchastemperature,
pressureor vorticity in additionto spatialandtemporaldimensionsThedimensionof the datavaluesis
alsoassociatedavith the termsmultivariateandmulti- eld data. Flow visualizationmay alsotake these
valuesinto accountg.g.,by usingcolor or isosurficeextraction.

Althoughwe do not have spaceo focuson experimental o w visualization|it is interestingto recognize
thatmary computationasolutionsmoreor lessmimic thevisualappearancef well-acceptedechniques
in experimentalisualization(cf. particletracesdyeinjection,or Schliererntechnique$162]).

2.2 Data Sources

Computationalo w visualization,in general,dealswith datathat exhibits temporaldynamicslike the
resultsfrom (a) ow simulation(e.g.,the simulationof uid o w througha turbine), (b) ow mea-
surementg(possibly acquiredthroughlaserbasedtechnology),or (c) analytic modelsof ows (e.qg.,
dynamicalsystemg1], givenassetof differentialequations).

We focus on visualizationof datafrom computationalo w simulation,i.e., o w datagiven as a set
of sampleson a grid. In mary casesthe velocity informationin a o w dataseiencodedas a set of
velocity vectors)representshe focus. Therefore, o w visualizationis stronglyrelatedto vector eld

visualization which mayalsodealwith vector elds otherthanvelocity elds.

Therelationof computationahnd experimentalvisualizationis worthy of mention. Experimentalo w
visualization,asin awind tunnel,is alsousedto validatecomputationalo w simulation.In suchacase
the computationaVisualizationneedgo be setup in away suchthatresultscanbe easilycompared.
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2.3 Fundamentals

Before outlining someof the mostimportanttechniquesa shortoverviev of commonmathematicas
well assomegeneralkconceptawvith regardto the computatiorof resultsarepresented.

Flow simulationsareoftensolutionsto systemf PDEs suchasthe Navier Stokes,Euler, or Advection-
Diffusion equationg170]. In general,discretizedsolution methodsare used. Noteworthy are nite
volume(FV) and nite elemen{(FE) analysiswhich subdvide thedomaininto smallelementdik e hex-
ahedrabr tetrahedratells. A solutionis de ned onthecomputatiorgrid in physicalspaceunstructured
for FE andstructureccurvilinearfor FV solutions.In the discussiorthatfollows, we assumehatvector
dataarede ned on the grid nodes(cell vertices),althoughin somecaseghe vectordataarede ned at
thecell centers.

Reconstructionof Flow Data

An inherentcharacteristiof o w datais that derivative informationis given with respecto time and
is laid out with respectio an n-dimensionalspatialdomain R", e.g.,n = 3 for representin@D
uid ow. Recall,temporalderivativesv of nD locationsp within the o w domain aren-dimensional
vectors:

v=dp=dt; p2 R v2R" t2R (2.1)

A generaformulationof (possiblyunsteady)o w datav is

v(p;t) : I R" (2.2)
wherep 2 R" representshe spatialreferenceof the ow dataandt 2 R representshe
systentime. For steady o w datathesimplercaseof v(p) : ! R"isgiven(v notdependenont).

In resultsfrom nD o w simulation, suchas from automotve applicationsor airplanedesign,vector
datav is usually not given in analytic form, but requiresreconstructiorfrom the discretesimulation
output. The numericalmethodsusedfor the ow simulation,suchas nite elementmethodsusually
outputsimulationvalueson large-sizedyrids of mary samplevectorsv;, which discretelyrepresenthe
solution of the simulationprocess. Furthermorejt is assumedhatthe o w simulationis basedon a

continuousmodelof the o w thusallowing continuousreconstBJctioer the o w datav. Oneoptionis

to applyareconstructioniter h: R" ! R tocomputev(p) = ; h(p pi) Vvi. For practicalreasons,
Iter h usuallyhasonly local extent. Ef cient proceduresor nding o w samples/, which arenearest
to thequerypoint p, areneededo do properreconstruction.

Grids

In ow simulation,the vectorsamplesv; often arelaid out acrossthe o w domainwith respectio a
certaintype of grid. Grid typesrangefrom simplerectilinearor Cartesiargrids to curvilineargridsto
comple unstructuredyrids (cf. Figure2.1). Typically, simulationgrids exhibit large variationsin cell
sizes. This variety of cell sizesstemsfrom the in uence of grid generationonto the o w simulation
process. The quality of the grid model and its implementationimpact the quality of the simulation
results.

Althoughthe principaltheoryof reconstructiorirom discretesamplesioesnot exhibit mary differences
with respecto grid cell types,the practicalhandlingdoes.While neighborsearchingnight betrivial in
arectilineargrid, it usuallyis notin atetrahedragrid. Similar differenceshold for the problemsof point
locationandvectorreconstruction.In the following we shortly describesomefundamentabperations
which form the basisfor visualizationcomputation®n simulationgrids.
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(@) (b) ©

(d) (e)

Figure2.1: Gridsinvolvedin o w simulation— (a) Cartesian(b) regular, (c) generakectilinear (d) structuredor
curvilinear (c) unstructuredand(f) unstructuredriangular[78, 185.

Startingwith point location i.e., the problemof nding the grid cell in which a given nD-point lies,

usually two casesare distinguished. For generalpoint location, specialdata structurescan be used
that subdvide the spatialdomainto speedup the search. For iterative point location, often needed
during integral curve computation algorithmsareusedthatef ciently exploit spatialcoherenceluring

the search.Onekind of suchalgorithmsstartswith aninitial guesgor thetargetcell, checksfor point-

containmentandre nes accordinglyafterward. This procesds iterateduntil the target cell is found.

More detailscanbefoundin text booksabout o w visualizationfundamental$114, 147].

Besidepointlocation, ow reconstructionor interpolationwithin a cell of the datasets a crucialissue.
Often,oncethecell containingthe querylocationis found, only the samplevectorsat the cell's vertices
areconsideredor reconstructionTheapproactusedmostoftenis rst-order reconstructiorby perform-
ing linearinterpolationwithin the cell. For example,trilinear o w reconstructiormay be usedwithin a
3D hexahedrakell.

After point location and o w reconstruction,\visualizationbegins: vectorscan be representedvith

glyphs, virtual particlescanbe injectedandtracedacrossthe o w domain. Neverthelessthe compu-
tation of deriveddata may be necessaryo do more sophisticatedo w visualization. Often, the rst

stepis to requessecond-ordegradientinformationfor arbitrarypointsin the o w domain,i.e.,r vjp,
which givesinformationaboutlocal propertiesof the o w (at point p) suchas ow corvemgenceand
divergenceor o w rotationandshear For featureextraction, o w vorticity ! = r v canbeof high
interest.Furtherdetailsaboutlocal o w propertiescanbefoundin previouswork [96, 115].

Integration

Recallingthat o w datain mostcasess derivative informationwith respecto time, theideaof integrat-
ing ow dataover time is naturalto provide anintuitive notion of evolution inducedby the o w. One
exampleis visualizationby the useof particleadwection. A respectie particlepathp(t) — herethrough
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unsteadyo w —hasbeende ned by
Zy
P =po+ _ v(p(); )d (23)
wherepg representshe location of the particle pathat seedtime 0. Note that Equations2.1 and2.3
are complimentaryto eachother For othertypesof integral curves, suchasstreaklinesseeprevious
work [76, 142,.

As discussedh Chapterl, it isimportantto notethatrespectre integral equationdik e Equation2.3usu-
ally cannotbe resolhed for the curve function analytically andtherebynumericalintegration methods
areemployed. Themostsimpleapproachs to usea rst-order Eulermethodto computeanapproxima-
tion pg (t) — oneiterationof the curve integrationis speci ed by

pe(t+ t=p®+ t v(p(t)1) (2.4)

where t is oftenavery smallstepin time andp(t) denoteghe locationto startthis Euler stepfrom.

A more accuratebut alsomore costly techniqueis the second-ordeRunge-Kitta method,[22, 118]
which usesthe Eulerapproximatiormpe asalook-aheado computea betterapproximatiorprg 2(t) of
theintegral curve:

Pre2(t+ t)=
p(ty+ t (v(p(t);, )+ v(pe(t+ 1);1)=2 (2.5)

Higherordermethoddik e the often usedfourth-orderRunge-Kuttaintegratorutilize moresuchstepsto
betterapproximatehelocal behaior of theintegral curve. Also, adaptve stepsizesareusedto compute
smallerstepsin regionsof high curvature.

2.4 DirectFlow Visualization

Direct, or global, o w visualizationtechniquesttemptio presenthe completedataset,or alargesubset
of it, at a low level of abstraction. The mappingof the datato a visual representatioris straightfor
ward, without complex corversionor extractionsteps. Thesetechniquesre perhapghe mostintuitive
visualizationstratgiesasthey presentthe dataasis. Dif culties arise,whenthe long-termbehaiour
inducedby o w datais investigatedif direct FlowVis is used—thignay requirecognitive integration of
visualizationresults.

DirectFlowVisin 2D

In this subsectiomwe shortlyaddressvidely distributed,standardechniquesor 2D FlowVis, i.e., color
ing andarrow plots.

Color Codingin 2D— A commondirect o w visualizationtechniquds to map o w attributessuchas
velocity, pressureor temperaturéo color. Sincecolor plotsarewidely distributed,this approachresults
in veryintuitive depictions.Of coursethecolorscalewhichis usedfor mappingnustbechosercarefully
with respecto perceptuadifferentiation.Color codingfor 2D FlowVis extendsto time-dependendata
very well, resultingin moving color plotsaccordingto change®f the o w propertiesovertime.

Arrow Plots in 2D — A naturalvector visualizationtechniqueis to map a line, arrow, or glyph to
eachsamplepoint in the eld, orientedaccordingto the ow eld. Usually a regular placementof
arrows is usedin 2D, for example,on an evenly-spacedCartesiangrid. Two variantsof arrov plots
areoftenused: (1) normalizedarrans of unit lengthwhich visualizethe directionof the o w only and
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(2) arraws of varying lengththatis proportionalto the o w velocity. KlassenandHarrington[74] and
Schroedeeet al. [135] call this techniquea hedgehogrisualizationbecausef the bristly result. Two
dimensionahedgehoglots canbe extendedto time-dependentdata,althoughbiggertime stepsmight
resultin jumpingarrows, diminishingthe quality of suchavisualization.

Hybrid directFlowViz in 2D — Kirby etal. proposesimultaneousisualizationof multiple values(of
2D o w data)by usingalayeringconceptrelatedto the paintingprocesof artists[72]. Arrow plotsare
mixedwith color codingto provide visualizationresultsrich of information.

Direct FlowViz on Slicesor Boundaries— Whendealingwith 3D o w data,visualizationnaturally
facesadditionalchallengesuchas3D rendering.Acting asa middle groundbetweer2D FlowViz and
thevisualizationof truly 3D o w datais therestrictionto subdimensiongbartsof the 3D domain,e.g.,
sectionaklicesor boundarysurfaces.Therebytechniqueknown from 2D FlowViz oftenareapplicable
without majorchangesat leastfrom a technicalpoint of view. Whenworking with sectionaklices,the
treatmenbf o w component®rthogonalo slicesrequiressomespecialcare.

Color Coding on Slicesor Boundaries— Colorcodingis very effective for visualizingboundaryo ws
or sectionalsubsetof 3D ow data. A goodexampleis NASA s Field Encapsulatioriibrary [106],
which allows to easilyusebothtechniquedor various o w data. Schulzet al. alsousecolor coding of
scalarson 2D slicesin 3D automotve simulationdata[137]. They introduceaninteractve slicing probe
which mapsthe vector eld datato hue. The useof scalarclipping, i.e., the transparentenderingof
sliceregionswherethe correspondinglatavaluedoesnot lie within a speci ¢ datarange,allows to use
multiple (colored)sliceswith reducedproblemsdueto occlusion.

2D Arr ows on Slicesor Boundary Surfaces— Using 2D arrows on slicesfrom 3D o w datais also
an effective visualizationtechniqug42]. However, resultsof sucha visualizationshouldbe interpreted
carefully as o w componentsvhich are orthogonalto the slice are usually not depicted. The above
mentionedlif culties with 2D arrovs andsectionaklicesthrough3D o w arebasicallynegligible, when
talking aboutboundarysurfaces sincein thesecasesrarely cross-boundaryo ws aregiven. Therefore
the useof arrows spreadout over boundarysurfacesusuallyis very effective, asusedby Treinishfor
weathewisualization[157].

DirectFlowVisin 3D

After discussinglirect FlowVis on slicesandboundarysurfaces direct FlowVis of real3D o w is dis-
cussedlIn contrasto previously mentionedechniqueshererenderingpecomeghe mostcritical issue.
Occlusionandcomplity make it dif cult (if possibleatall) to getanimmediateoverview of anentire
0 w datasetin 3D.

Volume Rendering for 3D FlowViz — The naturalextensionof color codingin 2D (or on slices,
etc.) is color codingin 3D. This, however, posesspecialrequirement®nto renderingdueto occlusion
problemsandnontrivial compleity—volumerenderings neededVolumerenderings well-knovn in the
eld of medical3D visualization,i.e., volumevisualization. However, thosechallengeswhich closely
correspondo o w visualizationare brie y addressedhere: (1) ow datasetsare often signi cantly
smootherthan medicaldata—anabsenceof sharpand clear objectboundarieqlike organ boundaries)
makesmappingo opacitieanoredif cult andlessintuitive. (2) o w datais oftengivenonnon-Cartesian
grids, e.g., on curvilinear grids the compleity of volume renderinggetssigni cantly more dif cult,
startingwith nontrivial solutionsrequiredfor visibility sortingandblending.(3) o w datais alsotime-
dependenin mary casesimposingadditionalloadson therenderingprocess.

In theearlynineties,Craw s etal. [25, 24], aswell asEbertet al. [39] appliedvolumerenderingtech-
niquesto vector elds. Later, Frihaufappliedray castingto vector elds [46]. Recently Westermann,
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presentedh relatively fast3D volumerenderingmethodusinga resamplingtechniquefor vector eld
datafrom unstructuredo Cartesiargrids[182].

Recently ClyneandDennis[21] aswell asGlau[48] presentedolumerenderingfor time-varyingvec-
tor elds usingalgorithmswhich make specialuseof graphicshardware. Ono et al. usedirectvolume
renderingto visualizethermal o ws in the passengecompartmenbf anautomobile[111]. Their goal
is to attainthe ability to predictthe thermalcharacteristic®f the automotve cabinthroughsimulation.
Swanetal. applydirectvolumerenderingechnique$n o w visualizationin asystemhatsupportom-
putationalsteering[146]. Their visualizationresultsare extendedto the CAVE ervironment. Recently
EbertandRheingansdemonstratetheuseof nonphotorealistiwzolumerenderingechniquegor 3D ow
data[37]. They applysilhouetteenhancemerdr toneshadingio improve renderingof 3D o ws.

Arr ow Plotsin 3D — The useof arraws for direct 3D FlowVis posesat leasttwo problems: (1) the
positionand orientationof a vectoris often dif cult to understandecausef its projectionontoa 2D

screen—usin@D representationef arrows (like a cylinder plus a cone)decreasetheseproblemswith
perceptionand (2) glyphs occludingone anotherbecomea problem. Careful seedingis required(in
contrastto the default of densedistributions). In actualapplicationsarrown plots are usuallybasedon
selectve seedingfor example,all arrows startingfrom oneout of a few sectionaklicesthroughthe 3D
oW.

Boring and Pang addresghe problemof clutterin 3D direct FlowVis by highlighting those parts of
a 3D arrow plot, which pointin a similar directioncomparedo a userde ned direction[11]. Their
methodologyeducesheamountof databeingdisplayedhusresultsn lessclutter Theirmethodsanbe
combinedwith othertechniqueghatuseglyph representationand o w geometriesuchasstreamlines
for FlowVis. They applythemethodgo bothanalyticandsimulationdatasetsto highlight o w reversals.

2.5 Denseand Texture-BasedFlow Visualization

Densetexture-basedechnique$n o w visualizationgenerallyprovide full spatialcoverageof thevector
eld. In ourclassi cationwe groupthesemethodsnto thefollowing catejoriesbasedntheirrespectie
primitive: the fundamentabbjectuponwhich the algorithmis based.Our classi cationsubdvidesthe
techniquedaseddn their similarity.

SpotNoisetechniques: ThesemethodgSection2.5) arebasedn atechniquentroducedoy Van
Wijk [163]. In this category, the basicprimitive on which the algorithmsoperateis the so-called
spot anellipseor othershapehatis warpedanddistributedin orderto re ect the characteristics
of avector eld.

LIC techniques: Themethodsdn this catayory (Section2.5) arederivedfrom analgorithmintro-
ducedby CabralandLeedom[17], namely Line Integral Convolution (LIC). The basicprimitive
hereis a noisetexture: the propertiesof thetexturearecorvolved,or smearedusingakernel Iter

in the directionof the underlyingvector eld.

Texture advectionand GPU-basededniques:  The primitive in this case(Section2.5) is a
moving texel [105]. Individual texels/texel properties,or groupsof texels are advectedin the
directionof thevector eld. Many of thetechniquesn this cateyory utilize morecomputatioron
theGPU(GraphicsProcessindJnit) — ratherthanthe CPU—in orderto realizeperformanceains.

Relatedtechniques: Most of the densetexture-basedo w visualizationresearclHalls into one
of the previous catejories. Relatedresearchthat doesnot t cleanlyinto one of the previous
classi cationsis discussedn Section2.5.
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Figure2.2: (left) The SpotNoisehierarcly of relatedresearchChildrenin the hierarcly build uponthe work of
their parent.(right) A snapshobf the unsteadyspotnoisealgorithm[31]. Imagecourtesyof De LeeuwandVan
Liere.

We have includeda sectionof meta-researcpapersin Section2.7 after the individual researchech-
nigues.Thesepapersattemptto provide analternatve, higherlevel framavork thatincorporateseveral
of thetechniquegliscussedhere.

SpotNoise

Spotnoise,introducedoy VanWijk [163], wasoneof the rst densetexture-basedechniquedor vector
eld visualization. Spotnoisegenerates texture by distributing a setof intensity functions,or spots,
overthedomain.Eachspotrepresenta particlewarpedoverasmallstepin time andresultsin astreakin
thedirectionof thelocal o w from wheretheparticleis seededA spotnoisetextureis de ned by [163]:

f(x) = . aih(x  Xi;V(Xi)) (2.6)

in which h() is calledtheintensityfunction,a; is ascalingfactor andx; is arandomposition.A spotis
afunctionwith unity intensityvaluefor thespot,e.g.,aellipseandits interior, andzeroeverywhereelse.
Thesummatiordenotegheblendingof eachinstanceof the intensityfunctionatrandompositions.

The hierarcly shavn in Figure 2.2, left illustratesthe relationshipamongsispotnoiserelatedmethods.
Follow-up researctthatbuilds upona previoustechniquds shovn asa child in the hierarctly. Children
thatsharea commonparentarepresentedn chronologicalorderof appearancevhenreadingfrom left

to right. Eachnodein the hierarcly is labeledand the correspondinglescriptioncan be matchedin

the text of this chapter The dimensionalityof the o w datausedto generatethe resultsis indicated
for corvenience.The time dimensionlabel is given a differentshapeto distinguishit from the spatial
dimensionsWe believe the spotnoisehierarcly (Figure2.2) andtheLIC hierarcly (Figure2.4)will be
valuableassetsn helpingthe reademavigatethe relatedresearcHiterature. In what follows, we visit

eachnodein thehierarcly in depth- rst-searclorder

Comparative Visualization — Spotnoisehasbeenusedto simulatethe resultsfrom the eld of ex-
perimental o w visualization[29]. Firstthe parametersf the spotnoisetechniquearetunedin orderto
simulatethe smearingof oil on a surface. A post-processingtepis thenaddedto enhancehe visual-
izationresultsuchthatit looks closerto the smearingof real oil from experimental o w visualization.

EnhancedSpotNoise— Onelimitation of the original spotnoisealgorithmwasthe inability to repre-
senthigh, local velocity curvatureespeciallywith high speedsEnhancedpotnoise[33] by De Leeuw
andVanWijk addressethesechallengeghroughthe useof bentspotprimitives.
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Figure2.3: Visualizationof o w pastabox using(left) spotnoiseand(right) LIC.

Parallel and UnsteadySpotNoise— In orderto accelerat¢he performancef enhancedpotnoiseto-
wardsinteractve framerates aparallelimplementatiorof thealgorithmwasintroducedoy De Leeuw[28].
Theparallelimplementatiorwasappliedto the steeringof a smogpredictionsimulationandsearchinga
very large datasetresultingfrom a numericalsimulationof turbulence.

The rst applicationof spotnoiseto unsteadyo w is presentedby De LeeuwandVan Liere [31] (Fig-
ure 2.2 right). The motion of spotsis modeledafter particlesin unsteadyo w. In orderto visualize
unsteadyo w, thedistribution of spotswith respecto thetemporaldomainis discussedUnsteadyspot
noisealsointroducessupportfor zoomingviews of the vector eld. Spotnoisewith zoomingis also
utilized by De LeeuwandVan Liere whenvisualizingtopologicalfeaturesof 2D o w [26].

Spot NoiseRelatedLiteratur e— A combinationof both texture-basedrlowVis on 2D slicesand3D
arrows for 3D o w visualizationis employed by Teleaand Van Wijk [154]. Arrows denotethe main
characteristicof the 3D ow after clusteringand a 2D slice with spot noisevisualizationsenes as
context. Thefocusof thiswork is onvector eld clustering.

L offelmannetal [95] useanisotropicspotnoisecreatedrom a grid-shapedpotto visualizestreamlines
andtimelinesconcurrentlyon streamsurfaces.Anotherinterestingapplicationof spotnoiseis its usefor
thedepictionof discretemaps(non-continuouso w) [93].

Spotnoisehasalsobeenappliedto the visualizationof turbulent o w [30] andin combinationwith the
visualizationof o w topology[26, 27]. We referthe readerto Postet al. [116, 117] for more on the
subjectof o w topology

Spot Noisevs. LIC — A visual comparisonof LIC (the focus of the next section)and spot noise
is shovn in Figure 2.3. Spotnoiseis capableof re ecting velocity magnitudewithin the amountof
smearingn thetexture, thusfreeingup huefor the visualizationof anotherattribute suchaspressure,
temperatureetc. Ontheotherhand,LIC is moresuitedfor the visualizationof critical pointswhichis a
key elementin corveying the o w topology Thevectormagnitudesarenormalizedthusretaininglower
spatialfrequeng texture in areasof low velocity magnitude. De Leeuwand Van Liere also compare
spotnoiseto LIC [32]. They reportthatLIC is betterat shaving directionthanspotnoise,but it does
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Figure2.4: TheLIC hierarcly of relatedresearchNodelabelscorrespondo paragraphn thetext, which then
leadto speci c entriesin thebibliograply.

not encodevelocity magnitude.By o w direction,we referto the pathalongwhich a masslesgarticle
follows wheninjectedinto the o w.

Line Integral Convolution

Line integral corvolution (LIC), rst introducedby CabralandLeedom[17], hasspavneda large col-
lection of researchasindicatedin Figure2.4. The original LIC methodtakesasinput a vector eld
ona?2D, Cartesiargrid anda white noisetexture of the samesize. Texels arecornvolved(or correlated)
alongthepathof streamlinesisinga Iter kernelin orderto createa densevisualizationof the ow eld.
More speci cally, givenastreamline , LIC consistf calculatingtheintensityl for a pixel locatedat
Xo = (so) by[144]:

Soy L=2

I (Xo) = k(s so)T( (s))ds (2.7)
So L=2

whereT standsfor aninput noisetexture, k denoteghe (usually symmetric) lter kernel,s is anarc

lengthusedto parameterizéhe streamlinecurve , andL representshe Iter kernellength. SeeFig-

ure 1.5 (middle)for aresult. LIC wasoneof the rst denseexture-basealgorithmsableto accurately
re ect velocity elds with highlocal curvature.

Theresearclhin LIC-basedo w visualizationdescribedereextendsLIC in seseraldirections:(1) adding

0 w orientationcues,(2) shaving local velocity magnitude(3) addingsupportfor non-rectilineagrids,
(4) animatingthe resultingtexturessuchthat the animationshovs the upstreamand downstream o w
direction,(5) allowing real-timeandinteractve exploration,(6) extendingLIC to 3D, and(7) extending
LIC to unsteadwector elds. In thefollowing, we visit the LIC hierarcly of Figure2.4in depth- rst-
searclorder

Curvilinear Grids and UnsteadyLIC — Forssell[43] wasearlyto extendLIC to surfacesepresented
by curvilineargrids. The original LIC methodportraysa vector eld with uniform velocity magnitude.
Forssellintroducesa techniquefor displayingvector magnitude. Shealso describesone approachio
animatetheresultingLIC textures.ForssellandCohenextendthis work to visualizeunsteadyo w [44].
Their approachmodi es the corvolution suchthatthe Iter kerneloperateson streaklinesatherthan
streamlines.In otherwords,they modify the LIC algorithmto tracea paththatincorporatesnultiple
time steps.

FastLIC — Marny algorithmsarebuilt on FastLIC introducedby StallingandHege [144]. FastLIC is
approximatelyoneorderof magnitudefasterthantheoriginal. The speedups achiezedthroughtwo key
obsenations: (1) fastLIC minimizesthe computationof redundanstreamlinegpresentin the original
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methodand(2) fastLIC exploits similar corvolutionintegralsalonga singlestreamlineandthusre-uses
partsof the corvolution computationfrom neighboringstreamlinetexels. They alsointroducesupport
for ltered imagesatarbitraryresolution.

Parallel Fast LIC — Amongstthe rst parallelimplementationsof fast LIC is that of Zockler et
al. [187]. The algorithm computesanimationsequencesn a massvely parallel distributed memory
computer Parallelizationis performedin imagespaceratherthanin time in orderto take advantageof
thestrongtemporalcoherencéetweerframes.Luckily, aswe shallseelater, o w visualizationresearch
in this areahasevolvedfar enoughsuchthatexpensve parallelprocessindhardwareis not alwaysnec-
essarnyto achiee interactve visualization[63, 64, 83, 164]. However, for 3D andunsteadyo w there
is still needfor parallelization.For the sale of completenessye alsomentionthe work of Cabraland
Leedomon parallelizationof LIC [16] althoughthis is a parallelprocessingrersionof the original LIC
algorithm,notfastLIC.

Fast LIC on Surfaces— Battke et al. [3] extendfastLIC to surfacesrepresentedby arbitrary grids
in 3D. The approachby Forsselland Cohen[44] was limited to surfacesrepresentedby curvilinear
grids. The methodworks by tessellatinga given surfacerepresentatiowith triangles.Thetrianglesare
pacled (or tiled) into texture memoryandalocal LIC textureis computedor eachtriangle. Theresults
presentechereare limited to relatively small simple surface representationsomposedof equilateral
triangles(1,600—4,00Qriangles).

Volume LIC — Interranteand Grosch[60, 61] visualizetrue 3D o w usingthe fastLIC algorithm
as a startingpoint. Clearly, thereare perceptuakhallengeselatedto 3D o w visualizationsuchas
occlusion,depthperceptionandvisual compleity. VolumeLIC introduceghe useof halosin orderto

enhancealepthperceptionsuchthat the userhasa betterchanceat perceving the 3D spacecoveredin

thevisualization(Figure2.5). Areasof highervelocity magnitudearemappedo highertexture opacity

It is interestingto notethatwith the introductionof halos,we arethenableto identify distinctentities
in the3D eld, apropertygenerallynot presenin otherLIC techniquesThusthe 3D LIC takesa step
in thedirectionof beinga geometric o w visualizationtechniquewvherediscreteintegral objectssuchas
streamlinexanbe distinguished Without introducingsomenotion of sparsenessito the visualization,
the resultswould not be very useful. However, with the introductionof sparseness trade-of is made
betweenow eld coverageandreducingocclusion.

EnhancedFast LIC and LIC with Normal — Two usefulextensionsto the fastLIC algorithmare
introducedby Hege andStalling[51] andScheuermanet al. [132]. Hege and Stalling[51] experiment
with higherorder Iter kernelsin orderto enhancehe quality of theresultingLIC textures.

In thecaseof slices,vectorcomponentsrthogonato thesliceareremoredwhenusingtexture-base@nd
geometricmethoddor visualizationresults. Scheuermanet al. [132] addresghis missingorthogonal
vector eld componenby extendingfastLIC to incorporatea normalcomponentnto thevisualization.

DLIC — Sundquisf145] presentanextensionto fastLIC, DLIC (DynamicLIC), in orderto visualize
time-dependerglectromagnetields. Accordingto Sundquistthemotionof the eld is notnecessarily
alongthedirectionof the eld itself in the caseof electromagneticelds. Thealgorithmproposechere
handleghecaseof whenthevector eld andthedirectionof themotionof the eld linesareindependent.
Conceptuallytherearetwo vector elds usedin this approach:(1) the electromagneticeld itself and
(2) thevector eld thatdescribeshe evolution of streamlinessa functionof time.

Multi variate LIC — Urnessetal. [161] presentan extensionto fastLIC thatincorporatesa new col-
oring schemehat canbe usedto incorporatemultiple 2D scalarandvectorattributes. Color weaving
assignsa speci c attribute representetty a color to anindividual streamlinghreadin the visualization.
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Figure2.5: A resultfrom the VolumeLIC method[60, 61]. Imagecourtesyof InterranteandGrosch.

The streamlinepatternsmay interweae and so may the color patterns. Using multiple colors allows
visualizationof morethanonevariatein theresult. Their secondcontrikbution is calledtexture stitching:
anextensionto theideapresentedby Kiu andBanks[73], namelymulti-frequeng LIC. However, in the
caseof Urnesset al. [161] the multi-frequeng noisetexturesareusedto highlight regionsof interestas
opposedo velocity magnitudeasby Kiu andBanks[73].

Dye Injection — Shenetal. addresshe problemof directionalcuesin LIC by incorporatinganimation
andintroducingdye adwectioninto the computatior{138]. The simulationof dye may be usedto high-
light featuresof the o w. In addition,they incorporatevolumerenderingmethodghatmapalIC texture
ontoa 3D surface.Thustheuseris ableto visualizethedyethroughouthevolume.We pointoutthatthe
modelingof dyetransportis not alwaysphysically correctsincedyeis dispersediot only by adwection,
but alsoby diffusion. Notethatdye adwectiontechniquesanbe classi ed differently Dye injectioncan
resultin discretegeometricobjectsusedto visualizethe o w, andthus,couldbe classi ed asa groupof
geometricvisualizationtechniquesDye injectionis alsoimplementedy someof the texture adwection
andGPU-basedechniquessdescribedn Section2.5.

Again, in Shenet al. we seethe notion of a sparsewisualization(ascomparedo LIC) in orderto see
into the 3D ow. Theresulting3D visualizationapproacheshat of a geometrictechniquesuchasthe
useof streamsurces.And justaswith the othergeometridechniquesthe notion of whereto placeor
injectthedyeinto the o w becomesmportant.

Multi-Fr equencyLIC — Kiu andBanksproposeto usea multi-frequeny noisefor LIC [73]. The
spatialfrequeng of the noiseis a function of the magnitudeof the local velocity. Long, fat streaks
indicateregionsof the o w with highervelocity magnitude.

Oneproblemwith mary curvilineargrid LIC algorithmsis thatthe resultingLIC texturesmay be dis-
tortedafter beingmappedonto the geometricsurfaces sincea curvilineargrid usuallyconsistsof cells
of differentsizes.Mao et al. proposea solutionto the problemby usingmulti-granularitynoiseasthe
inputimagefor LIC [100].

OLIC and FROLIC — Wegenkittl etal. addresshe problemof directionof o w in still imageswith
their OLIC (OrientedLIC) approach176]. By orientation,they meanthe upstreamand downstream
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directionsof the o w, notvisiblein theoriginal LIC implementationConceptuallythe OLIC algorithm
makesuseof a sparseexture consistingof mary separatedpotsthataresmearedn the directionof the
localvector eld throughintegration. A fastversionof OLIC, calledFROLIC (FastRenderingpf OLIC),
is achieved by WegenkittlandGroller [175] via a trade-of of accuray for time. FROLIC approximates
the simulateddroplettraceresultingfrom OLIC with a sequencef disksof varyingintensity with disk
intensityincreasingowardsthe downstreandirection.

AnimatedFROLIC [7] achiezesanimationof theresultvia a colortableandis basedn the obseration
thatonly the colorsof the FROLIC disksneedto be changedEachpixel is assigned color-tableindex
that pointsto a speci ¢ entry in the color-table. Color-table animationthenchangeshe entriesof the
color-tableitself ratherthanthe pixels of the correspondingmage.

LIC on Surfaces— Maoetal. [101] extendthe original LIC methodby applyingit to surfacesrepre-
sentedby arbitrarygridsin 3D. FormerLIC methodstamgetedat surfaceswererestrictedto structured
grids[43, 44,138. Also, mappinga computedD LIC textureto a curvilineargrid mayintroducedis-
tortionsin thetexture. Mao el al. proposesolutionsto overcometheselimitations. The principle behind
their algorithmrelieson solid texturing [112]. The corvolution of a 3D white noiseimage,with Iter
kernelsde ned alongthelocal streamlinesis performedonly atvisible ray-surfceintersections.

Thisideahasanadwantageoverthatof Battke etal. [3] in thatit avoidswhatcanbeatimely andcomple
assemblyof trianglesinto texture space.However, ray-tracingis alsocostly The methodhereis view-
point dependenandrequiredrelatively lengthy processingime for an unstructuredneshcomposedf
10,000triangles.

A signi cant body of researchis dedicatedo the extensionof LIC onto boundarysurfaces. Teitzel et
al. [15]] presentinapproachhatworksonboth2D unstructuredyridsanddirectly ontriangulatedyrids
in 3D space Thistopicitself is the subjectof a surey by Stalling[143].

UFLIC — ShenandKao [139] extendthe original LIC algorithmto handleunsteadyo ws. Their
extension,calledUFLIC (UnsteadyFlow LIC), handleghe caseof unsteadyo w elds by introducing
anew corvolution lter thatbettermodelsthe natureof unsteadyo w. The corvolution is donealong
pathlines(as opposedo streamlines).They improve uponthe shortcomingof the previous unsteady
LIC attemptpresentedy ForssellandCohen[44]. Accordingto ShenandKao, Forsselland Cohens
approachhasmultiple limitations including: (1) lack of clarity with respectto spatialcoherence(2)
deriving current o w valuesfrom future o w values,(3) unclearexposition with respectto temporal
coherenceand(4) lack of accuratdime stepping.All of theseproblemsareaddressetty UFLIC. Shen
andKaoalsoapplyUFLIC to thevisualizationof time-dependent w to parameterizedurfaces UFLIC
is alsoextendedusinga parallelimplementatiorby ShenandKao [140].

AUFLIC — AUFLIC (AcceleratedJFLIC) is anextensiornto UFLIC thatenhanceperformanceéimes[89].
The principle behindAUFLIC is to save, re-use andupdatepathlinesin avector eld seedingstratayy.
AUFLIC requiresapproximatelyonehalf of thetime requiredby UFLIC andgeneratesimilar results.

3DLIC — Rezk-Salamatal.[121] proposerenderingmethodgo effectively displaytheresultsof 3D

LIC computationsThey utilize texture-basedolumerenderingn aneffort to provide explorationof 3D

LIC texturesatinteractive framerates.Lik e Interrantg/61], they addresshe perceptuaproblemsposed
by dense3D visualization.They approachhesechallengeshroughthe useof opacitytransferfunctions
andclipping planes,asin Figure2.6. Opacitytransferfunctionsallow the userto seethroughportions
of the LIC texturesdeemedininterestingpy theuser In additionto corventionalclipping planes Rezk-
Salameetal. alsouseclipping with arbitraryclosed-suidicegeometries.
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Figure2.6: An LIC visualizationshaving a simulationof o w aroundawheel[121]. The appropriatechoiceof
transferfunctionresultsin a sparsenoisetexture. Imagecourtesyof Rezk-Salamatal. [121]

The useof transferfunctionsand geometricclipping objectsare interestingchoicesfor dealingwith
the perceptualbproblemsassociatedvith 3D. In somesensethesecan be comparedwith the seeding
problemof the geometricclassof visualizationtechnigues.Seedingstrategies addressvhereto start
streamlineaindotherintegration-basegeometricobjects.Selectve seedingof geometricobjectsin 3D
is oftenconsidered key to successfuVisualization. However, knowledgeof the properseedocations
is a requisitefor this approach.And just asproperseedplacements a requisitewhenusinggeometric
objects,expertisewith the transferfunction(s)andclosed-objectlipping geometriess requiredin the
caseof 3D LIC.

Geometric LIC — We malke a distinction betweengeometric o w visualizationand dense texture-
basedo w visualization. However, thesetwo topicsare closely coupled. Conceptuallythe pathfrom

usinggeometricobjectsto texture-basedisualizationis obtainedvia a denseseedingstrateyy. Thatis,

denselyseededjeometricobjectsresultin animagesimilarto thatobtainedoy densetexture-basedech-
niques[65]. Likewise,the pathfrom densetexture-basedisualizationto visualizationusinggeometric
objectsis obtainedusingsomethingsuchasa sparsdexturefor textureadvection[176].

Herewe have groupediogethertechniqueshatsynthesize.IC resultsby mappinga pre-computed.IC
texture onto geometrigprimitivessuchasstreamlines By usinggeometricprimitives, researcherbope
to speedup performancdimesof the LIC results. The dravbackof thesemethodss thatthey require
careful seedingstratgjies to gain the completecoverageof the ow eld offered by traditional LIC
techniques.

Motion Map — JobardandLefer usea motionmap[66] in orderto animate2D steady o ws. First,
the domainis coveredcompletelywith streamlines.Next, a color is mappedto the streamlinesanda
colortableanimationtechniqueis usedto animatethe o w. It offersthe adwvantageof saving memory
andcomputatiortime sinceonly oneimageof the o w hasto becomputedandstoredin themotionmap
datastructure.Thistechniquds not applicableto unsteadyo w however. It relieson a one-timecostof
computinga setof streamlines.
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Figure2.7: A comparisorof 3 LIC techniques(left) UFLIC [140], (middle) ELIC [110], and(right) PLIC [16§].
Imagecourtesyof Vermaetal. [168].
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Figure2.8: Theclassi cationof textureadwectionandGPU-basedechniquesThecolumnsindicatethe primitive
usedduringadwectionwhile therows indicatethe advectionscheme.

PLIC — Vermaetal. presentamethodfor visualcomparisorof streamlinesandLIC calledPLIC [168]

(Pseudo-LIC)They attemptto identify therelevantparameterto generate.IC-lik eimagesrom adense
setof streamlinesaandfor generatingstreamline-like imagesthroughthe useof different lters usedfor

convolution. By experimentingwith differentinput texturesfor LIC, both streamline-like imagesand
LIC-lik e resultscanbe obtained. ELIC (enhanced.IC), placedherebecausef its visual comparison
with PLIC, builds on the original LIC algorithmin four ways: (1) by incorporatingan algorithmto

improve thedelineationof streamlines(2) increasingheimagecontrast(3) removing texturedistortion
introducedby applying LIC to curvilineargrids, and (4) usingcolor to highlight o w separatiorand
reattachmenboundaries A visual comparisorbetweenUFLIC [140], ELIC [110], andPLIC is shovn

in Figure2.7.

Hierarchical LIC — Bordoloi and Shen[10] introducea hierarchicalapproachto LIC basedon a
gquadtreadatastructureusedto supportievel of detail (LOD). Theideais to replaceportionsof thevector
eld of lower complity with rectangulaLIC texture-mappegbatches.TheLIC textureis takenfrom
apreviously calculated_IC imageof a straightvector eld. Here,compleity is a directfunctionof the
amountof curlin thelocal vector eld.

DecoupledLIC — Li etal.[88] presentatechniquefor the visualizationof 3D o w basedon texture
mappedrimitives,namelystreamlinesThey decouplehevisualizationinto apre-processintypestage
that computesthe streamlinesand a stagewhich mapsvarioustexturesto the streamlinescomputed
in the rst stage. The resultis volume renderedat interactve framerates. To addresghe perceptual
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challengegosedby 3D visualization,depthcues,lighting effects, silhouettesshading,andinteractie
volumeculling aredescribed.

Texture Advectionand GPU-BasedTechniques

In this sectionwe describeresearctbasedon moving texels or moving groupsof texels, i.e., texture-

mappedpolygonswhosemotion is directedby the vector eld. Figure 2.8 shavs an overview of the

differenttechniquesindclassi esthemaccordingto two properties:(1) the adwectionschemeusedand

(2) theprimitive usedduringadwection. Someof theliteraturefocusegmainly on theintegrationscheme
usedto adwecttexturesor texels. By thetermtexel we meartextureelement.Somemethodgocusonthe

mappingto adwectedprimitivesandsomefocuson both. Figure2.8 alsoshavs the dimensionalityof the

o w data.In our discussionye visit the methodsn clockwiseorderstartingat 12 o'clock. Within each
sub-blockthe methodsarelistedin chronologicalorder This is becauséhe mappingof texel properties
betweertwo time stepsin thevisualizationis not 1-to-1in this case.For a moredetaileddiscussiorsee
Jobardetal. [63, 64]

Onecharacteristicommonto mary of thetexture advectiontechniquesn this section[63, 64,83, 102]
is the useof badkward coominateintegration (or backward advection). Noneof the methodsdescribed
hereuseforwardadwection(i.e.,forwardintegration)andindividual texelsasa primitive. Thisis because
the combinationof forward integrationandtexel primitivesleavesholesin the visualdomainafter the
forward integrationcomputation64]. Givena position,xg(i; j) = (i; j) of eachparticlein a2D ow,
backwardintegrationover atime internval h determinests positionata previoustime step[63]:

Zy
X n(i;j) = xo(i; )+ v o (x (i5j)d (2.8)

whereh is the integrationstep,x  (i; j) representéntermediarypositionsalongthe pathlinepassing
throughxo(i; j ), andv isthevector eld attime . Wenotethatthemethodsn this cateyory aregener
ally implementedn aniterativefashion.Thatis for eachanimatedrameanintegrationis performedover
asmalltime-steph, followedby anupdateof visual properties Thisis opposedo geometrianethodsn
which alongerparticlepathmaybe computedver severaltime stepsheforetheresultsaredisplayed.

IBFV — ImageBasedFlow Visualization(IBFV) by Van Wijk [164] is one of the fastestalgorithms
for dense2D, unsteadyector eld representation@-igure2.9). It is basedon theadwectionanddecay
of texturesin imagespace.Eachframe of the visualizationis de ned asa blendbetweenthe previous
image warpedaccordingo the o w direction,andanumberof backgroundmagescomposeaf ltered

white noisetextures. One reasonit is fasterthan mary texture-basedo w visualizationmethodsis
becausé reduceshenumberof integrationcomputationshatneedto be performedvia adwectingsmall
guadrilateralsatherthanindividual pixels.

Moving Textures— Max andBecker wereearly to introducethe ideaof moving texturesin orderto
visualizevector elds [102]. Oneof the primary goalsof this work wasto usetexturesin motion to
producenearreal-timeanimationof ow. Texture-mappedrianglesare advected,or distorted,in the
directionof the ow. Also, applyingthis techniqueto 3D o ws with no modi cation providesresults
thataredif cult to perceve, atleastin thecaseof astill image.

ISA and IBFVS — IBFV hasbeenextendedo thevisualizationof o w onsurfaceqg83, 165]. VanWijk

presentanextensioncalledIBFVS, IBFV for Surfaceq165]. Larameeetal. [83] presentasimilardense,
texture-basedisualizationtechniqueon surfacesfor unsteadyo w calledISA: ImageSpaceAdvection.
Both methodsproduceanimatedtextureson arbitrary 3D triangle meshesn the samemannerasthe
original IBFV method. Texturesare generatedadwected,and blendedin imagespace. The methods
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Figure2.9: A screershotfrom thelmageBasedFlow Visualizationalgorithm.lmagecourtesyof VanWijk [164).

generatedenserepresentationsf time-dependentvector elds with high spatio-temporatorrelation.
While the 3D vector elds areassociatedvith arbitrarytriangularsurfacemeshesthe generatiorand
adwectionof texture propertiess con ned to imagespace.Both spotnoiseandLIC-lik e resultscanbe
attained.In bothtechniques|83, 165] fastframeratesareachiezedin partby exploiting the GPU.

VanWijk' s methodis appliedto potential eld visualizationandsurfacevisualization.Larameeetal.'s

algorithmis appliedto unsteadyo w onboundarysurfacesof large,complex meshe$rom computational
uid dynamicsdynamicmeshewith time-dependenjeometryandtopology It hasalsobeenapplied
to medicalsimulationdataaswell asisosurficeq84]. A full comparisorof the methodshasbeengiven

by Larameeetal. [85].

3D IBFV — IBFV hasalsobeenappliedto the visualizationof 3D o w [153]. The problemof how
to seeinsidethe o w volumeis addressetby varying both the noisesparsity reminiscenof Interrante
and Grosch[61], andthroughvarying the opacity of the renderedvolume similar to Rezk-Salamaet
al[121]. In orderto achiere sparsenes3eleaandVanWijk injectemptyholesof noiseinto the3D eld,
in additionto the noisedescribedy the original IBFV. Oneimportantcomponenbf their methodis to
de ne athresholdvaluewhich eliminatesall close-to-transpareméxel values.Onedisadwantageof the
methodis thattherangeof velocity valuesit candisplayis limited: A texel propertycannotbe adwected
by morethanoneslicealongthez axisof thevolumein oneanimationframe. This problemis addressed
by Weiskopf andErtl [180].

3D Texture Advection— Kaoetal.discusgheuseof 3D and4D textureadwectionfor thevisualization
of 3D uid ows[69]. Theresultsshav sparseaexture noisein orderto visualizeinsidethe 3D vector
eld. Formidablechallengesreintroducedby the memoryrequirementsnvolvedin using3D and4D
textures. The proposedmethoddoesnot work well for the caseof o ws containingcritical pointsfor
incoming o ws from thegrid boundary
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Figure 2.10: Threeimagestaken from an animationof an unsteadyvector eld createdwith the Lagrangian-
Eulerianadwectionalgorithm.[63, 64] Imagecourtesyof Jobardetal.

GPU-BasedLIC — Heidrich et al. [52] exploit pixel texturesto acceleratd IC computation. Pixel

texturesarean OpenGLextensionby SGI that providesthe functionality of dependentexturesin com-
binationwith multi-passrendering. Heidrich et al. s implementatiorsupports2D, steadyvector elds

only, andachieves sub-second¢omputationtimesfor LIC imagegeneration.While this methodcould
becatayorizedasa GPU-acceleratedIC techniquewe positionit heredueto its comparabilitywith the
following texture adwectiontechniqueg$62, 181] thatusethe sameproposedpenGLextensionhandle
unsteadyo w, andthuscanbe consideredn extensionof this technique.

LEA — Jobardetal. [62] introducea GPU-assistetextureadwectiontechniqueor thedensevisualiza-
tion of 2D, unsteadyo w. While the methodof Max andBecker [102, 103] adwectstexturesbasedon
coarsetriangularmeshesJobardet al. adwect textureson a perpixel basisby meansof pixel textures,
which areusedin a similarway asby Heidrichetal [52]. Thegray-scaldexturefrom the previoustime
stepis draggedalongthe o w eld by modifyingthetexturecoordinatesor thedependentexturelookup
accordingto the o w data.Nearest-neighbasamplingis combinedwith anupdateof fractionaltexture
coordinatedo represensubtexel motion and, at the sametime, maintaina high contrast. An iteratve
injectionof additionalnoiseis usedto compensatéor a possibldossof contrastovertime. Jobardetal.
alsodiscusghetreatmenof in o w at boundariesimageenhancemerity color masking,andthe useof
dyeadwection.Becaus®f thelimited functionalityof thegraphicshardwarethatsupportixel textures,
theimplementatiorrequiresmary renderingpassesindadvectsa texture of size256> at approximately
two framespersecond Moreover, the maximumresolutionof texturesis restrictedo 2562.

Jobardetal. extendthis methodto themore e xible Lagrangian-Euleriaddvection(LEA) schemd63]

for thevisualizationof unsteady2D o w. Here,they rely ona CPUimplementatiorthatleadsto better
adwectionquality, higherspeedandno limitations of the maximum o w size. Particle pathsareinte-
gratedasa functionof time, referredto asthe Lagrangiarstep,while the color distribution of theimage
pixelsis storedin atextureandupdatedn place(Eulerianstep).Thetemporalcoherencef theadwected
noisetexturesis transformednto spatialcoherencéy blendingtexturesfrom subsequertme stepsj.e.,
eachstill framedepictstheinstantaneoustructureof the o w, whereasananimatedsequencef frames
still revealsthe motion of the adwectedtexture. Jobardet al. demonstrat¢hatthe combinationof noise
anddye adwectionis usefulfor aneffective visualizationandexplorationof unsteadyo w. Someresults
from the techniqueare shavn in Figure 2.10. This work is extendedby Jobardet al. [64] in orderto
improve the quality of dyeadwection.

Weiskopf et al. [179] presenta GPU-acceleratedersionof the LEA algorithmusingperfragmentop-
erations.The GPU-basedexture adwectionby Weiskopf etal. [181] supportsilineardependentexture
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Figure2.11: Relateddensetexture-basedo w visualizationmethods.Eachmethodis comparedvith respecto
the densityof theresultingvisualization.

lookupswithout taking into accountthe updateof fractional coordinates.Therefore,this approachs
mainly suitablefor dye adwection at high frame rates. Weiskopf et al. also demonstratdhow GPU-
acceleratedisualizationof unsteady3D o ws canbeimplementedwith pixel textures.

UFAC — Weislopf etal. [178] introducea generictexture-basedramevork for visualizing2D, time-
dependenvector elds. They proposeUnsteadyFlow Advection-Comolution (UFAC) asan applica-
tion of the framework for visualizingunsteadyuid ow. Also, their approachcan reproduceother
techniquesuchasLEA [64], IBFV [164], UFLIC [140], andDLIC [145]. Weiskopf et al. describea
GPU-acceleratetinplementatiorthat,amongotherthings,allows the userto trade-of quality for speed.

Related Dense, Texture-BasedMethods

Theliteraturedescribedn thefollowing is not, in generalasstronglyinter-relatedastheliteraturein the
spotnoise,LIC, texture adwection,andGPU-baseaatayories. For this reasonwe soughtanalternatve
scheman orderto relatethe differenttechniquesFigure2.11shaws the relatedmethodsandclassi es
thembasedon the densityof their results. In this caseeachtechniqueis given a subjectve ratingon a
sparse-to-densscale.Sparsaesultslook morelik e theresultsfrom o w visualizationusinggeometric
objectswhereaglensdechniqueproduceresultsresemblingspotnoiseor LIC. Thesemethodslonot t
cleanlyinto oneof the previouscatayories,nonethelesthey areimportantto thededicatedopic andare
brie y outlinedhere.Readingrom topto bottomin Figure2.11,we visit thetechniquesn chronological
order

Texture Splats— As an extensionof the techniqueof splattingfrom volumerendering,Crav s and
Max [25] introducethe notion of texture splatsfor o w visualization. Being a volumerenderingtech-
nique,it is tamgetedatthedepictionof 3D vector elds. Aswith Rezk-Salamatal. [121],it is aselectve
opacitytransferfunctionthat ultimately decideswhich subsetof the 3D dataareshavn andwhich are
not. Thetransferfunctionsareusedto emphasizer suppresspatialregionsasopposedo rangeof data
values.

TextureTransport — Thetexturetransporimethodof BeckerandRumpf[5] introducesamathematical
framewvork basedon the solution of a time-dependentransportequation. Lagrangiancoordinatesare
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computedrom the transportequationandvisualizedusing a texture mapping. The resultsin this case
resemblehosefrom thegeometriaclassof solutions.Individual linesin thetexture canbedistinguished.
Themajordravbackof this approachs the computatiortime required.

Furlik e Texture — Khouaset al. synthesize IC-lik e imagesin 2D with furlike textures[71]. Their
techniqueis ableto locally control attributesof the outputtexture suchasorientation,length, density
andcolorviaamodelbasedn laments resemblingur.

Diffusion and UnsteadyDiffusion — PreuReandRumpf[119] aswell asDiewald etal.[34] borrow a
well known techniqueérom imageanalysigfor visualizationof uid o w. Thenonlinearanisotropiadif-
fusionequationsrom imageanalysisareadoptedandappliedto vector elds. A noisytexture covering
thedomainis stronglysmoothedalongintegral lineswhile still retainingandenhancingedgesn direc-
tionsorthogonako the o w, i.e., streamline-alignediffusion. Successiely coarsepatterngepresenting
thevector eld canalsobe generatedlt is appliedto 2D, 2.5D,and3D vector elds [34, 119]. In the
caseof 3D, theresultingenhanceedgesarediscretizedandresemblestreamlinesor streamribbonsin
this case pcclusionbecomesnimportantissuebecausehe 3D resultsappeasomeavhatcluttered.

Burkle et al. extendthis techniqueto the caseof time-dependento w [15]. Insteadof streamline-like
patterns streaklinepatternsare generated.A blendingstratgy, comparableo noiseor dye injection,
is introducedin orderto provide the new time-dependentexture necessaryor the caseof long-term
o w evolution. They proposea solution basedon the blendingof differentresultsfrom the transport
diffusion evolution startedat successiely incrementedimes. Again, the disadwantageof this approach
is therequiredcomputationatime. Also, no attemptis madeto applythis methodto time-depender@D
o w, aformidablechallenge.

Contrast Analysis— Sannaet al. [131] focuson the issueof encodinganotherscalarvalueinto the

texture usedto visualizethe o w, in additionto o w direction, orientation,andlocal magnitudeof the

eld. Itisanextensionof aprevioustechniquecalledTOSL—ThickOrientedStreamlineAlgorithm [130].

Areasof higherscalarvaluesare characterizedby highercontrastlevelsin the texture and streamline
tonesaregeneratedn orderto highlight theseareas.The goalis to allow anadditionalvariableinto the

visualizationbeyond previoustechniques.

MRF — Taponecc@andAlexaapply Markov RandonField (MRF) texture synthesisnethodgo vector
elds [148]. Theresultsresemblea mixture of traditionaltexture-basednethodsand geometricmeth-
ods. In the resultingtexture, distinct streamlinepatternscanbe seen. Onedravbackto this methodis
performance MRF texture synthesismethodsmay requirehoursof computationtime. How it may be
appliedto unsteadyo w is anopenquestion.

2.6 Geometric Flow Visualization

GeometricFlowVis entailsextractinggeometricobjectsfor which their shapes directly relatedto the
underlyingdata.ln whatfollows, we discusggeometrico w visualizationtechniquesuchascontouring
in both2D and3D aswell asgeometridFlowVis usingintegral objects(suchasstreamlines).

Contouring in 2D — Contouringis a naturalextensionto color codingin 2D. A contouris aboundary
betweentwo distinctregions. Often, the useris highly interestedn transitionareasn the vector eld.
In a color plot, transitionsareshavn by a changeof color. With contouring,an explicit line or curve is
drawn.
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Figure2.12: Threeimagesfrom aninteractie explorationof avector eld usingthe MR viewer [68]. A suitable
level of resolutioncan be chosenwhile maintaininga roughly constantstreamlinedensity Image courtesyof
JobardandLefer.

Isosurfacesin 3D— Extendingcontouringfrom 2D to 3D, resultsin theuseof isosurbcesor 3D ow

visualization.Specialcareneedgo betakenwith isovalueselectionmostly becaus®f the oftensmooth
natureof ow data.In case®of no sharptransitionswithin the data,ary isovaluelacks(atleastpartially)

intuitive interpretation Neverthelesghereareusefulapplicationsof isosurbiceso o w data,e.g.,in the
visualizationof shockwaves[147] or burning frontsin simulatedcomhustiondata. Furthermorewhen
scalarclipping is usedwith color coding of slices,this naturally combineswith isosurficesaslong as
isovalue and clipping value coincide. Rottgeret al. presenta hardware acceleratedrolume rendering
techniquewhich allows to usemultiple (semitransparenisosurticesfor visualization[126]. Treinish
appliesisosurficingto visualize (unsteadyweatherdata[157]. Weberet al. [173] presentcrack-free
isosurbiceextractionfor (multiresolution)grids. Larameeand Bergeronprovide isosuracesfor super
adaptieresolutiongrids[79]. In thisthesiswve combineisosuriiceswith texture-basedo w visualization
(Chapters [84]).

Geometric 2D FlowVis Using Integral Objects

In this subsectiomwe shortlydiscusggeometrid-lowVis techniquesn 2D basedn integral objectssuch
asstreamletsstreamlinesandtheir relativeswithin unsteadyo ws. The seedingproblemis addressed,
which requiresa solutionin orderto realizebetterdistributionsof integral objects.

Streamletsand Streamlinesin 2D — If o w vectorsareintegratedfor a very shorttime, streamlets
aregeneratedEventhoughshort,streamlet@lreadycommunicatéemporalevolution alongthe o w. If
longerintegrationis performed(ascomparedo streamlets)streamlinesregained. They area natural
extensionof glyph-basedechniquesand offer intuitive semantics:userseasily understandhat o ws
evolve alongintegral objects.

Streaklines, timelines, and pathlines— Whenunsteadyo w dataare investigated, several distinct
integral objectsareusedfor o w visualization.A pathlineor particletraceis thetrajectorythata particle
followsin a uid ow [136]. A timeline joins the positionsof particlesreleasedat the sameinstantin

time from differentinsertionpoints,i.e., joins pointsataconstantimet [109]. A streaklinas tracedby a
setof particlesthathave previously passedhroughauniquepointin thedomain[136]. Streaklineselate
to continuousnjection of foreignmaterialinto real o w. Sannaetal. presentan adaptve visualization
methodusingstreaklinesvherethe seedingf streakliness a functionof local vorticity [128].
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Streamline seedingin 2D — Oneimportantaspecibf streamlinesor integral curves,whenusedfor

visualizingcontinuousvector elds is the bestchoiceof initial conditions.Since,in generalgvenly dis-

tributedseedpointsdo not resultin evenly spacedstreamlinesspecialalgorithmsneedto be employed.

Turk andBanks[159] aswell asJobardandLefer [65] developedtechniquedor automaticallyplacing
seedpointsto achiese a uniform distribution of streamlineson a 2D vector eld. Streamlineseeding
stratgiesin 2D may alsobe topologybased.Vermaet al. [169] presenta seedplacemenstrateyy for

streamlinedasedon o w featuresin the dataset. Their goalis to capture o w patternsnearcritical

pointsin the ow eld. Building on their previouswork, JobardandLefer presentecg multiresolution
(MR) methodfor visualizinglarge, 2D, steady-stateector elds [68]. The MR hierarcly supportsen-
richmentandzooming. The useris ableto interactvely setthe densityof streamlinesvhile zoomingin

andout of the vector eld (Figure7). The densityof streamlinesanbe computedautomaticallyasa
functionof velocity or vorticity.

Seedingof integral objectsbecomesa specialchallengewhen dealingwith time-dependentlata. Jo-
bardandLefer presentedn unsteadyFlowVis algorithmby correlatinginstantaneousisualizationsof
the vector eld at the streamlinelevel [67]. For eachframe,a feedforward algorithmcomputesa set
of evenly-spacedtreamlinesasa function of the streamlineggeneratedor the previous frame. Their
methodalsoprovidesfull controlof theimagedensitysothatsmoothanimationsof arbitrarydensitycan
beproduced.

FlowVis Using Geometric Objects on Slicesor Boundaries

After discussing2D FlowVis basedon geometricobjects,this subsectiorshortly addressesimilar ap-
proachesn subset®f 3D 0 ws suchasboundary o ws. Interpretatiornof integral curveson sectional
slicesrequiresspecialcare.

Integrated tufts — Wegenkittl et al. useintegratedtufts (similar to streamlets)seededn speci c
equilibriumsurfaces for the visualizationof a comple dynamicalsystem[174], alsoover variationsof
thatsystemin afourth dimension.

Geometric objects on slicesor boundaries—  Similar to 2D FlowVis, geometricobjectssuchas
streamlinesrealsousedfor visualizingboundary o ws or sectionaklicesthrough3D o w [42]. How-

ever, it is importantto notethatthe useof theseobjectson slicesmaybe misleading gvenwithin steady
o w datasets. A streamlineon a slice may depicta closedloop, even thoughno particlewould ever
traversethe loop. Thereasonagain lies in the fact, that o w componentsvhich are orthogonatlto the
sliceareomittedduring o w integration.

Streamlineseedingon boundary surfaces— Maoetal.[99] extendthestreamlineseedingf Turk and
Banks[159] in orderto generatevenly distributedstreamline®n boundarysurfaceswithin curvilinear
grids.

3D FlowVis Using Geometric Objects —

Whendealingwith 3D o w, arich variety of geometricobjectsis availablefor o w visualization.This
subsectioraddressea seriesof objects from streamletso o w volumes,primarily sortedaccordingto
their dimensionality andwithin equaldimensionalityroughly with respecto which techniqueextends
to another

Streamletsin 3D — Streamletsasilyextendto 3D, althoughperceptuaproblemsmay arisedueto
distortionsresultingfrom the renderingprojection.Also, seedingpecomesnoreimportantin 3D, acain.
Loffeimannand Groller usea threadof streamletsalong characteristicstructuresof 3D o w to gain
selectve, but importance-basedeedingaswell asan enhancementf abstracto w topology through
directvisualizationcues[91].



CHAPTERZ2. FLOW VISUALIZATION, THE STATE OF THE ART 30

Figure2.13: Examplef o w visualizationusinggeometricbjects(left) illuminatedstreamline$186], (middle)
streamarrons [95], and(right) o w volumes[104].

Streamlinesin 3D — At NASA the Flow Analysis Software Toolkit (FAST) [2] is usedto visualize
CFD databasedon streamlinesn 3D. Carefulseedings necessaryo obtainusefulresults,sincevisual
cluttercaneasilybecomea problem.llluminatedstreamlineZdckleret al. presenilluminatedstream-
linesto improve perceptiorof streamlinesn 3D by takingadwantageof thetexture mappingcapabilities
supportedy graphicshardware[186]. Their shadingechniquencreasesiepthinformation. By making
thestreamlinegpartially transparenthey alsoaddressheproblemof occlusionasshovnin Figure2.13,
left). For seedingthe authorsproposeaninteractive seedingorobewhich canbe moved aroundto start
streamlinestspeci ¢ placesof interest.Also, seedingiearpotentialobjectsof interestss demonstrated.

Particle tracing in 3D— KenwrightandLanepresent@anefcient, 3D particletracingalgorithmthat
is alsoaccuratdor interactive investigation of large, unsteadyaeronauticasimulationg[70]. A perfor
mancegain is obtainedby applyingtetrahedradecompositiorto speedup point locationand velocity
interpolationin curvilineargrids.

Teitzel et al. analysedifferentintegrationmethodsin orderto evaluatethe trade-of betweentime and
accurag [150, 152]. They presenta 3D particletracingalgorithmtargetedat sparsegrids thatis very
ef cient with respecto storagespaceandcomputingtime. The authorsrecommendisingsparseagrids
asadatacompressiomethodin orderto visualizehugedatasets.

Nielsonpresentsfcient andaccuratenethodsfor computingtangentcurvesfor 3D o ws[108]. The
methodswvork directlywith physicalcoordinatesgliminatingtheneedo switchbackandforth to compu-
tationalcoordinateskEf cient particletracingmethodologiesrealsoaddressetly Sarajanestal. [127].

Sincestreamlinesare usually easily computedn realtime, they offer (togetherwith their intuitive se-
mantics)an often chosenool for interactve o w analysis.BrysonandLevit [14] demonstratseeding
of integral objectsin avirtual 3D ervironmentby useof arake.

Streamribbons and streamtubes— A rst extensionof streamlinesgn 3D are streamribbonsand
streamtubes A streamribbon is basicallya streamlinewith a winglike strip added,to alsovisualize
rotationalbehaior of the 3D o w (which is not possiblewith streamlinesalone)[160]. A streamtube
is a thick streamlinethat can be extendedto shav the expansionof the ow [160]. Streamribbons
and streamtube®ffer advantagesover streamlinesin that they can encodemore properties,suchas
divergenceand corvergenceof the vector eld, in the geometricpropertiesof the respectie integral
objects.

Uenget al. presenttechniquedor efcient streamline,streamribbon, and streamtubeconstructions
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on unstructuredyrids [160]. A specializedRunge-Kitta methodis employed to speedup streamline
computation.Explicit solutionsare calculatedfor the angularrotationratesof streamribbonsandthe
radii of streamtubesThe resultingspeedupn overall performancaidsin the explorationof large o w

elds.

FuhrmanrandGroller [47] usedashtubesj.e.,animatedppacity-mappedtreamtubesgsavisualization
icon. An algorithmis describedwhich placesthe dashtubesevenly in 3D space. They alsoapply a
magiclensandmagicbox asinteractiontechniquedor investicatingdenselylled areaswithout lling
theimagewith visualdetailandcompleity.

Larameentroduceghe streamrunneasan extensionof streamtubeaninteractely controlled3D o w
visualizationtechniquethatattemptgo minimize occlusion,minimize visual compleity, maximizedi-
rectionalcues,andmaximizedepthcuesby letting the usercontrol the lengthof the streamtube§77].

Stream polygons—  Another extensionof streamlinesare streampolygonsusedby Schroederet
al. [134]. Streampolygonsaretoolsto visualizevectorsandtensorsusingtubeswith a polygonalcross
section.Thepropertiesof thepolygonssuchastheradius the numberof sides theshapeandtherotation
re ect propertiesof thevector eld includingstrain,displacementandrotation.

Streamballsand streakballs— Streamballsrea useful o w visualizationtechniqueusedby Brill et
al. [13], which visualizesdivergenceandaccelerationn uid o w. Streamballsplit or mege depend-
ing on corvergence/divergenceand acceleration/decelerationespectiely. Teitzel and Ertl introduce
streakballswhenthey presentand comparetwo differentapproacheso accelerateparticle tracing on
sparseagridsandcurvilinearsparsegridsfor unsteadyo w data[149].

Streamsurfaces— Yet anotherextensionto streamlinesare streamsurfaces which aresurfacesthat

areeverywheretangentto a vector eld. A streamsurfacecanbe approximatedy connectinga setof

streamlinesalongtimelines(andvarying the numberof streamlinesisedaccordingto corvergenceor

divergenceof the o w) [59]. Streamsurfacesarevery goodfor texture basedvisualizationtechniques
suchasSpotNoiseandLIC, becausédhereis no cross- ow componenhormalto the surfaces,i.e. the

vector eld is not projectedlike it is for 2D slicesthrougha 3D domain[91]. Streamsurfacespresent
challengeselatedto occlusionvisualcompleity, andinterpretation.

Hultquist presentsan interactve o w visualizationtechniqueusing streamsurfaces[58]. Van Wijk
presentgwo follow-up techniquedor generatingmplicit streamsurfaces[167]. Cai and Heng[18]
addressheissuesassociatedvith the placementandorientationof streamsurfacesn 3D.

Loffelmannetal. presenstreamarrowns (seeFigure2.13,middle) asanenhancemerdf streamsurfaces
by separatingrrov-shapedortionsfrom a streamsurface[94, 95]. Streamarrons addresshe problem
of occlusionassociatedvith 3D o w visualization,but especiallywith streamsurfaces.Streamarrons

alsoprovide additionalinformationaboutthe o w, usuallynot seenwith streamsurfaces,suchas ow

direction,corvergence/diergence gt cetera.

VanWijk simulatesstreamsurfacesby a large setof so-calledsurfaceparticles[166]. Surfaceparticles
exhibit lessocclusionwhencomparedo streamsurfaces. Interestingly Van Wijk s approachn a way
anticipatedecentadvancesn pixel-basedenderingechniques.

Time surfacesin 3D — A natural extensionof timelines (in 2D or 3D) are time surfaces,when
constant-timdanstantsof moving particlesare assumedwhich previously have beenreleasedrom a
two-dimensionapatch. An exampleof an applicationof this principle, are level-setsurfacesusedby
Westermanretal. [183].
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Flow volumes— Thelast (direct) extensionof a streamlineinto 3D describechereare o w volumes
(seeFigure2.13,right). A o w volumeis aspeci ¢ subsebf a3D o w domainwhichis tracedoutby a
particularinitial 2D patchovertime asdescribedy Max etal. [104]. Theresultingvolumeis dividedup
into a setof semitransparerietrahedrayhich arevolumerenderedn hardwarein away derived from
the methodof Shirley and Tuchmann141]. Becler etal. extend o w volumesto unsteadyo w [4].
Theresultingunsteadyo w volumesarethe 3D analogueof streaklinesConsiderationaremadewhen
extendingthe visualizationtechniqueto unsteadyo ws sinceparticle pathsmay becomecornvolutedin
time. The authorspresentsomesolutionsto the problemswhich occurin subdvision, rendering,and
systenmdesign.Theresultingalgorithmsareappliedto avarietyof o w typesincludingcurvilineargrids.

2.7 Comparisonsand Discussion

In thissectionwe brie y introducditeraturethatcomparesnddiscussedensetexture-basedechniques
atameta-leel. Sannaet al. alsoprovide a summaryof this areaof researchwith a differentclassi ca-
tion [129]. Themethodsareclassi edaccordingto the dimensionalityoutlinedherein Section2.1.

Flow Textures— Erlebacheret al. [41] presenta classof o w visualizationalgorithmscalled ow

textures within a commonconceptuaframevork. Flow texturesare texturesthat encodedense,2D,

time-dependentepresentationsf ow. The frameavork allows importantingredientsof ow texture
algorithmsto beunderstoodvith respecto spatialandtemporalcorrelation.A subsebf themorerecent
visualizationtechniquess described.

User Studies— Laidlaw et al. [75] presentoneof thefew ndings relatedto human-computeinter-
action(HCI). They attemptto assessomedifferentvisualizationtechniqguegrom the viewpoint of the
userin termsof searchingor andclassifyingcritical pointsin the o w andpredictingwherea particle
mayendafteradvection. Error washighestfor the LIC techniquén conjunctionwith classifyingcritical
pointsandthe predictionof particleadwection. This is probablydueto the factthat LIC imagesdo not
distinguishbetweenupstreamanddownstreamo w. Usererror washigherthanexpectedfor all meth-
ods.HedgehogechniquegndLIC werealsoassociatedavith high errorfor locatingcritical points. The
authorspostulatethat this wasbecauseén mary case<ritical pointsnearthe bordersof the vector eld

weredif cult to identify.

2.8 Discussionand Futur e Prospects

Texture-basedind geometric o w visualizationalgorithmsare effective, versatile,and applicableto a
wide spectrunof applications.A large numberof technique$iave beendevelopedandre ned. In gen-
eral,whichtechniguesarebestdependstronglyonthegoalof thevisualization suchasfor exploration,
detailedanalysis,or presentatiorand on the kind of datainvolved. Therefore we believe thata large
variety of techniqueshouldbe availablein orderto allow researcherto choosehe mostsuitableone.

The problemof dense 2D, unsteadyo w visualizationis closeto beingsolved[164]. And with recent
follow-up work [83, 85, 165], unsteadyo w visualizationon surfacesis not far behind. However, the
generalizatiorto 3D ow elds is still unsolhed, especiallyin the caseof unsteadyo w. Hardware,ar

guably will notbetheprimarybottleneckto solvingthischallengebut perceptuaissueswill. Perceting

threespatialandthreedatadimensiongirectly is a dif cult job for the visualandcognitive system.So
far, techniquedbasedn geometricobjectsandparticleanimationgeneralizebetterto 3D elds.

The scaleof numerical o w simulations,andthusthe size of the resultingdatasetsgcontinuesto grow
rapidly—generallfasterthanthe sizeof computememory For thesereasonsnoresimpli cation strate-
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giesmustbe conceved, suchasspatialselection(slicing, regionsof interest),geometrysimpli cation,
andfeatureextraction.

Slicingin a3D eld reduceghe problemto 2D, allowing the useof good2D techniquesbut caremust
be takenwith interpretationasthe lossof the third dimensionmay leadto physically irrelevantresults
andwrong interpretation.Taking a single 3D time slice from a 3D time-dependendatasehassimilar
dangers.Otherspatialselectionssuchas 3D region-of-interesiselectionarelessrisky, but mayleadto
lossof context. Reductiorof datadimensionsuchasreducingvectorquantitieso scalarswill give more
freedomof choicein visualizationtechniquegsuchasvolumerendering) but will notleadto muchdata
reduction. Geometrysimpli cation techniquessuchas polygon meshdecimation,levels-of-detail,or
multiresolutiontechniquesvill be effective in managingvery large datasetandinteractize exploration,
enablingusergo tradeaccurag with respons¢ime. Someareaghatneedadditionalwork are:

densevisualizationtechniquesn 3D

multi- eld visualizationwith scalay vector andtensordata,

handlingandexploring hugetime-dependent w datasets,

userstudiedfor evaluation,validation,and eld testingof o w visualizationtechniques,
visualizationof inaccurag anduncertainty{90, 124],
morerobustfeatureextractiontechniquesespeciallyin thecaseof 3D o w.

We also note that much of the researcHiterature presentechere demonstratesnethodsoperatingon
structureduniform resolutiongrids. However, the grids usedin the private,commerciaindustrysector
are often adaptve resolutionand unstructuredgspeciallyin the caseof CFD [78, 83]. Thusfurther
researclis necessarin orderto integratemary of thethesemethodsnto practicalindustrialapplications.
For supplementarynaterial,includingadditional higherresolutionimagesandanimationspleasevisit:
http://mww.VRVis.at/ar3/pr2/star/



Chapter 3

FIRST: A Flexible and Interactive
ResamplingTool for CFD Simulation Data

“I neverthink of thefuture - it comessoonenougH.
— Albert Einstein® (1879-1955)

The demandor analysisandvisualizationsolutionsfor CFD simulationdatahasgrown rapidly in the

lastdecade.This is due,in part, by the interestof manufcturesn minimizing the time takenfor their

productioncycle. This objective is realizedwith the useof software simulationtoolsto analyzedesign
decisiongatherthanconstructingeal, heavyweightobjects. At the VRVis ResearcltCenterwe collab-

oratewith AVL in orderto provide visualizationsolutionsfor analysisof their CFD simulationresult
data. AVL (www.avl.com ) is aninternationallyrecognizedeaderin providing automotve designand

CFD simulationsolutionsto its partnersn the automotve industry AVL workswith otherinternation-
ally recognizecompaniesuchasToyota,DaimlerChrysle Mercedes-BenandPierlurg Instruments
GmbH.

3.1 Flexible Toolsfor Unstructur ed Grids

Figure3.1shavstwo intake ports-smallvalvesin a carenginethatallow air into theengines cylinders.
Thesourceof the o w is thecubicalstructureontheleft. Flow travelsthroughtheconnectingipesin the
middle,down throughtheintake ports,andis ignitedin the comtustioncylinder. Figure3.2,acloseup
imageof theintake ports,helpsrevealtheadaptve levelsof resolutioncontainedn themesh.Thesedata
setsrequire e xible analyticandvisualizationsolutions.ldeally, the tools usedto analyzeandvisualize
thesedatasetsshouldbe e xible enoughto adapttheir size shape orientation andresolutionto t the
individual component®f the datasetseitherautomaticallyor throughuserspeci ed parameters.The
resamplingool we present,calledFIRST (aFlexible andl nteractve ReSamplingTool), meetsprecisely
theserequirements.

A Wide Variety of Simulation Data Sets

Thetoolsusedo analyzeandvisualizethesedatasetshave to addressiotonly theversatilityof individual
geometriesut alsothe wide range of simulationdatasetsthat undego analysis. AVL works with a
large, varied collection of datasetsrangingfrom small geometriessuchas small uid conduitsand

!Germanphysicist, discoreredspecialrelativity 1905andgeneralrelativity 1915-1916explainedphotoelectriceffect and
Brownianmotion,NobelPrizein Physics1921

34
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Figure3.1: The CFD simulationgrid of anintake port. Theimageillustratesthe versatility of atypical, unstruc-
tured, CFD simulationgrid containinga o w sourceon the left, two connectingpipesin the middle, two intake
portsat the endsof the pipes,anda comhustionchambeion theright.

cylindersto mid-rangesize geometriessuchas cooling jackets, intake manifolds, catalytic corverters,
to large geometriesuchasautomotve cabininteriorsandautomotve exteriors. The geometricsizesof
thesegrids, aswell asthe sizesof the underlyingpolygons,differ by six or moreordersof magnitude.
Furthermorewe speculataghatthis differencewill only increasen thefuture.

The unpredictableatureof boththe datasetsandthe individual componentshe engineemay choose
to analyzeprovide strongmotivation for toolsthatoffer mary optionsand,thus,higherlevels of control

to the user The tools usedto visualize the simulationresultsalso needto spanthis rangeof sizes
correspondinglyThe FIRST tool describechereofferssix interactie degreesof freedom(DoF) with the

goalof addressinghe natureof boththe wide rangeof datasetsandtheinterestf engineers.

Perceptual Problemsin FlowViz

Whenanalyzingthe resultsof a CFD simulation,engineersare interestedn the option of examining
planarvector elds with normalcomponentg132]. An olvious approacho this problemis to place
glyphs(e.g. directedlines, arrons, conesetc.) orientedin the directionof the vectorcomponentsat
selectedpoints of the vector eld. Ideally, the length of the glyphs shouldbe equalto the normal of
thevector but oftena scalingconstanis addedto improve thevisualizationresult. This method(called
hedgehogisualization)[136] is illustratedin Figure3.3.

There are multiple dravbacksto this approach. Perceptual problemssuchas visual compleity and
occlusioncanresult. Figure 3.3 shavs a 2D slicetakenthroughtheintake port datasetwith the surface
alsoshawvn as semi-transparentontect information. Here, the glyphs are eithertoo big, resultingin
occlusion,or too small to clearly indicatedirectionalinformation. Anotherproblemarisesdueto the
numberand placementhe glyphs. Critical points might be missedif they are either occludedby too
mary glyphsplacedin thewrongareasor if aninsufcient numberof glyphsis choserin certainareas.
FIRsT solvesboththeperceptuaindplacemenproblemsby (1) giving theusercontrolof theresolution
of theglyphsin theimageand(2) giving the userprecisecontrol of whee to placethe vectorglyphsfor
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Figure3.2: A close-upview of thesurfaceof theintake port(s)shavnin Figure3.1. We canseemary components,
featuresandmultiple, adaptve resolutionlevels of unstructuredyrid cells. This versatility motivatesinteractve
toolsthathave the ability to changetheir size,shapeprientation,andresolutionto matchthe component(spf the
meshcurrentlyundegoinguseranalysis.

viewing the o w with normalcomponents.

Therestof the chaptelis organizedasfollows: Section3.2 describeselatedresearctwork. Section3.3
describeghe contrikution of this work. The resamplingalgorithm and useroptionsare describedn
Section3.4. Timing andresultsarepresentedn Section3.5. Conclusionsaredrawn in Section3.6.

3.2 RelatedWork in Resampling

Sincewe did not cover literaturerelatedto resamplingn Chapter2, we brie y outline somerelatedlit-

eraturehere. Whendescribinggrids, we follow the terminologyof Yageletal. [185]. Structuedgrids,

includingcartesiangrids, regular grids, andrectilineargrids, all maintainanimplicit neighborhoodon-
nectvity (Figure2.1(a-d)),i.e. the positionof grid cells canbe computedyatherthanstoredexplicitly.

In contrastgridswhoseneighboramustbe explicitly storedarecateyorizedasunstructued grids. This
distinctionis importantin understandingur claim that the resamplingtechniqueherecanbe usedto

represenainy unstructuredyrid with any structuredgrid. We demonstrate¢his assertiorwith implemen-
tationsof the resampleffrom unstructuredriangulargrids (Figure 2.1(f)) to cartesiarand polar grids
(Figure2.1(a-d)).Thebasisfor this claim hingesonthe suppositiorthatcell positionsin structuredyrids
canbecomputed.

Theliteraturededicatedo thetopic of resamplingspanamultiple, sometimeslisparategoals.While we
designedur resamplemith the goal of a high level of usercontrol, otherresamplingechniquegocus
onthegoalsof volumerendering surfacereconstructionandaccuratesurfacenormalrepresentationn
contrastwith theseapproachesye concentrat®n 2D slicesthrougha 3D meshfrom CFD. We contrast
otherresamplinggoalswith ours.

Resamplingechniquesvhosegoalis to achieve fastervolumerenderingspeedsnay make useof the
hardware capabilitiesoffered by moderngraphicscards. Westermanrpresentsa resamplingtechnique
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Figure3.3: Visualizingthedirectionof the o w, includingthe normalcomponentysingthe classichedgehogi-
sualizatiortechniquecanresultin perceptuaproblemssuchasvisualcompleity andocclusion.Heretheproblems
areillustratedin aslicethroughtheintake port datasetwith semi-transparerontext information.

for resamplingscalar elds givenon unstructuredetrahedragrids[182]. The goalof thisresearchs to
bring directvolumerenderingtowardsinteractive framerateswith the assistancef graphicshardware.
Determiningthevisibility orderingof grid elementss amajorchallengen this scenario While thegoal
of this approachs dissimilarto ours,onesimilarity worthy of noteis that Westermanrs techniquecan
beusedto displaytime-dependeninstructuredjridswith changinggeometryandtopology

Weiler andErtl [177] alsopresenthreeresamplingapproacheandcontrasthe resultswith thework of
Westermanijl82]. Their goalis to minimize performancdime via balancingthe computingworkload
betweerthe native processoandthe graphicsboardprocessar

In additionto resamplingechniquegor volumerendering someresamplingapproachearetargetedat
representingurfaces.BotchandKobbelt[12] presenttechniqueo resampldeatureregionsof agiven
trianglemeshwith the goal of reducingaliasingartifactson surfacesi.e., surfaceanti-aliasing.Similar
thework here,thereis a stronginteractioncomponento their work. The userchooseghe areason the
surfaceto which the surfacenormal anti-aliasingalgorithmis applied. To re-modelthe structureof a
sampleCFD grid cantake aninteractve sessiorlastingonehour.

Rocchinietal. [125] presentanalgorithmwhosegoalis theremoval of smalltopologicalinconsistencies
andhigh frequeng detailsfrom surfaces.One of their goalsis the simpli cation of hugemeshesi.e.,
meshesomposedf millions of faces.

It is alsoworthy of notethatsomeresamplingalgorithmsfrom theimageprocessinglomainmagnifyor
minify theoriginalimagevia samplingatregularintervals[120]. Ourapproactsamplegheoriginaldata
irregularintervals andgeneratesin evenly-spacedepresentationWe alsonotethatthe materialin this
chaptehasalsobeenpublishedelsavhere[78].
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Figure3.4: The FIrsT algorithmhandles3 cases{(l) whenseveralscalendrianglesin uence oneresamplecell,
(I whenonetrianglein uencesseveralresamplecells,and(lll) whensereraltrianglesin uence oneresampler
cell, however, the resamplercell is not rendered. The resamplercells are outlinedin black while the original
unstructuredyrid is drawn colored.

3.3 Interactive Visualization and Analysis

The key distinguishingfeaturesof FIRST stemfrom the factthatit wasspeci cally developedin order
to provide the userwith a rangeof e xible interactionsat multiple resolutions. The reasonwe focus
on a combinationof usercontrol with resamplingis becausdhe engineersat AVL requireinteractve
visualizationsolutions. We speculatahat this is dueto a large amountof time engineerspendwhen
investicating the datasets. The analysisof an engineerincludestaskssuchas searchingfor areasof
extremepressurelooking for symmetriesn the o w, searchindor critical points,andcomparingsimu-
lation resultswith measuredexperimentakesults.FIRST hasthefollowing adwvantages:

1. Sixinteractive DoFs:threetranslationalscaling,rotation,andresolution

2. handlexhangedo bothunderlyingtopologyandgeometryi.e., canbe utilized for the displayof
time-dependenynstructuredyrid sliceswheregeometryandtopologychangeover time or space
(Section3.4)

. resamplesry unstructuredyrid (Figure2.1(f)) ontoary structuredgrid (Figure2.1(a-d))
. handlesunstructuredyridswith holesanddiscontinuitiegFigure3.10)

. doesnotrely onary pre-processingf thedata

o o1 B~ W

. consistsof a straightforvard implementation.e.g., requiresno neighbor nding capabilitiesor
complicateddatastructures

7. processekarge quantitiesof unstructuredscalendrianglesef ciently

Theresamplemwe describeprovides e xible userinteractioncapabilitiesbeyondthoseofferedby previ-
ousmethods.Also, the algorithmoperateson a perunstructured-polygobasis,makingit suitablefor
parallelization.

3.4 FIRsST: A Flexible and Interactive ReSamplingTool

Becauseawve aredealingwith unstructuredadaptve resolutiongrids andbecausehe usersrequirethe
option of ne resampling,the resamplingalgorithm presentechereis requiredto handlea minimum
of three cases(Figure 3.4): (1) the underlyingunstructuredgrid cells are generallysmallerthan the
structuredresamplercells, (II) the unstructuredyrid cells are generallylargerthanthe resamplercells,
and(lll) someunstructuredyrid cellsareinsidearesamplecell, hovever, theresamplecell shouldnot
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Figure3.5: A schematiof the resamplingalgorithm. A loop of structuredyrid cellsis testedfor in uence by the
unstructuredyrid cell.

be rendered.A resamplercell is renderedonly if its centeris coveredby the underlyingunstructured
grid. In this paperwe usethe termresamplercell to referto a structuredgrid cell that representsor
summarizestheoriginal data.

Algorithm and Implementation

It is importantto notethat,unlike mary otherapplicationsvherevector eld valuesarestoredattriangle
vertices,the vector eld hereis associatedvith the centersof the trianglesin the slice mesh. By slice
mesh,we meanthe userde ned 2D slicethroughthe original 3D mesh.Engineergequirethe option of
visualizingtheoriginal valuesresultingfrom thesimulationratherthaninterpolatedsaluesatthetriangle

vertices. Storingthe CFD simulationdatavaluesat the centerof the grid cells may resultfrom usinga
nite volumemethodto solve for the o w quantitieqd76].

We have, however, implementedhe option of viewing the interpolatedscalarvaluesat the trianglever-
tices. We notethatthe algorithmhereis easilymodi ed to handleunstructuredyrids wherethe scalar
eld is storedatthevertices.

Algorithm Overview

To describethe algorithm, we introducethe notion of in uence, similar to the notion introducedby
Rhodestal.[122,123]. A polygonin uencesaresamplecellif the polygoncontributesto thesummary
(orresampledylataof astructuredyrid cell. Thishappensvhenatriangleis in thevicinity of aresampler
cell. In short,the resamplingalgorithmtraversesmultiple loopsof resamplercellsin the neighborhood
of eachunstructurectell in orderto seeif they arein uenced by the original unstructuredyrid cells. In
the mostcommoncase(Figure 3.4, Casel), we canthink of a resampleicell assummarizingmultiple
underlyingunstructuredyrid cells.

Algorithm Detail
Thefollowing high level pseudo-codsummarizesheresamplingalgorithm(Figure3.5):

resample():
FOR each scalene triangle, T
compute center point, p, of T
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compute resampler cell index, C;j (p)

int ry =0

bool influence = FALSE

do

influence = computelnfluence( T, ry)
re++

while  (influence == TRUE)

The resamplingalgorithmrequiresexactly onevisit to eachunstructuredyrid cell. In the resample()
method, rst theresamplercell, C;; in Figure3.5, surroundingthe triangle centeris computed.Next,
aloop of resamplecellsis traversedclockwise,startingwith cell, Cs. Thesizeof theloop traversedis
determinedy atopologicalradius r, startingwith aloop radiusof 0, andincrementedintil thetriangle,
T, isfoundto have noin uence ontheloop of resamplecells.

computeln uence(triangle T, indexry):

compute resampler cell index, Cs(ry)

bool trianglelnfluence = FALSE

FOR each resampler cell in loop

IF (testinfluenceOfTriangle( T, Cy))
trianglelnfluence = TRUE

return  triangleinfluence

In the computeln uence() method,eachresamplercell in the loop (shavn as a dashedine in Fig-
ure 3.5) is testedfor in uence by the currenttriangle, T, in the unstructuredyrid. A sampletraversal
loopis shavn in Figure3.5. A trianglein uencesaloop whenary resamplecell in theloop testsposi-
tive for in uence.

testin uenceOfTriangle(triangle T, cell Cy):

bool influence = FALSE
IF center(Cs) bounded by T
influence = TRUE/ Cases | & Il

render Cg = TRUE
add V¢ to Cg
IF center(T) bounded by Cg
influence = TRUE// Case Il
add V¢ to Cg
return  influence

In thetestin unceOfT riangle() method two simpletestsareperformed:(1) if theresamplecell center
is boundedby the triangle cell and, (2) if the triangle centeris boundedby the resamplercell. If the

resamplercell centeris boundedby the triangle, the velocity vector of the unstructuredscalenetrian-

gle, V7 is addedto the resamplercell's summaryvectorandthe resamplercell is renderedduring the

renderingpass).By renderedwe meansimply thata vectorglyph is drawvn at the centerof the resam-
pler cell. If thetrianglecenteris boundedoy theresamplerell, the velocity vectorof the unstructured,
scalendriangle,Vy is addedto theresamplercell's summaryector; however, theresamplercell is not

necessarilyendered Thesetwo testscover all threecaseshowvn in Figure3.4. It is helpful to notethat

atrianglecell, T, mayin uence aresamplecell, Cs, without Cs beingrendered.

In the actualimplementationthe testto seeif a resamplercell centerfalls within the boundsof an
unstructuredscalendriangleincludesanexplicit testof whethertheresamplecell centerfalls precisely
on the edgeof a triangle. This is becauseoften, the trianglesin the meshare derived from highly
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Figure3.6: FIRsT is asix DoF tool: (1-3) threetranslations(4) arotation,(5) a scale,and(6) resolution.

structuredportionsof CFD components—suciisthe o w sourceshown in theleft of Figure3.1.

The resamplingalgorithmgeneralizeso othertypesof unstructuredyrids, not just thosecomposedf
scalendriangles. Thereasonis two-fold. First, the algorithmoperateson a perunstructured-grid-cell
basismakingary searchfor unstructuredyrid cells unnecessarySecondgiven ary locationin space,
suchasthe centerpoint of an unstructuredyrid cell, it is easyto computea shell of regular grid cells
aroundthatlocation. The positionof regulargrid cellscanbe computecdby de nition.

Someniceconsequenced thealgorithmarethat(1) no speciaboundaryconditionsarechecledduring
the computationand (2) no knowledgeof the underlyinggrid's resolutionis required. In otherwords,
FIRST doesnot have to make ary distinctionbetweerthethreecaseshavn in Figure3.4. Thislaysthe
groundwork for the claim thatthe algorithmis characterizethy easeof implementation.

Interacti ve ResamplingOptions

FIRST providestheuserwith 6 interactve degreesof freedom(Figure3.6): (1-3) translationalongthree
dimensions(4) rotationaboutthe center (5) scaling,and (6) the resolutionof resamplingcells, i.e.,
cellsm?.

Theresamplefeaturesareassociatedvith a userde ned, 2D slice througha 3D meshfrom CFD. En-
gineerstake a slice of the dataandslide the slice throughthe geometryin orderto nd featuresof the
simulationdata,e.g.,areasof extremepressureandvortices. As the usermavesthe slice throughthe
3D mesh theresamplerautomaticallyresizesdtself aroundthe slice boundaryhandlingchangedo both
the underlyinggeometryandtopology This is importantwith respecto addressinghe versatility as-
pectof our CFD simulationdatasets.Furthermorerequiringthe userto manuallyadjustthe size of the
resamplinggrid would slow down thevisualizationandanalysisprocessconsiderably

In additionto the ability to de ne slicesparallelto the X-Y, X-Z, andY-Z coordinateplanesthe user
may alsode ne arbitrarycutting planesin 3D space.The usermay click on ary threelocationson the

CFD grid andthethreepointsareusedto de ne aninteractie slice. For this capability theunstructured
grid cellsaresortedinto an octreeso coordinatesearchings fast. All resamplingoptionsareavailable

for arbitraryslices.

Discrete Polar Resampling

The FIRST algorithm detailedin Section3.4 easily generalizego ary structuredgrid. Figure 3.5 on
page39 illustratesthe algorithmappliedto a Cartesiargrid while Figure 3.7 on page4?2 illustratesthe
samealgorithmappliedto a polar grid. The only differenceis the useof polar coordinatesnsteadof
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starting cell

Figure3.7: Theresamplingalgorithmappliedto a polarresamplinggrid. Polarresamplings anaturalapplication
for mary of the cylindrical componentgommonin CFD simulationmodels.

cartesiarcoordinatesThetraversalpathis a functionof bothradiusanddegrees.And, the resolutionof
thepolargrid is speci edin termsof slicesandrings.

We have implementedboth Cartesiarand polar versionsof the algorithm, both with identicaluserop-
tions. Thereasorfor offering polarresamplindiesin thecylindrical structureof mary of thecomponents
from commonCFD simulationmodels. The comhustionchambershavn in Figure3.1 on page35is a
commonexampleof sucha component.

Interacti ve Visualization Options

Multiple visualizationoptionsareassociateavith FIRST including: (1) the ability to togglewire-frame
or semi-transparergontext information,i.e., the 3D grid from which slicesarede ned and(2) several
interactie glyph options. This includesary combinationof glyph shapeseg.g.,conesvs. arrons with

renderingoptions,e.g.,wire-framevs. solid. The useralsode nes the glyph scalingoptionsthat may
be usedto avoid the “visualizationlie” [158]. Several otherFlowViz optionsare provided directly on
unstructuredyrids[77, 83].

Speedvs. Accuracy

If we take a closerlook at the resamplingalgorithm,we notethatwe male a trade-of betweenspeed
andaccurag. A straightforvard averagingschemds usedto summarizethe vectorsin uencing are-
samplercell. Whenthe resolutionof the resamplinggrid approachesr exceedghatof the underlying,
unstructuredyrid, our algorithmamountgo nearesneighborinterpolationschemepr abox Iter when
describedn the frequeng domain[8, 9]. Reconstructinghe ow eld ata higherresolutionthanthe
original simulationresultsis orthogonatto the goal of this tool. Usersmale this trade-of for interac-
tivity becausef their tasksrelatedto searchinghe ow eld. Engineerspendtime visually searching
for areasof extreme pressuresymmetriesin the vector eld, and critical points. We speculatethat
usersrequiresearchingasksto be asfastas possible. Only after the featuresof interestarefound is
more detail required. We offer threeoptionsto usersrequiringhigheraccurag: (1) The usermay in-
teractively increasethe resolutionof the resamplinggrid, thusincreasingits accurag. (2) Usersmay
view the unstructuredgrid directly, displayingonly the original valuesresultingfrom the simulation.
(3) We have alsoimplementeda dynamicallyannotateduserdialog not dissimilarto that of Loughlin
andHugheg[98]. This featureallows the userto click arywhereon the slice of interest. Thena dialog
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Figure 3.8: Visualizingthe directionof the o w, including the normalcomponentusingFIRsT. (Comparewith
Figure3.3) Theresamplinggrid is outlinedin white.

will automaticallydisplaythe original simulationresultvaluesof eachvariate(e.g. velocity, pressure,
temperatureetc.).

3.5 Results

Figure3.8onpage43, Figure3.9onpaged4,andFigure3.10on paged6illustrateanexampleof viewing
avector eld with normalcomponentisingtheresampler> We cancomparerigure3.8on page43with
Figure 3.3 on page37 and seethat viewing the normal component®f the vector eld is easierusing
summarwectorsratherthanthe bruteforce hedgehogechnique Perceptuaproblemssuchasocclusion
andvisual compl«ity have beengreatly reduced. Furthermore yisualizationalgorithmsoperatingon
regulargridsaregenerallyfasterthanon unstructuredjridsbecausgarticletracingalgorithmsnolonger
requireneighbor nding techniquesndthemorecostly o w reconstructioomethodology

Figure3.100n page46 illustratesour techniqueon a meshwith discontinuities.The discontinuitiesare
two gapsin the shapeof rings. Visualizationof o w with normalcomponentss shavn usingboththe
hedgehodechniqueversusthe glyphsontoaresampledyrid. A close-upview of oneof thediscontinu-
itiesis provided.

In orderto achieve our goalof implementinga e xible andinteractve resamplerinteractive framerates
mustbeachiezable.We have testedburalgorithmontypical slicesof CFD simulationdata.Somesample
performanceimes(measuredh framespersecondjpreshavnin Table3.1onpage45. Theperformance
timesdependon boththe numberof scalendrianglescomposinghe slice andthe numberof resampler
cells. We canseefrom the table that this resamplingalgorithm doessupportinteractive frame rates

2Supplementargnimationsof theresamplecanbefoundat
http://www.VRVis.at/ar3/pr2/resampler/
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Figure 3.9: (left) Visualizingthe directionof the o w througha cylindrical slice from CFD usinga bruteforce
hedgehodechnique(right) Visualizingthe directionof the o w, includingthe normalcomponentusingthe polar
resamplingoptionof FIRST.

with severalframespersecond.We notethatin our applicationa resamplinggrid of 10,000cellsis not
practicaldueto perceptuaproblemsaswell aspixel resolutionlimits. In this casevectorglyphstypically

coveronly oneor two pixels. Also, aresamplinggrid with suchahighresolutiondefeatsonepurposeor

whichit wasintended}o provide a structuredsummanof theunderlyingdata. This grid sizeis evaluated
herein orderto shav the upperlimits of the resamplingalgorithm. Grid sizesbetweenl0 10 (like

thatof Figure3.8 on page43) and50 50 aremuchmorelikely in our case.In practicewe nd that
renderinghe geometryis oftenthe performancéottleneck.

Anotherresult of the resamplingalgorithmis the ability to visualize unsteady o w with the normal
componenbf the slicethroughwhich the o w is passing.In our review of the o w visualizationlitera-
ture[116,117], we seeseveral o w visualizationsolutionsfor 2D, steady-statejector elds. However,
we seeno unsteadysolutionsthatincludeall threevector eld componentstinteractiveframerates.In
the caseof Scheuermanat. al. [132], theirsis a visualizationsolutionfor steady-stateo w, i.e., instan-
taneouso w from onetime step.In our casewe visualizethe o w, with normalcomponentpver time,
alsoatinteractive framerates.

We have implementedan animationcontrol thatallows the userto load severaltime stepsof CFD sim-

ulationresultdata,and“play themback” at userspeci edtime intervals. The useris allowedto pause,
rewind, forward, andstopthe animationusingcontrolssimilar to ary homemediaplayer We combine
this animationcontrol with the resamplingfeaturefor an intuitive visualizationof unsteadyo w with

normalcomponents.

3.6 Discussionand Future Work

Our experienceshavs FIRST to beavaluableassein theengineers pursuitof understandinghe under
lying ow eld in their CFD simulationmodels. FIRST reducegerceptuaproblemssuchasocclusion
and visual complity whenvisualizing a vector eld, steadyor unsteadywith all threevector eld

componentsSearchindgor o w featuredy sliding a slicethroughthe 3D volumeis alsohastened.

Futurework cantake multiple directionsincluding the addition of more userinteractioncontrols, ex-
tendingthe algorithmto 3D, andportingthealgorithmto Java for inclusioninto the VisAD opensource,



CHAPTERS3. FIRST: FLEXIBLE AND INTERACTIVE RESAMPLING 45

numberof | resolutionof frames
polygons | resamplecells | persecond
1,552 5 5 10.0-11.0
10 10 5.0-6.0
50 50 1.0-6.0
100 100 0.2-0.3
3,157 5 5 6.0-7.0
10 10 5.0-6.0
50 50 1.0-3.0
100 100 0.2-1.0
14,085 5 5 1.0-2.0
10 10 0.7-1.3
50 50 0.17-0.30
100 100 0.07-0.10

Table 3.1: Sampleframeratesfor the resamplingalgorithm. Performanceavas evaluatedon a machinerunning
RedHat Linux 7.2 with a 1 GHz Pentiumlll dual processoand512 Mbytesof RAM. Note thatthe framerate
alsovariesasaresultof caching.

scienti ¢ visualizationlibrary [56].

Futurework includesthe additionof moreuserinteractiontechniqguesOnesuchtechniquenvolvesthe

additionof handlesattachedo the resamplinggrid. The usercanclick-and-draga handleand change
the locationor size of the resamplinggrid. Two differentstratgiesare possible: (1) wherethe other
cornersof theresamplinggrid areheld x edwhile onehandleis draggedesultingin achangeof sizeor

(2) wherethe othercorneramove with the grid retaininga constansizebut specifyinga new location.

Oneof goalsis to extendthe algorithmto handle3D simulationdata. We believe that the algorithm
outlinedin Section3.4 on page38 canbe extendedto 3D in a very straightforvard manner The only
differencewould be a modi cation to the traversalpart of the algorithmto includemultiple layers. We
realize however, thatperformanceime will bebiggestchallengen realizingthis goal.
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Figure3.10: (top, left) A slice meshwith discontinuitiestwo gapsin the shapeof rings, usinghedgehogisu-
alization (top, right) The sameslice resamplecbnto a regular grid, (bottom, left) a close-upview of one of the
ringscausinga discontinuity with hedgehogisualization(bottom,right) the sameclose-upview with resampling

enabled



Chapter 4

ISA: Image SpaceBasedVisualization of
UnsteadyFlow on Surfaces

“Speedis irr elevantif you're travelingin thewrongdirection’”
—Mahandassandhi® (1869-1948)

Densetfexture-basedynsteadyo w visualizationon surfaceshasremainedanelusive problemsincethe
introductionof texture-basedo w visualizationalgorithmsthemseles. Theclassof uid o w visualiza-
tion techniqueghatgeneratelenserepresentationsasedon texturesstartedwith the SpotNoise[163]
andLIC [17]. Themainadwantageof this classof algorithmsis their completedepictionof the ow eld
while their primarydrawvbackis, in generalthe computationatime requiredto generataheresults.

Recently two new algorithms,namelyLagrangian-Euleriardvection (LEA) [63] and Image Based
Flow Visualization(IBFV) [164], have beenintroducedthat overcomethe computatiortime hurdle by
generatingwo-dimensionalo w visualizationat interactve framerates,evenfor unsteadyo w. This
pavesthe way for the introductionof new algorithmsthat overcomethe sameproblemson boundary
surfacesandin threedimensions. In this chapter(which hasalsobeenpublishedelsavhere[83]) we
presenfinew algorithm ISA (ImageSpaceAdvection),thatgeneratesensaepresentationsf arbitrary
uid ow oncomple, non-parameterizesurfacesmorespeci cally, surfacesfrom computationaluid
dynamicq CFD). However, thealgorithmis generaknoughto applyto othervector eld dataassociated
with asurfacesuchasbloodvesselo w.

Traditionalvisualizationof boundary o w usingtexturemapping rst mapsoneor more2D texturesto a
surfacegeometryde nedin 3D spaceThetexturedgeometnyis thenrenderedo imagespace Here,we
altertheclassicorderof operationsFirstwe projectthe surfacegeometryto imagespaceandthenapply
texturing. In otherwords,conceptuallytexture propertiesareadwectedon boundarysurfacesn 3D butin

factouralgorithmrealizesextureadvectionsolelyin imagespace.Theresultis aversatilevisualization
techniquewith thefollowing characteristics:

generatesa denseaepresentationf unsteadyo w on surfaces

visualizes o w on comple surfacescomposedof polygonswhosenumberis on the order of
200,0000r more

visualizes o w on dynamicmeshesvith time-dependengjeometryandtopology

visualizes o w independentf the surfacemeshs complity andresolution

Yindianasceticandnationalisieader assassinated

47
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Figure4.1: Visualizationof o w on the surfaceof anintake manifold. The ideal intake manifold dis-
tributes o w evenlyto the pistonvalves.

supportaiserinteractionsuchasrotation,translationandzoomingalwaysmaintaininga constant,
high spatialresolution

thetechniques fast,realizingup to 20 framespersecond

The performances due,amongotherreasonsto the exploitation of graphicshardwarefeaturesanduti-
lization of frame-to-framecohereng. The restof the chapteris organizedasfollows: in Section2 we
discussedelatedwork, Section4.2 detailsunsteadyo w visualizationon surfacesfrom CFD. Imple-
mentationdetailsaredescribedn Sectiord.8while resultsandconclusionsarediscussedn Section3.5.

4.1 Physical Spacevs. Parameter Spacevs. Image Space

Oneapproachto adwecting texture propertieson surfacesis via the useof a parameterizationa topic
that hasbeenstudiedad nauseanie.g.,Levy etal. [87]). Accordingto Stalling [143], applyingLIC

to surfacesbecomegparticularly easywhen the whole surface can be parameterizedylobally in two

dimensionsg.g.,in the mannerof Forsselland Cohen[43, 44]. However, therearedravbacksto this
approach. Texture distortionsare introducedby the mappingbetweenparameteispaceand physical
spaceand,moreimportantly for alargenumberof surfacesno globalparameterizatiois availablesuch
asisosurficesfrom marchingcubesandmostunstructuredurfacemeshesgesultingfrom CFD. Surface
meshedrom CFD may consistof smoothlyjoined parametrigpatchesbut canhave a comple topology
andthereforejn generalcannotbe parameterizedlobally. Figures4.2and4.3areexamplesof surfaces
for which a globalparameterizatiors not easilyderived.

Anotherapproacho adwectingtexture propertieson surfaceswould be to immersethe meshinto a 3D
texture, thenthe texture propertiescould be adwecteddirectly accordingto the 3D vector eld. This
would have the advantagesf simplifying the mappingbetweentexture and physical spaceandwould
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Figure4.2: Visualizationof o w atthecomplex surfaceof a coolingjacket-acompositeof over 250,000
polygons.

resultin no distortion of the texture. However, this visualizationwould be limited to the maximum
resolutionof the 3D texture, thus causingproblemswith zooming. Also, this approachwould not be
very ef cient in that mostof the texels are not used. The amountof texture memoryrequiredwould
alsoexceedthat available on our graphicscard, e.g.,we would needapproximately500MB of texture
memoryif we use4 bytespertexel anda512° resolutiontexture.

Cantheproblembereducedo two dimensionsThesurfacepatchesanbepacledinto texturespaceria
atrianglepackingalgorithmin the mannerdescribeddy Stalling[143]. However, the packingproblem
becomesomple sinceour CFD meshesrecomposeaf mary scalendrianglesasopposedo theequi-
lateralandisoscelegrianglesoftenfoundin computationabeometry The problemof packingscalene
triangleshasbeenstudiedby Carretal. [19]. For CFD meshestrianglesgenerallyhave very disparate
sizes. For a giventexture resolution,mary triangleswould have to be pacled that cover lessthanone
texel. To by-passthis, the surfacescould be divided into several patcheswhich could be storedinto a
textureatlas[87]. In ary casecomputatiortime would be spentgeneratingexelswhich cover polygons
hiddenfrom the currentpoint of view. The precedingdiscussiorieadsusto analternatve solutionthat,
ideally, hasthe following characteristicsworks in imagespace ef ciently handleslarge numbersof
surfacepolygons,spendsio extra computatiortime on occludedpolygons,doesnot spendcomputation
time on polygonscoveringlessthana pixel, andsupportauserinteractionsuchaszooming,translation,
androtation.
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Figure4.3: A wire frameview of the surfaceof two intake portsshaving its 221,000polygonalcompo-
sition: (left) anoverview from the top, notethat mary polygonsare cover lessthanonepixel (right) a
close-upview of the meshbetweerthetwo intake ports.

4.2 Method Overview

Thealgorithmpresentedheresimpli es the problemby con ning the adwectionof texture propertieso
imagespace.We projectthe surfacegeometryto imagespaceandthenapply a seriesof textures. This
order of operationsliminatesportionsof the surfacehiddenfrom the viewer. In short, our proposed
methodfor visualizationof o w on surfacesis comprisedf thefollowing procedure:

1. associat¢he3D o w datawith the polygonsattheboundarysurfacei.e.,avelocity vectoris stored
ateachpolygonvertex of thesurface

. projectthesurfaceandits vector eld ontotheimageplane

. identify geometriadiscontinuities

. adwecttexture propertiesaccordingo thevector eld in imagespace

. injectandblendnoise

. applyadditionalblendingalongthe geometriadiscontinuitiepreviously identi ed

. overlay all optionalvisualizationcuessuchas shaving a semi-transparerepresentatiomf the
surfacewith shading

N o ok N

Thesestagesare depictedschematicallyin Figure 4.4. Eachstepof the pipelineis necessaryor the
dynamiccasef unsteadyo w, time-dependenjeometryrotation,translationandscaling,andonly a
subsetis neededor the staticcasesnvolving steady-stateo w andno changego the view-point. We
considereachof thesestagesn moredetailin the sectionghatfollow.

4.3 Vector Field Projection

In orderto adwecttexture propertiesin imagespace we mustprojectthe vector eld associatedvith
the surfaceto the imageplane,taking into accountthat the velocity vectorsare storedat the polygon
vertices. We choseto take advantageof the graphicshardwareto projectthe vector eld to theimage
plane. We assigna color whoseR, G, andB valuesencodethe x, y, andz component®f the local
vectorsto eachvertex of the boundarysurfacerespectiely. The velocity-coloredgeometryis rendered
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to theframehuffer. We usethetermvelocityimage to describeheresultof encodinghevelocity vectors
at the meshverticesinto color values. The velocity imageis interpretedasthe vector eld andis used
for thetextureadwectionin imagespace More preciselythe colorassignmentanbedonewith asimple
scalingoperation. For eachcolor componenth ¢, we assigna velocity, vy, componenaccordingo:

Vx  Vmin x

hy

Vmax x  Vmin x

\ V mi
_ Vy Vminy
hg : (4.1)
Vmaxy Vminy

_ Vz Vninz
hp= —=—
Vmaxz Vmin z

The minimum velocity componenis subtractedor eachcolor componentespecitiely, in aneffort to
minimizelossof accurag.

Theuseof avelocityimageyieldsthefollowing bene ts: (1) theadwectioncomputatiorandnoiseblend-
ing is simplerin imagespacethuswe inherit adwantagesrom the LEA andIBFV, (2) the vector eld
andpolygonmesharedecoupledtherebyfreeingup expensve computatiortime dedicatedo polygons
smallerthana singlepixel, (3) conceptuallythis is performinghardware-acceleratedcclusionculling,
sinceall polygonshiddenfrom theviewer, areimmediatelyeliminatedfrom ary furtherprocessingand
(4) this operationis supportedy the graphicshardware. Saving the velocity imageto main memoryis
simple,fast,andeasy A samplevelocity imageis shovn in Figure4.5 (top, left).

The constructionof the velocity imageallows usto take advantageof hardware-accelerated w eld
reconstruction.During the constructionof the velocity image,we enableGouraudShading,also sup-
portedby thegraphicshardware. Sinceeachvelocity components storedashueat eachpolygonvertex
of the surface,the smoothinterpolationof hueamountdo hardware-acceleratedector eld reconstruc-
tion. Thisis importantfor aminimum of two reasonsFirst, the polygonalprimitive we chooseatimage
adwectiontime is independentf the original meshpolygons(morein Section4.4). In otherwords,the
verticesof the meshwe useto distort the imageare not the sameverticeswherethe original velocity
vectorsare stored. Secondjnterpolationis essentiafor ow eld reconstruction Whenthe surfaceis
renderedwith velocity encodedashue,the verticesof somepolygonsare clippedduring the projection
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Figure4.5: The5 componenimages plusa 6! compositémage,usedfor the visualizationof surface
o w onaring: (top, left) thevelocityimage,(top, middle)thegeometricedgeboundaries(top, right) the
adwectedandblendedtextures,(bottom,left) a samplenoiseimage,(bottom,middle) animageoverlay,

(bottom,right) the resultof the compositedmageswith anoptionalvelocity color map. The geometric
edgeboundariesredravn in blackfor illustration.

process. However, we still needto accesghe vector eld valuesinside thosepolygons,and not just

at the vertices,hencethe needfor reconstruction.We also note that we are not necessariljlimited to

linearinterpolationfor reconstructionHigherorderinterpolationschemeganbe supportedy graphics
hardware[50].

Thevelocity vectorsarede-codedrom the velocityimageaccordingto:

Vx = hr (Vmaxx  Vmin x) ¥ Vmin x
Vy = hg (Vmaxy Vminy)* Vminy (4.2)
Vz=hp (Vmaxz Vmin z) ¥ Vmin z

Thede-codedrelocity vectorsusedto computethe adwectionmesh(Sec4.4) arethenprojectedontothe
imageplane.

Themagnitudeof thevelocity vectorsat thosepartsof the surfaceorthogonato theimageplanemaybe
shortenedasa resultof perspectie projection,i.e., if the dot productbetweentheimageplanenormal
andthe 3D surfacenormalis zeroor closeto zero. This canreducethe visual clarity of thevector eld' s
directionduring animation. In our implementationywe addedan option that allows the userto apply a
biasto thevelocity vectorsthatareshortenedloseto zerodueto the projection.We canusethis biasto
reducethe scalingeffect for curved surfaces.Conceptuallyit is like applyingareversevelocity clamp.

The projectionof thevectorsto theimageplaneis doneaftervelocity imageconstructiorfor 2 reasons:
(1) notall of thevectorshave to be projected Sec.4.4),thussaving computatiortime and(2) we usethe
original 3D vectorsfor thevelocity mask(Sec.4.8).
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4.4 Advection Mesh Computation and Boundary Treatment

After the projectionof thevector eld we computethe meshusedto adwectthetexturessimilarto IBFV.
We distortaregular, rectilinearmeshaccordingto the velocity vectorsstoredat meshgrid intersections.
Thedistortedmeshverticescanthenbe computediy advectingeachmeshgrid intersectioraccordingo
thediscretizedculerapproximatiorof apathline p, (thesameasa streamlingor steady o w) expressed
as:

Pr+1 = Pk + VP(p;t) t (4.3)

wherevP represents magnitudeanddirectionafter projectionto theimageplane. The texture coordi-
nateslocatedat the regular, rectilinearmeshverticesarethenmappedto the (forward) distortedmesh
positions.Thedistortedmeshpositionsarestoredfor fastadvectionof texturepropertiedor staticscenes.

Specialattentionmustbe paidin orderto handle o w atgeometridboundarie®f the surface.Figure4.6
shawvs an overview of the original IBFV process. During the visualization,eachframe is adwected,
renderedand blendedin with a backgroundmage. If we look carefully at the distort phaseof the
algorithm,we noticethatthereis nothingto stoptheimagefrom beingadwectedoutsideof the physical
boundaryof the geometry While this is not a problemwhenthe geometrycoversthe entire screen,
this canleadto artifactsfor geometriegrom CFD, especiallyin the caseof boundariesvith a non-zero
outboundo w, e.g., o w outlets.

To addresshis problemwe borrowv anotionfrom LEA thattreatsnon-rectangulaio w domainsnamely
the useof backward coordinateintegration (alsoproposedy Max andBecker [103]). Using backward
integration,equatiord.3becomes:

Pk 1= Pk VP(px 1;t) t (4.4)

In this casethetexture coordinatesocatedat the (backward) distortedmeshpositionsaremappedo the
regular, rectilinearmeshvertices. Backward integrationdoesnot allow advection of imageproperties
pastthegeometridooundaries.

+ ¥+

image k distort render blend

! k=k+1 l

Figure4.6: An overview of theoriginalimagebasedo w visualization

4.5 EdgeDetectionand Blending

While we gain mary advantagedy decouplingthe imageadwection processwith the 3D surfacege-
ometry artifactscanresult,especiallyin the caseof geometriesvith sharpedges.If we look carefully
at the resultof adwectingtexture propertiesn imagespacewe noticethatin somecasesa visual ow
continuityis introducedwhereit maybe undesirable A samplecaseis shavn in Figure4.7. A portion
of the 3D geometry shavn colored,is muchlessvisible after the projectiononto the imageplane. If

the o w texture propertiesareadvectedacrosghis edgein imagespacealsoshovn colored,anarti cial

continuity results.To handlethis, we incorporatea geometricedgedetectionprocessnto the algorithm.
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Figure4.7: Whena 3D surfacegeometry(left) is projectedcontinuityis createdn imagespacgright).
If the ow alignedtexture propertiesare adwectedacrossthis edge,an arti cial o w continuity may
result.

During theimageintegrationcomputationwe comparespatiallyadjacentlepthvaluesduring oneinte-
grationandadwectionstep.We compardaheassociatedepthvalueszx 1 andz in world spaceof px 1
andpy from equatiord.4,respectiely. If

jZk 1 zZJ>" Pk 1 Pk (4.5)

where" is athresholdvalue,thenwe identify anedge.All positions,p, for which equatiord.5is true,

are classi ed as edgecrossingstart points. Specialtreatmentmust be given when adwecting texture

propertiesrom thesepoints. This processloesnot detectall geometricedgespnly thoseedgesacross
which o w texture propertiesshouldnot be adwected.

Figure 4.5 top, middle shavs one setof edgesfrom the detectionprocess. The geometricedgesare
identi ed andstoredduringthe dynamicvisualizationcaseandadditionalblendingis applied(depicted
schematicallyin Figure4.4). During the edgeblendingphaseof the algorithmwe introducedisconti-
nuitiesin the texture alignedwith the geometricdiscontinuitiesfrom the surface,i.e., gray valuesare
blendedn atthe edges.This hasthe effect of addinga gray scalephaseshift to the pixel valuesalready
blended.This could obviously be handledin differentways,e.g.,choosinga randomnoisevalueto ad-
vector invertingthe noisevaluealreadypresent.Someresultsof the edgedetectionandblendingphase
areillustratedin Figure4.8. In our datasetsan" of 1-2%of depthbuffer is practical.However, theusers
may settheirown valueif ne tuningof thevisualizationis needed.

The sameedgedetectionandblendingbene tsincomingboundary o w. Also anartifact of the IBFV

algorithm, geometricboundarieswith incoming o w may appeardimmerthanthe restof the geome-
try. Thisis aresultof the noiseinjection andblendingprocessdescribedn Section4.6. In short,the
backgroundcolor shavs throughmorein areasof incoming o w becausanot as muchnoisehasbeen
blendedn theseareasFigure4.9,top, shovsa 2D slicethrougha 3D meshfrom a CFD simulationwith

incomingboundary o w comingin throughthe narrov inlet from the right. Note thatthe edgeof the
inlet appearglim. Figure4.9, bottom,shows the sameslice with edgeblendingturnedon. The bound-
ary artifactsof the noiseinjectionandblendingprocessareno longera distraction. Edgedetectionand
blendingalsoplaysin importantrole while anobjectis rotating. Without specialtreatmentcontoursin

imagespacebecomeblurredwhendifferentportionsof a surfacegeometryoverlap,suchaswhenblood
vesselsn Figure4.11overlapduringrotation.

4.6 NoiseBlending

By reducingthe image generationprocessback to two dimensions the noiseinjection and blending
phaséfallsin line with theoriginal IBFV techniquenamely animage,F, is relatedto a previousimage,
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Figure4.8: A close-upexampleof geometricedgedetection:on theleft side,geometricedgedetection
is disabledpontheright sideenabled.

Figure4.9: Herewe seea 2D slicethrougha 3D geometryfrom a CFD simulation. (top) With no edge
blending,thebackgroundolor shavs throughboundaryareaswith incoming o w. (bottom).With edge
blending theseartifactsarenolongeradistraction.

G, by [164]:

K1 .

F(p;k) = T )'G(pk itk ) (4.6)

i=0
wherep representa pathline, de nesablendingcoefcient, andk representime asaframenumber
Thusa point, pg, of animageFy, is theresultof a corvolution of a seriesof previousimagesG(x; i),
alongthepathlinethroughp, with andecay Iter de nedby (1 )'. Theblendedhoiseimageshave
both spatialandtemporalcharacteristicsln the spatialdomain,a singlenoiseimage,g(x), is described
asalinearlyinterpolatedsequencef n randomvalues,G;, in therange[O;n 1], i.e.,

g(x) = X hs(X i) Gjmodn (4.7)

wherethe spacing s, betweemoisesampleds generallygreaterthanor equalto the distanceraversed
by animagepropertyin oneadwectionstepandhs representatriangularblackandwhite pulsefunction.
Herex represents locationin the o w domain. In practice,we give the usercontrol of s, resulting
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in multi-frequeng texture resolutionsin the spacialdomain. The backgroundexturesusedfor blend-
ing alsovary in time. In the temporaldomain,eachpoint, G; in the backgroundexture, periodically
increasesinddecaysaccordingto apro le, w(t), e.g.,

Gix = W(k=M + ;)mod1) (4.8)

where ; representarandomphasedravn fromtheinterval [0,1), M is thetotalnumberof background
noiseimagesused,andwherew(t) is de ned for all time steps. We usea squarewave pro le, i.e.,

w(t) = 1if t < 1=2 andO otherwise.In our application the userhasthe option of varyingM . Smaller
valuesof M resultin higherfrequeng noisein thetemporaldomainwhereasighervaluesM resultin a

lowertemporalfrequeng. Figure4.5 (top, right) shavs a sampleblendedmageandFigure4.5 (bottom,

left) shawvs a samplenoiseimage.

4.7 Image Overlay Application

The renderingof the adwectedimage and the noise blendingmay be followed by an optionalimage
overlay An overlay enhanceghe resultingtexture-basedepresentatiorf surface o w by applying
color, shading,or ary attribute mappedto color (Fig. 4.5, bottom, middle). In implementationwe
generateéhe imageoverlay following the constructionof the velocity image. This overlay may render
ary CFD simulationattribute mappedo hue. The overlayis constructedncefor eachstaticsceneand
appliedaftertheimageadwection,edgeblending,andnoiseblendingphasesSincetheimageadwection
exploits frame-to-framecohereny, the overlay mustbe appliedafter the advectionin orderto prevent
the surfaceitself from beingsmeared.Also worthy of mention,is that the opacityvalue of theimage
overlayis afree parametewe provide to theuser

4.8 Implementation

In this sectionwe considersomeaspect®of the algorithmnot previously discussedvhich areimportant
forimplementationOurimplementations basednthehighly portableOpenGL1.1 (www.opengl.org )
library.

Texture Clipping

In our application,the resolutionof the quadrilateraimeshusedto warp the imagecanbe speci ed by
theuser Theusermayspecifyacoarseesolutionmeshe.g.,128 128,for fastemperformancera ne
resolutionmesh,e.g.,512 512, for higheraccurag. However, if theresolutionof the advectionmesh
is too coarsdn imagespaceartifactsbegin to appearFigure4.10,left, illustratestheseartifactszoomed
in on the edgeof a surface. In orderto minimize the jaggededgescreatedby coarseresolutiontexture
quadrilateralsye apply a texture clipping function. Subsetof texturedquadrilaterathat do not cover
the surfaceare clippedfrom the visualizationasshawvn in Figure4.10,right. This canbeimplemented
simply with theimageoverlay by maximizingthe opacitywherever the depthbuffer valueis maximized,
i.e.,whereverthereis a greatdepth.

Velocity Mask

In orderto dim high frequeng noisein low velocity regions,the useralsohasthe option of applyinga
velocity mask.We adoptthe velocity maskof Jobardetal. [63] for our purposediere,namely:

=1 @ V)" (4.9)

where decreaseasa function of velocity magnitude.In our case the imageoverlay becomesnore
opaqudn regionsof low velocity andmoretransparenin areasof high velocity. With thevelocity mask
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Figure 4.10: The resultof, left, a coarseresolutionadwection meshwith artifactsand, right, the ap-
plication of texture clipping. The resolutionof the adwection meshshavn on the left is 32 32 for
illustration.

enabledthe viewer's attentionis dravn away from areasof stagnanto w, andtowardsareasof high
o w velocity. We notethatin the contet of CFD simulationdata,engineersare often very concerned
aboutareasof stagnanto w. In the caseof a cooling jacket, stagnanto w may represent region of
thegeometrywherethetemperaturés too high, possiblyleadingto boiling conditionsthusreducingthe
effectivenesf the cooling jacket itself. Therefore,n our casethe engineersnay disablethe velocity
maskor usethe velocity maskto highlight areasof o w, e.g., make the hue brighterin areasof low
velocity.

4.9 Performanceand Results

Our visualizationtechniqueis appliedprimarily to large, highly irregular, adaptve resolutionmeshes
commonlyresultingfrom computationaluid dynamicssimulations? Theidealintake manifold(Fig.4.1)
suppliesanequalamountof uid o w to eachpistonvalve. Visualizingthe o w atthe surfacegivesthe
engineerinsightinto ary imbalancesetweenthe inlet pipes,in this case,the 3 long narrov pipesof
the geometry Figure4.12 on page60 shavs our methodappliedto a surfaceof an intake port mesh
(from Figure4.3 on page50) composeaf 221K polygons.Theintake port meshis composeaf highly
adaptie resolutionsurfacepolygonsandfor which no global parameterizatiois readily available. The
methoddescribedhereallows the userto zoomin at arbitrary view points always maintaininga high
spatialresolutionvisualization.

Thealgorithmappliesequallywell to meshesvith time-dependenjeometryandtopology Figure4.13
onpageblshavsthesurfaceof apistoncylinderwith thepistonhead(notshavn) de ning thebottomof
the surface. The methodhereenableghe visualizationof fuel intake asthe pistonheadslidesdown the
cylinder. Theresulting o w visualizationhasa smoothspatio-temporatohereng. Our algorithmalso
hasapplicationsn the eld of medicine.Figure4.110n page58 shaws the circulationof blood at the
junctionof 3 bloodvessels An abnormalkavity hasdevelopedthatmay hinderthe optimal distribution
of blood.

Performancevas evaluatedon an HP Visualizeworkstationwith an HP fx graphicscard,runningRed
Hat Linux 7.2 with a 1 GHz Pentiumlll dual processoiand1 GB of RAM. The performanceimes
reportedin Table4.1 on page59 supportinteractive explorationof unsteadyo w on surfaces.The rst

2Supplementaryideoavailableat: http://www.VRVis.at/ar3/pr2/vis03/
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Figure4.11:Visualizationof blood o w atthesurfaceof thejunctionof 3 bloodvessels Stagnanblood
0 w mayoccurwithin theabnormabpocket atthejunction.

time reportedin the FPScolumnis for the staticcasesf steady-stat@isualizationandthe absencef

changego theview point. Thetimesshavn in parenthesigndicatethe dynamiccaseof unsteadyo w

andinteractve zoomingandrotation. More speci cally, the dynamiccasegequirethe constructiorof a

velocityimage,imageoverlay, aswell asgeometricedgedetection We includegeometricedgedetection
in theframeratesreportedn Table4.1on page59. It doesnotintroducesigni cant overheadsinceit is

easilybuilt into the adwectionprocesstself.

The performancdime of our algorithmdepend®n the resolutionof the meshusedto performthe ad-
vectionandthe numberof polygonsin the original suriacemesh. In the caseof steady-stateo w, the
algorithmno longerdepend®n the numberof polygonsin the surfacemesh but onthe areacoveredin
imagespace.The datasetshavn in Figure4.1, left, on page48, doesnot cover asmuchimagespace,
soits performancdimesare somavhat higherin the staticcase. A full discussiorof adwectionmesh
resolutionandimagequality is givenin acomparisorof ISA andIBFVS [85].

4.10 Discussionand Futur e Work

We have presentedh novel techniquefor denserepresentationsf unsteadyo w on boundarysurfaces
from CFD. The algorithm supportsvisualizationof o w on arbitrary surfacesat up to 20 FPSvia the
carefuluseof graphicshardware. It supportsexplorationandvisualizationof o w onlarge,unstructured
polygonalmeshesandon time-dependentnesheswvith dynamicgeometryandtopology The method
generateslenserepresentationsf time-dependentector elds building on both the LEA and IBFV
algorithms. It alsodoesnot wastecomputationtime on occludedpolygonsor polygonscovering less
thanonepixel. While thevector elds arede nedin 3D andassociatedavith arbitrarytriangularsurface
meshesthe generatiorandadwectionof texture propertiess con ned to imagespace.
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data numberof | adwectionmesh| frames
set polygons resolution persecond
ring 10K 128 128 18(5)
(Fig4.5) 256 256 9(3)
512 512 3(1)
intake 48K 128 128 22(2)
manifold 256 256 14(2)
(Fig4.1) 512 512 6 (1)
comhustion 79K 128 128 17(2)
chamber 256 256 10(2)
(Fig 4.13) 512 512 4(1)
intake 221K 128 128 17(0.5)
port 256 256 7(0.5)
(Fig4.12) 512 512 2(0.3)

Table4.1: Sampleframeratesfor thevisualizationalgorithm.

Futurework cangoin mary directionsincludingvisualizationof unsteady8D o w, somethingve expect
to seesoon. Challengeswill includeboth interactive performancdime and perceptuaissues. Future
work alsoincludesthe applicationof more specializedgraphicshardware featuredlik e programmable
perpixel operationsn themanneinf Weiskopf etal. [179,181] andtheuseof pixel textureslike Heidrich
etal. [52].
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Figure4.12: (top) A view of the surfaceof an 221K polygonalintake port meshshaw in Figure4.3on
page50. Texture-basedo w visualizationis appliedto the surface. (bottom) A close-upview of the
surfaceof the intake port mesh. Herewe illustrate usersupportedzoomingwith automatic,on the y

recalculatiorof the o w texture.
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Figure 4.13: Snapshotdrom the visualizationof a time-dependensurface meshcomposedf a 79K
polygonswith dynamicgeometryandtopology This intake valve andpistoncylinder canalsobe used
to analyseheformationof wall Im, thetermusedto describeheliquid buildup on surfaces.



Chapter 5

Texture-Based-low Visualization on
Isosurfacesfrom Computational Fluid
Dynamics

“Men occasionallystumbleover thetruth, but mostof thempick themselvesp and hurry
off asif nothingever happened.

— Sir WinstonChurchill 1 (1874-1965)

At the VRVis ResearctCenterwe collaboratewith AVL (www.avl.com ) in orderto provide visualiza-
tion solutionsfor analysisof their CFD simulationresultdata.AVL's own engineeraswell asengineers
at industry af liates usevisualizationsoftwareto analyzeand evaluatethe resultsof their automotve

designandsimulation.

For mary of the automotve componentghat undego evaluation,thereis anideal patternof ow the
engineersare trying to create. Figure 5.1 illustratesthe swirl motion of uid ow in a comlustion
chamberfrom a dieselengine. In orderto generateswirl motion, uid entersthe comhustionchamber
from theintake ports. Lateron in the enginecycle, thekinetic enegy associateavith this swirl motion
is usedto generateurbulencefor mixing of freshoxygeninto the uid. Themoreturbulencegenerated,
the betterthe mixture of air anddieselfuel, andthusthe betterthe comhustionitself. Ideally, enough
turbulentmixing is generateguchthat 100%of the fuel is burned.

Sinceit is the swirling o w thatis usedto generatdurbulence the swirl shouldbe maximizedin order
to maximizeturbulence.Fromthe point of view of the mechanicakngineerslesigningthe intake ports,
increasedwirl o wleadsto somebene cialconditions:(1) improvedmixturepreparationi.e., morefuel
contactwith oxygen,(2) ahigherEGR(ExhausiGasRatio)whichmeansadecreas fuel consumption,
and(3) lower emissionsHowever, too muchswirl displacegshe ame usedto ignite thefuel. As such,a
balancemustbeachievedbetween1) generatingenoughswirl o w in orderto createturbulenceand(2)
notdisplacingthe ame usedto ignite the o w.

Someroutinequestionghata mechanicabngineemay askwheninvestigating swirl ow are: (1) Can
visualizationprovide insightinto or verify the characteristicshape(spr behaior of the o w? (2) What

!British politician, British rst lord of theadmiralty1911-19151939—1940British primeminister1940-19451951-1955,
NobelPrizein literature1953,madehonoraryUs citizen 1963
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Intake Ports

Figure5.1: The swirling motionof o w in the comhustionchamberof a dieselengine(sideview). Theintake
portsatthetop provide thetangentiacomponentf the o w necessarjor swirl.

tool(s)canhelpto visualizetheswirl o w pattern?and(3) Wherein thecomhustionchambeis the swirl
0 W patternnot beingmet?

5.1 Isosurfaces

Engineersften startan analysisof CFD simulationdatausingtechniquedo visualizethe o w at the
surfacein orderto geta rst impressiorof the simulationresults. The next logical stepis to investicate
thepropertieof the o w insidethevolume. Slicesarecommonlyused but visualizing3D characteristics
of the o w like swirl canbedif cult with 2D slices.Engineersareinterestedn visualizationtechniques
thatprovide insightinto the spatialdimensionorthogonato the slice aswell.

Isosurficesarea visualizationtool usedroutinely by mechanicakngineergo investicatethe properties
of the ow insidea 3D volume. The shapeof anisosurficecangive the engineerinsightinto its 3D

characteristicsOnereasorengineersiseisosurfices asopposedo saystreamsuicesjs becausehey

are so ubiquitous. They feel very comfortablewith isosurbicesbecauselike isolines,they are very

familiar. The mechanicakngineersve spole to arenot asfamiliar with the notion of a streamsuwdce
andevenlessits interpretation.

Figure 5.2 shaws a velocity isosurficein the comhlustion chamberof the datasetin Figure5.1. The
engineercanseethatthe o w hassomeof the swirling orientationthatthey arelooking for. However,

whatis missingfrom Figure5.2is aclearindicationof o w direction,e.g. theupstreananddownstream
natureof the o w. In particular it is not obviouswherethe o w doesnot follow the ideal swirl pattern
thatthe comhustionchambershouldencapsulate.

5.2 Applying Texture-BasedFlow Visualization

Applying texture-basedo w visualizationtechniquego suchisosurficesprovidesengineersven more
insightinto the characteristicef 3D vector elds. And this hasbecomea feasibleoption only recently
We applythelSA method83] from Chapte# for producingdensetexture-basedepresentationsf o w
onisosurfces.Theresultis acombinatiorof two well known scienti ¢ visualizationtechniquespamely
iso-surficingandtexture-basedo w visualization,into a usefulhybrid approach.Our applicationis a
versatilevisualizationtechniquewith the following characteristics(1) generatea denserepresentation
of ow onadaptve resolutionisosurfices(2) visualizeso w on comple isosuraicescomposeaf poly-
gonswhosenumberis ontheorderof 200,0000r more,(3) visualizeso w independensof theisosurfice
meshs complity andresolution,(4) supportsuserinteractionsuchasrotation,translationandzoom-
ing alwaysmaintaininga constanthigh spatialresolution,and(5) producegastanimationsrealizingup
to 60 framespersecond.
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Figure5.2: The swirling motionof o w in the comhustionchamberof a dieselengine(sideview) asillustrated
by anisosurficeof velocity. Thisis avelocity isosurbicewith anisovalueof 5.0 m/s. Any CFD attribute canbe
mappedo hue.

We note that the methodmustbe applicableto adaptve resolutionisosuraceslike that of Figure5.3.
Note thatmary of the polygonsin Figure5.3 cover lessthanonepixel. Theisosurbcealgorithmused
hereis an extensionof the Marching Cubeg[97] and Marching Tetrahedrd156] algorithmsthat takes
into accountmorecell types. It handlesadaptve resolutionmeshesn the samespirit asLarameeand
Bergeron[79].

The restof the chapteris organizedasfollows: in Chapter2 we discussedelatedwork, Section5.3
reviews theresearchhatthework hereis built upon. Section5.4 detailstexture-basedo w visualization
on isosurficesfrom CFD. Resultsand conclusions,ncluding a discussionof the userquestionsare
presentedn Section5.5. We notethatthis chaptetasalsobeenpublishedelsevhere[84].

5.3 Method Background

In orderto understandhow andwhy we applytexture-basedo w visualizationto isosuraiceswe brie y
outline the methodbackground.In brief, the algorithmpresentedy Larameeet al. [83] simpli es the
problemby con ning the adwectionof texture propertieso imagespace.The surfacegeometryis pro-
jectedto imagespaceandthena seriesof texturesare mapped blended,and adwected. This order of
operationgliminatesportionsof the surfacehiddenfrom theviewer. The previousmethodfor visualiza-
tion of o w onsurfacess comprisef thefollowing procedure(1) projectthevector eld to theimage
plane,(2) detectgeometricedgediscontinuities(3) computeadvectedexture coordinates(4) advectthe
image,(5) injectandblendin noise,(6) blendadditionalnoisealonggeometricedgediscontinuitiesand
(7) apply shadingandotheradditionalgraphics.Stepsl-7 of the pipelinearenecessaryor the dynamic
case®f changedo theisovalue,time-dependengjeometryrotation,translationandscaling,andonly a
subsets neededor the staticcasegSteps4-7) involving no changedo theview-pointor isovalue.Each
stageis describedn moredetailin previousresearch83] andin chapterd.

5.4 Texture-BasedFlow Visualization on Isosurfaces

Herewe describeéheway in whichwe applythe methoddescribedn Section5.3to isosurfices.Speci -
cally, we describavaysto address(1) thenormalcomponenbf the o w to theisosurace (2) perceptual
challengesssociateavith viewing o w onisosurfices(3) issueselatedto resamplinghevector eld,
and(4) someimplementatiordetails.
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Figure5.3: A close-upwire-frameview of theisosurficefrom Figure5.2. The algorithmwe describemustbe
applicableto adaptve resolutionisosurbcemeshes.

Applying a Normal Mask

Whenvisualizing o w on normalboundarysurfacesthe directionof the o w generallycoincideswith
thesurfaceitself. As the o w approachetheboundaryit is notallowedto passhroughandis pushedn
atangentiabirection,i.e.,it canbedescribedssurfacealigned o w. However, in thecaseof isosurbices
thisis nolongertrue. The o w atanisosurficecansometimesxhibit a strong o w thatis normalto the
surface,e.g.,cross-suidice o w. The samealsoholdstruefor the caseof arbitraryclipping geometries.
Simply adwecting texture propertiesaccordingto the vector eld projectedonto the isosurce could
be consideredmisleading. Is therea way in which this cross-surice componeniof the ow canbe
incorporatednto theresultvisualization?

Battke et al [3], who appliedLIC to surfaces,addresghis problemby varying the length of the con-

volution lter accordingto the magnitudeof the vectorcomponentangentialto the surface. In areas
wherethe vector eld is orientedalmostperpendiculato the surfaceonly very little smearingof the

texture occurs,i.e., the input noiseis visible insteadof a corvolved texture. Our approachs required
to be consistentvith thevisualizationof o w on boundarysurfaces.Whenwe applytexture-basedo w

visualizationto boundarysurfaces,the amountof texture-smearingndicatesvelocity magnitude,i.e.,

texture is smearednto longerstreaksin areasof highervelocity magnitude.We don't wantto change
the semantidnterpretatiorof smearingor isosurfices.
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Figure5.4: Theresultof applyingahighercontrasnormalmaskto aring dataset. Thetextureis nolongervisible
attheinlet of thering wherethe texturere ects the o w orthogonalto the surface. Comparewith Figure4.50n
pageb2.

We proposeanideainspiredby the velocity mask[63], namely a normalmask A velocity maskcan
be usedto dim or highlight high frequeng noisein low velocity regions. Whereasa nhormalmaskcan
be usedto dim regionsof the vector eld thathave strongcross- ow componento theisosurace. We
de ne thenormalmaskas:

=(v n)" (5.1)

where increasessa function of the productof the velocity, v, andnormalvectorto the surface,n,
atthatpoint. Here,m is anarbitrarynumber In practice,it is typically aroundunity giving the opacity
anearlylinearbehaior. In our case theimageoverlay becomesnoreopaquen regionswith a strong
cross- aw componenandmoretransparenin areaof highly tangentialvelocity. With thenormalmask
enabledthe viewer's attentionis dravn away from areasof strongcross- ow componentandtowards
areaf hightangentialvelocity. However, thetexturepropertiesarestill advectedaccordinghevelocity
vectorsprojectedontotheisosurfice.

The resultof applyinga normalmaskto a ring surfaceis shavn in Figure5.4. Theinlet areawhere
the o w is generallyorthogonato the surfacehasa high opacitycovering up the high spatialfrequeng
texture. Notethatif we encodehe normalmaskasopacity anothersimulationattribute canbe mapped
to hue.In ourapplicationthis is arequiremenfor consisteng.

Normal Mask Implementation

We canintegratethe implementatiorof the normalmaskwith very little overheadby takingadwantage
of the graphicshardware. If we look closelyat the constructionof the velocity image,we notethatthe
the R, G, andB imagechannelsare usedto encodethe x, y, andz valuesof the vectorcomponents
at eachvertex de ning the surface. This leavesthe alphachannelas a free parameteiin the velocity
imageconstructionln orderto implementthe normalmask,we simply store into thealphachannebf
the frameluffer at the sametime we arestoringthe x, y, andz vectorcomponents—wherenderingthe
velocityimage.And whenreadingbacktheimagebuffer, readingthealphacomponentn additionto the
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Figure 5.5: (left) a velocity isosurice of value 5.0 m/s with a CFD simulationattribute mappedto hue and
(middle)texture-basedo w visualization(right) texture-basedo w visualizationon theisosurficecombinedwith
anormalmask.A close-upis shavn in Figure5.8.

R, G, andB componentomesatvery little overhead.

Someresultsof applyingthis normalmaskto anisosurficeareshovn in Figure5.5. We canseethatthe

o w attheisosurfcejustbelow theintake portin theforeground(with a strongspeculahighlight) hasa
strongnormalcomponento theisosurfice. The higherfrequeng texturein thisregionis dif cult to see.
Figure5.8 shavs a close-upfor increasedlarity of exposition. Note alsothatwe have chosera simpler
color scalein this caseto reducethe visual complexity of the result. We nd thatusinga full rangeof
huefor the color mapping(like in Figure5.2)in combinationwith variableopacityfor the normalmask
is visually complex. Sowe provide the option of tradingoff somecompleity in the color mapwhile
applyingthe normalmask.

Perceptual Issues

Figure5.8 shaws a close-upview of a velocity isosurbicewith texture-basedo w visualizationapplied.
Oneperceptuaproblemwith the resultis that of occlusion. Thereis more structureto this isosurace
thanwe cansee.Perceptuaproblemssuchasocclusionandvisualcompleity arecommonto generally
all 3D visualizations. One way we addressedhis is by implementingan interactve clipping plane.
The clipping planeallows the userto seeoccludedpartsof the isosurficeby remaving sub-setof the
geometryon oneside of the plane,in this example,the side closerto the viewer. Again, the usersare
interestedn cutting planesbecausef their familiarity. Figure5.6 shavs anotherview of theisosurace
with a clipping planebeingused. New structuresin the isosurficearerevealed,namelythe structure
resultingfrom o w aroundanintake portvalve.

Of courseanothemlternatveis for theengineeto take a2D slicethroughthevolume ratherthancreating
anisosurfce. This is essentiallytradingoff dimensionalityin orderto reduceperceptuaproblems.In

our application,the userhasboth options. Anotheroption for the userin our applicationis the useof

arbitrary clipping geometries.For example,the usercande ne a clipping geometryin the shapeof a
sphereor cylinder andapplythetexture-basedo w visualization.Again however, thisis atrade-of. We
maygain by loweringvisualcompleity andocclusion but we losesomeinformationaboutthe behaior

of the o w, namely thatvisualizedby theisosurfce.
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Figure5.6: A closeup view of the sameisosuriceshavn in Figure 5.5 usinga clipping planetangentto the
view-pointin orderto revealoccludedsosurficestructures.

A ResamplingPoint of View

The reasorthis texture-adection methodis fasterthan previous texture-basednethodson surfacesis
becausehe injection, blending, and adwection of noisetexturesis donein imagespace. The key to
transformingthe three-dimensionahatureof textureson surfacesto a two-dimensionaproblemis via
the projectionof thevector eld to imagespace.

Thevector eld from the isosurfceis projectedontoimagespacevia the velocity imagedescribedn
Section5.3. Then,theimageis warpedaccordingto aregular, rectilinearmesh.By distortingtheimage
accordingthe projectedvelocity vectorslocatedat the grid intersectionswe areimplicitly resampling
thevector eld. This resamplingmplies someconsequencedJnlike the natureof boundarysurfaces,
isosurficesmay containvery small, disconnecteghieces.In somecasegshesepiecesmay only cover a
few pixels. Thisimpliesthatwe needa high vector eld resamplingatewhenadwectingthetexturesin
imagespaceln otherwords,the sampling-to-piel ratio shouldnot betoo small,e.g.,samplingat every
pixel or every otherpixel. In orderto handlethis, we give the userthe option of differentadwectiongrid
resolutions.In our implementationthe highestgrid resolutionsampleghe vector eld at every pixel,
while the seconchighestadwectiongrid resolutionsampleghevector eld atevery otherpixel.

Anotherreasonwe give the usercontrol over the resolutionof the advectiongrid is becausaeve wantto
retainthe advantage®btainedby decouplingthe original surfacemeshwith the meshusedto adwectthe



CHAPTERS. TEXTURE-BASED FLOW VISUALIZATION ON ISOSURRRCES 69

Figureb.7: (left) theintersectiorof threebloodvesselsAn abnormabpocket hasformedatthejunction. (right) a
velocity isosurficeof value0.04m/swith texture-basedo w visualizationapplied. Therecirculationzonewhere
blood o wsin the opposingdirectionbecomeglear

textures.Thisdecouplingpreventscomputatioronthosepolygonswhoseareacoverslessthanonepixel.
And in the caseof Figure5.3therearethousand®f suchpolygons.We notealsothatzoomingin ona
surfaceimplicitly increaseshe samplingrateof thevector eld becausenoreof theimageis spreadut
while theresolutionof the advectiongrid atthe sametime remainshe same.

Thefactthatanisosurbcemaycontainmary small,disconnectegiecesalsoimpliesthatwe needahigh
frequeng texturein the spatialdomain.In ourimplementationye give the usercontrolover the spatial
frequeng of the noiseinjection. Using a high spatialfrequeng allows for the visualizationof o w on
evenvery small,disconnectegiecesof anisosurfce.

5.5 Resultsand Discussion

If we take a closerlook at Figures5.5 and 5.6, we can seethat the texture-basedo w visualization
providesadditionalinsightinto the behaior of the o w. Oneof the questionghatthe engineemposess:
Wherein thevolumeis the ideal swirl o w patternnot beingmet? Within the texture, we canseethat
theidealswirl ow patternis not beingmetin just belov the intake portsthemseles. Namely we can
seethattwo areasof the o w areworking againsteachotherjust beneattthe actualboundarysurface
of the comhustionchamber This is shavn moreclearlyin a close-upin Figure5.8. The normalmask
in Figure5.8 highlightsthe boundarybetweerthis destructve o w pattern.Thisis contrastedvith only
theisosurhceitself (Figure5.2) whereareadestructve o w is not obvious. Thedestructve o w pattern
is madeevenmoreobviousin ananimationof the o w 2.

Figure5.7, shavs the intersectionof threeblood vessels.The largervesselon the right bringsin blood
anddistributesit to two smallvesselontheleft. An abnormabpocket, e.g.,ananeurysmhasdeveloped
atthejunctionof thethreevesselsThe obserer maybeinterestedo investigatetheinsideof thepocket
to seethe resultingblood o w pattern. If we look at the blood o w at the surface,asin Figure5.7,
left, we seemostly noise. The velocity of the blood o w at the surfaceof the pocket is moving very
slow relative to the vesselsurfaces. Figure5.7, right, shawvs a velocity isosurfice(of 0.04 m/s) inside
thevolumewith texture-basedo w visualizationapplied. Shavn clearlyis therecirculationzonein the
pocket with blood o wing upstreamn(in the opposingdirection). This secondexamplewaschosenn an
effort to supportour claim thatthe hybrid approactof texture-basedo w visualizationon isosurfices
canbeuseful,notonly in theautomotve domain.

2SupplementariPEG animationsandimagesof theresultscanbefoundat:
http://lwww.vrvis.at/ar3/pr2/VisSym04/
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5.6 Performance

Performancevasevaluatedon a PCwith anNvidia 980XGL Quadrographicscard,with a2.8 GHz dual-
processoandl GB of RAM. Theperformancaimesreportedn Tablel supportinteractize exploration
of ow onisosurfices.Thisis importantfor the caseof changingsovalues.Whenthe userchangeghe
isovalue, texture updatesonly requirea fraction of a second. And the transitionis generallycoherent
becaus@achframeis blendedwith the previousframe[83].

num. adwectionmesh
polygons resolution FPS
10K 64° 64 (35)
12& 64 (18)
256 32(8)
512 15(2.3)
48K 64° 64 (13)
128 64 (10)
256 32(6)
512 15(2)
221K 64° 64 (4)
12& 64 (4)
256 32(2.9)
512 13(1.5)

Table5.1: Sampleframeratesfor the ISA visualizationalgorithmappliedto isosurfices.

The rst time reportedin the FPS columnis for the static case,i.e., the absenceof changedo the
view point. Thetimesshavn in parenthesigndicatethe dynamiccasef interactve zooming,rotation,
andtranslationof the view point. Thereportediimesareaboutthreetimesfasterthanthosereportedin
chapte# (andby Larameeetal. [83]). Thisis mainlydueto theupdatechardwareusedfor theevaluation
andimprovementgo theimplementation.

Normal maskconstructiondoesnot introducesigni cant overheadsinceit is easily built into the ad-
vectionprocesstself. For example,theisosurbceshavn in Figure5.8is composedf 243K polygons.
In the static case,the normalmaskhasno effect on framerates. They arethe sameasthoselisted in

Tablel. In thedynamiccaseusinga 128 adwectionmesh theframeratedropsfrom 3.3to 3.0 FPSwith

theadditionof thenormalmask.

5.7 Discussionand Futur e Work

We have shawvn how the imagespacebasedexture-adectiontechniqueof Larameeet al. [83] canbe
appliedto isosurfices.Isosuraicesprovide informationinto the 3D characteristicef o w that2D slices
andboundarysurfacesalonecannot.We have shovn thataddingthetexture-basedepresentationf o w
to isosurficescangive the engineemew insightinto the behaviour of swirl 0 w whenexaminingCFD
simulationdata. We have alsoappliedthe methodto the visualizationof blood o w. Furthermorethe
methodis fastandsupportauserinteractionsuchaszooming,rotation,andtranslation.

Futurework cango in mary directionsincluding visualizationof texture-basedo w visualizationon
time-dependenisosurfices,streamsuidces,and unsteady3D ow. Challengeswill include both in-
teractve performancdime and perceptuaissues. Futurework alsoincludesthe applicationof more
specializecorogrammablgraphicshardwarefeaturesn the mannerof Weiskopf etal. [179]
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Figure 5.8: A close-upof a velocity isosurficefrom Figure 5.5: with texture-basedo w visualizationand a
normalmaskapplied.With thetextureadwectionontheisosurfce,it is clearthattheidealswirl o w patternis not
exhibitedin this region.



Chapter 6

Geometric Flow Visualization Techniques
for CFD Simulation Data

“The strengthof the United Statess notthe gold at Fort Knoxor theweaponf mass
destructionthat we have but the sumtotal of the educationandthe characterof our
peoplée

—PellClaiborne! (1918-)

AVL'sown engineersiswell asengineerstindustryaf liates use o w visualizationsoftwareto analyze
andevaluatethe resultsof their automotve designandsimulationon a daily basis. The analysisof an
engineerincludestaskssuchassearchingor areasof extremepressurelooking for symmetriesn the
0 w, searchindor critical points,andcomparingsimulationresultswith measuredexperimentakesults.
Onepenadingmessageave hearconsistentlyis: usersareinterestedn moreinteractve control of the
o w visualizationresults—aclassicthemein therealmof scienti ¢ visualization[57]. Engineersaswell
asusersfrom otherdisciplinesareinterestedn having a collectionof useroptionsandparametershat
allow themto ful Il theirindividual goals,whethertheir goalsareexploration,analysisor presentation.
Interactve tools facilitate an iterative visual analysisand exploration process.e., an ervironmentin
which theuseris ableto make rapiddecisionsandre nementbasedn visualizationresults.

6.1 The Versatility of CFD Grids

Anotherreasorthe usersrequesmoreinteractioncontrol over the visualizationresultsis dueto thefact
thatCFD mesheembracea wide variety of componentsfeaturesandlevelsof resolution.To illustrate,
we look at Figure 6.1 shaving two intake ports. By looking at an overview, we obsere whatappearto
be four adaptve levels of resolution:(1) for the o w sourceon the left andthe comhustionchamberon
the lower, right, (2) anotherlevel of resolutionfor the connectingpipesin the middle, andtwo levels
of resolutionfor the intake port componentshemseles. Whenwe zoomin (Figure6.2)we nd ve
adaptve levels of resolutionusedto evaluatethe intake portsthemseles: (a) two levels for the top of
the ports, (b) approximatelythe sametwo levels of detail plus an addedlayer of ner resolutiongrid
cellsfor therings aroundthe baseof the ports. Thefacetsin the o w source(ontheleft in Figure6.1)
are approximately1000-2000times larger than the nest resolutionfacetsat the baseof the intake

!pell, Claibornede Borda,U.S. Democratigpolitician; Senatofrom Rhodelsland1961—;sponsoi& eporym of Pellgrants;
chairmanof Senatd-oreignRelationsCommitteel987—;great-great-greatephev of Geoge Dallas
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Figure6.1: The CFD simulationgrid of anintake port. Thisimageillustratesthe versatility of a typical, unstruc-
tured,CFD simulationgrid containinga o w sourcefrom theleft, two connectingpipesin the middle, two intake
portsat the endsof the pipes,anda comhustionchambeicylinder on theright.

ports. Thesegrids area daily experiencen theindustrial CFD community Our goalis to provide ow
visualizationsolutionsthatareequallyasversatileandadaptve asthe gridsthemseles.

6.2 Perceptual Challenges

A large amountof o w visualizationresearcHiteratureaddresse&D visualizationtechniques.This is
partly becauseo w visualizationon boundarysurfacesandin 3D presentsadditionalperceptuakthal-
lengessuchasocclusion,lack of directionalcues,lack of depthcues,andvisual compleity. Most of
the CFD simulationgridsat AVL areunstructuredandthreedimensional Althoughengineeroftenuse
2D slicesthroughthe 3D meshesluring analysis thereis a stronginterestin 3D andboundarysurface
visualizationtechniqueshataddressheperceptuaproblemsmentionedabore. We alsoknow thatthere
is strongevidenceto supportthe notion thatusersacquirea betterunderstandingf 3D datasetsusing
3D visualizationtechniquessopposedo 2D visualizationtechnique$171].

Therestof this chapteris organizedasfollows: In chapter2 we discussedelatedresearchn o w visu-
alizationwith a sectionon geometricapproachesSection6.3 describesur approachof usingoriented
streamlinesand streamlets.Section6.4 introducesa novel animatedstreamlinetechnique.Section6.5
outlinesthe streamrunneand streamcometonceptsand resultingimplementations.Finally, we con-
cludewith someinitial resultsandideasfor futurework. We notealsothatportionsof this chaptethave
beenpublishedoreviously[77, 80].
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Figure6.2: A close-upview of theintake portsin thesameCFD simulationgrid asshovnin gure 6.1. Themesh
containsmultiple, adaptve resolutionlevels of unstructuredyrid cells.

6.3 Oriented Streamlinesand Streamlets

Oneof the dravbacksof corventionalstreamliness the lack of o w orientation(upstreanvs. down-
streamdirection) depictedin a still image. Our systemincorporatesan orientedstreamlineimplemen-
tation. Orientedstreamlinesorvey the downstreamdirectionof the o w by varying the opacityasa
functionof particletraceevolution. In otherwords,the furtherdownstreamanintegrationpathis traced,
the higherthe opacity of the streamline. This can be implementedby giving the streamlinesa nite
width, eitherautomaticallyor throughuserde ned parametersandusingsemi-transparerngolygonsin
orderto depictan orientedstreamling(Figure 6.3, middle). Arrow headscould alsobe usedto achieve
the sameeffect. However, arrov headglyphscanleadto visualclutterwithout carefultreatment.

Carefulattentionmustbe paid whenrenderingorientedstreamlineson boundarysurfacesin orderto

prevent artifactsresultingfrom overlappingstreamlineandboundarysurfacepolygons. Theseartifacts
canbeavoidedthroughthe useof OpenGLs polygonoffsetfunctionality Theresultis similarto thatof

OLIC (OrientedLine Integral Corvolution) [176,175. Oneimportantdifferenceis thatOLIC is based
on atraditionally slower approackderived from LIC. Also, OLIC is moresuitablefor the visualization
of 2D vector elds.

For the caseof unsteadyo w, drawing a continuougparticlepathusingonly a singletime-stepfrom the
datasetcanbe considerednisleading. This is becauseno particle actuallytracessucha path. For the
caseof slicesandsurfaces,the visualizationbecomesaven more problematicbecause componenof
thevector eld is taken avay, namelythat componenbrthogonalo the slice or surface,absentaftera
projectionontothesliceor surface.Oneapproactto handlingthisis throughthe useof streamletgshort
streamlines)Figure6.3, left-to-right, shavs the useof streamlinesprientedstreamlinesandstreamlets
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Figure 6.3: The visualizationof blood o w at the surfaceof an aneurysm:(left) geometric o w visualization
usingstreamlinegmiddle) orientedstreamlinegnd(right) streamlets.
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Figure6.4: The 16-bit stipplepatternseriesusedfor animatingstreamlinesn real-time basedon OpenGL1.1.

all appliedto the samedataset. The datasetin this caseis simulationdatacomingfrom blood ow
throughananeurysm.

6.4 Animated Streamlines

Here, we usea stippling approachto animatestreamlinessuchthat the dowvnstreamdirection of the
ow is depicted. The advantagehereis that the stippling approachs supportedoy OpenGL1.2. and
commoditygraphicshardware. Thusreal-timeframe ratescanbe achievzed even for large numbersof
streamlines.Anti-aliasing, alsosupportedoy the graphicshardware, canbe addedto visually enhance
theresultsat very little overhead.

We applyaline stipple patternto streamlingpaths.Eachstreamlines renderedusingoneof 16 stipple
patternsshavn in Figure6.4. In orderto addanimation,we simply shift the stipple patternappliedto
theintegral pathsatrenderingime 2. This approachs reminiscenbf thatusedoy JobardandLefer [66]
or BergerandGroller [7] wherea color-tablelook-up approacthis usedto animatethe streamlinesOne
importantdifferences thatthetechniquehereapplieswell to 3D o w.

Without specialhandling,geometrictechniquesanalsosuffer from someof the sameperceptuaprob-
lemsthat direct o w visualizationcan. One meansby which to focuson a particularsubset,areaof

2For supplementarjmagesandMPEG animationspleasevisit:
http://www.VRVis.at/ar3/pr2/geometricApproach/



CHAPTER6. GEOMETRICFLOW VISUALIZATION TECHNIQUES 76

7 scale

rotate

translate
j «—» orthogone
translate

vertical AT
g resolution

translate
horizontal

Figure6.5: Our seedingplaneimplementatiorhassix interactive DoFs: (1-3) threetranslational(4) scaling,(5)
rotation,(6) resolution.

Figure 6.6: The visualizationof tumble motion using animated,dashedstreamlines. Two seedingplanesare
used:oneseedingcolormappedstreamlinesthe otheremanatingedstreamlinesA blackandwhite-mappedlice
senesascontet information.

interest,or featureof a ow eld is via a streamlineseedingstratgy. In general threepopularstream-
line seedingstrat@iesareoftenused:(1) image-basedseedingstratgiessuchasthatdescribedy Turk
andBanks[159] or the evenly spaced-streamlingeedingstratgy presentedy JobardandLefer [65],

(2) topolagical or feature-basedseedingstratgies such as thosepresentecby and L 6ffelman and
Groller [91], Sannaet al. [128], or Vermaet al. [169] and (3) interactive seedingstratgjies using a
streamlineseedingrake usedby BrysonandLevit [14] or Schultzet al. [137]. Our approacHalls into
the third cateyory—aninteractive streamlineseedingstratgy. Userswould like full control over which
subset®f thevector eld to highlightin orderto highlightbothdesirableandundesirableharacteristics
of the ow.

A schematiof ourinteractive streamlineseedingool is shavn in Figure6.5. Thistool providestheuser
with six interactve degreesof freedom(DoF): (1-3) threetranslational (4) scaling,(5) rotational,and
(6) resolutioncontrol. Theseinteractve DoFsarerequiredto investicatethe resultsof CFD simulations
becaus¢hemeshedrom CFD embraceawide variety of componentsfeaturesandlevelsof resolution.
Ideally, the tools usedto analyzeandvisualizethesedatasetsshouldbe e xible enoughto adapttheir
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Figure6.7: Thisimageshawvs streamseedsasshortpipe segmentsncludingawire-framecontext of the connect-
ing pipesin theintake portsdataset.In this way occlusionandimagecompl«ity areminimized.

size,orientationandresolutionto t thefeaturesf interesteitherautomaticallyor throughuserspeci ed
parameters.

Figure6.6shavsanimated-dashextreamlinesisedto visualizetumblemotion[86]. Thesparseanimated-
dashedstreamlinesllow theuserto seethroughthevolume. Furthermoretheimplementations simpler
thanthe dashtubetechniqueof FuhrmanmandGroller [47].

6.5 Streamcomets

Streamcometare an extensionof the streamrunnef77]. The streamrunneaddressethe problemsof
occlusionandscenecomplity by giving theusercontrolovertheevolution of streamlinegrom seeding
time until they terminate. A streamlinemay terminatewhenit reachesa boundaryin the geometry
reachesregion of zerovelocity, or reache& maximumlengthsetby theuser Thetwo interactve DoFs
affordedby thestreamrunneare: (1) the positionof the stream$ headalongtheintegral pathand(2) the
diameterof thetheintegral object,in this casethetubediameter

Usingthe streamrunnetthe useris ableto setthe streamevolution to its origin asshavn in Figure6.7.
In this gure, only theseedsareshowvn. Individual streamlinesreeasilydistinguishedandfocusedupon
early in their evolution becausecclusionhasbeenalmosteliminatedwhile visual compleity is at a
minimum. Thestreamrunnecanthenbeusedto changehecurrentgeometridengthof theshadedubes
suchthatthe usercanwatchthe streamlinegrow, or run, in thedirectionof the o w. Thisgivesacleat
uneguvocalindicationof o w direction. The useris ableto focuson anindividual streamlinea group
of streamlinesor a particularareaof the o w asusersadjustthe currentgeometridength. Watchingthe
streamso w in 3D combinedwith shading givesaddeddepthcues. The streamrunnealsoallows the
userto tracetheevolution of the streamlinebadkwardsin orderto seewherea pathoriginated.

Streamcomet$ollow a very intuitive metaphar They offer four interactve DoFsas shavn in Figure
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Figure6.8: The streamcomegpromotest interactive degreesof freedom:(1) the positionof the cometheadalong
the pathof integration, (2) the diameterof the cometheadandtail, (3) thelengthof the comettail, andoptionally
(4) theanimationspeedf thecomets

Figure6.9: Herestreamcometarerenderedn the contet of a semi-transparening geometry We add semi-
transparengc anda glowing impressiorto the streamcometails, whosetransparengincreasesvith the distance
from thecomethead.

6.8. The useris given interactive control over: (1) the position of the headalong the integral path,
(2) the diameterof the cometheadand comettail, (3) the length of the semi-transparentomettail,

andoptionally (4) the animationspeedof the cometalongthe path of integration. Coupledwith more
interactive degreesof freedom,streamcometsffer the advantageof shaving local o w directionand
curvaturefor staticimages.Thereis strongevidenceto supporthenotionthat o w visualizationobjects
thatshaw the directionof the local vector eld improve the users ability to identify critical pointsand
understangbarticleadwectionpathg[75].

Figure6.9 givesus animpressionof whatit is like to usethe streamcometéor 3D o w visualization.
We includethesemi-transpareming geometryascontext information. We alsoapplyasemi-transparent
functionto the comettails andgive thema glowing effect. The alphavaluealongeachcomettail is a
functionof the distanceto the cometheadi.e., thefurtheraway from the head the moretransparenthe
tail.

Anotherusefulfeatureis the optionof animatingthe streamcometgConceptuallyanimatingthe stream-
cometssuchthatthecometheadpositionis automaticallyincrementedlongthe pathof integration,acts
asa visual searchfunction. The viewer is ableto usethe animationto searchfor optimal comethead
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Figure6.10: Theuseof the streamrunneandstreamcometfor unsteadyo w visualization.Cometheadsshrink
over time. i.e., the older the comet,the smallerthe comethead. The interactve equivalentof a streaklineis a
streakrunnerwhich interactvely controlsthe numberof discretetime stepsalongthe streaklinede ned by the
seriesof cometheads.

positions.Thisis very usefulwhentheuseris:

not surewhereto positionthehead,

searchindor interestingfeaturesn the ow eld, or

optimizingthe otherinteractve degreesof freedom.

We alsogive the userthe option of interactvely adjustingthe animationspeed.

We do not proposethe streamrunneand streamcomeas stand-alondeatures. They are meantto be
combinedwith otherclassic,3D interactiontechniqguesuchasrotation,scaling,andtranslation.Addi-
tional importantfeatureswe have includedare: the option of choosinga non-uniformcoloring scheme
so colliding geometricobjectscan be more easily distinguishedturning on or off semi-transparendr
wire-framecontext information,andadjustingthe streamlineseedingdensityin the ow eld.

The cometglyph canintuitively encodetime attributesfor unsteadyo w visualization. At the top of

Figure6.10,we seea sampleseedpoint whosegeometridocationis constanover time andfrom which

streamcometareinjectedinto the o w, similar to a streakline— the line tracedby a setof particles
thathave previously passedhrougha uniquepointin the domain[136]. As the cometages(afterbeing
injectedinto the o w), the sizeof theheaddecreaseasdoesarealcometwhentraveling throughspace.
Also the lengthof thetail encodeghe local instantaneouselocity at the comets currentposition. The

color of the cometheadencodedhe local temperatureandthe color of the comettail re ects another
scalarattribute of the o w suchaspressure.lf we representomettails using streamtube§160Q],, the
local corvergenceand divergenceof the o w may be encoded. If comettails are representedising
streamribbong160], local vorticity is encoded. Ideally, the useris able to toggle betweenthe two

representations We claim that the use of streamcomeglyphs for encodingattributesof the ow is

moreintuitive thanusingotherglyphssuchassuperquadrichapeg38]. Theinteractive analogueof a

streaklings a streakrunner The streakrunneis aninteractie controlthatde nesthegeometridength
of thestreakline.Suchaline is shavn in Figure6.10connectinghe cometheads.

6.6 Results

Performancéimesdependnthenumberof streamlinesPerformancéimesfor theanimatedstreamlines
aregivenin Table6.1. PerformancevasevaluatedonamachinerunningRedHatLinux 7.2with al GHz

Pentiumlll dualprocessarl GB of RAM, andanHP fx graphicsard. Notethattheframeratealsovaries
asaresultof caching.Anti-aliasingaddsvery little overheadsinceit is built into OpenGL1.2andhence
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Figure6.11: Two seedingplanesin the comhustionchamberof a pistonvalve: one seedingstreamcometshe
otherseedingshadedstreamlines.

is supportedy mostgraphicscards.As we see the stipplingapproactallows animationof thousandef
streamlinesn real-time.Furthermorewe have notemployedthe moremoderngraphicscardsor display
lists to increasehe framerates. Figure 6.11 shows two seedingplanesinsidethe comlustionchamber

no. of with without
streamlines|| anti-aliasing| anti-aliasing
10 70 70
100 54 60
1,000 25 27
2,500 15 18
5,000 6 7
10,000 4 5

Table6.1: Sampleframeratesfor the animatedstreamlinegin framespersecond).

of a pistonvalve. The seedingplanein thetop (foreground)hasstreamcometemanatingrom it. The
seedingplanein the middle (background}seedsordinary streamlines.We emphasizeghe importance
of the users ability to resizethe streamcometslong arbitrary dimensionswhen zoomingin and out

of the datasets. It is importantto note that changedo the diameterof the cometheadsapply to the
entire collectionof streamcometsandarenot appliedon a percometbasis. Applying sizechangedo

individual cometswould leadto misleadingvisualizationresults,e.g., the usermay interpretdifferent
cometheadsizesto beare ection of scalampropertiesnherentin the ow eld.

Figure6.12givesusanothelimpressiorof whatit is like to usethe streamcometfor o w visualization
in 3D. Here,bothstreamlinesndstreamcometareusedto visualizeavortex. Giving theuserinteractve
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Figure 6.12: The visualizationof a vortex using (top) streamlinesand (bottom) animatedstreamcometsThe
streamcometseduceocclusionandprovide the samecoveragewhenanimated.

control over the placemenbf the cometheads the diameterof the cometheadsandtails, the seeding
density andthe lengthof semi-transparerdomettails, affords the usera very good opportunityto see
thecharacteristicef the ow eld.

6.7 Discussionand Futur e Work

The addedinteractionprovided by our geometric o w visualizationtechniquess very usefulfor ow
visualizationin 3D and within the domainof versatilegrids associatedvith CFD simulations. This
is becausdhey are basedon geometricprimitives that are more suitablefor the visualizationof 3D
o w thanapproachebasecdn color-mapping glyphs,or texturesonly. Theusercontrolaffordedby the
streamcometaswell astheintuitive metaphoonwhichthey arebasednakesthemmoreversatilefor 3D
o w visualizationthanprevioustechniquesFurthermorethe simplicity of our approachesakesthem
strongcandidategor inclusionin other o w visualizationsoftwarepackagesThe approachedescribed
herehave beenincludedin a cross-platformjndustry-level visualizationapplicationfor the analysisof
CFD simulationdata. Thesegeometricobjectsgive a new level of control over to usersinvestigating a
vector eld. We encouragéhereaderto view theanimationsatthegivenURL. 3

Futurework couldgo in severaldirectionsincluding: (1) animplementatiorprototypeof the streamrun-
nerandthe streamcomefor unsteadyo w visualizationincludingtheintroductionof a pathrunner—the
unsteadyequialentof a streamrunnema streakrunner theinteractive equivalentof a streaklineor (2) a
formal HCI evaluationof the perceptualeffectivenessof the streamrunneand streamcomet$or 3D
o w visualization— an extensionof the work by Laidlaw etal. [75] to includemore o w visualization
techniques.

Shttp://www.VRVis.at/ar3/pr2/geometricApproach/



Chapter 7

Investigating Swirl and Tumble Flow with
a Comparison of Visualization Techniques

“The only stablestateis theonein which all menare equalbefore the law”
—Aristotle! (384BC-322BC)

Previously, AVL engineersiseda seriesof severalcolor-mappedslicesto assesandvisualizetheresults
of their CFD simulations. Recently new solutionsfor the visualizationof CFD simulationdatahave
beenintroducedin orderto overcomesomeof the limitations outlinedin Chapter2. We reporton the
applicationof thesgechniquesn additionto themoretraditionalapproachedn thischaptemwe describe:
(a) the applicationof differentvisualizationtechniquedo speci ¢ applicationcases(b) advantagesand
disadantage®f whatthesetechnique®ffer, and(c) acomparisorwhich mayapplyto otherapplication
cases.We alsoto give recommendationen whento usespeci ¢ techniquesandin which application
scenario.

7.1 Evaluating Swirl and Tumble Motion

For mary of the automotve componentghat undego evaluation,thereis anideal patternof ow the
engineersaretrying to create.In the o w within a cylinder, we candistinguishbetweentwo typesof
motion: swirl o w commonlyfoundin dieselenginesandtumble o w commonlyfoundin gasengines.
In both casesyotationalmotion occursaboutan axis, thoughthe position of the respectre axisis dif-
ferent. In the caseof swirl o w, the axisis moreor lesscoincidentwith the cylinder axis,asshown in
Figure7.1,left. In the caseof tumble(Figure7.1,right), therotationaxisis perpendiculato thecylinder
axisandmore comple, thusmakingtumble o w moredif cult to controlthanswirl ow. We referto
therotationalaxis associatedavith tumblemotionasthe z axisthat,in this case pointsout of the paper
towardsthereader

In orderto generateswirl or tumblemotion, uid entersthe comhustionchamberfrom theintake ports.
Lateronin theenginecycle, thekinetic enegy associateavith this motionis usedto generateurbulence
for mixing of freshoxygenwith evaporateduel. The moreturbulencegeneratedthe betterthe mixture
of air andfuel, andthusthe more stablethe comhustionitself. By stablewe meanachiesing the same
conditionsfor eachenginecycle. Ideally, enoughturbulent mixing is generatecguchthat 100%of the
fuelis burned.Theswirl or tumblemotionshouldbe maximizedto maximizeturbulence.Fromthepoint

1Greekeritic, logician,naturalistphilosopherphysicist,andzoologist fatherof logic, fatherof dramaticcriticism, founder
of Lyceum,wrote "Physics”, "NicomachearEthics”, "Politics”, "Poetics”

82
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Intake Ports

Rotation

Figure7.1: (left) The swirling motion of ow in the comhustionchamberof a dieselengine. Swirl is usedto
describecirculationaboutthe cylinder axis. Theintake portsat the top provide the tangentialcomponenbf the
o w necessarfor swirl. Thedatasetconsistof 776,000unstructuredadaptve resolutiongrid cells. (right) Some
gasenginecomponentsequireatumblemotion o w pattern(right) in orderto mix uid with oxygen.Tumble ow
circulatesaroundan axis perpendiculato the cylinder axis,orthogonako swirl o w. Thedatasetis composeabf
61,700unstructuredadaptve resolutioncells.

of view of the mechanicakngineerslesigningtheintake ports,theideal o w patternleadsto bene cial
conditionsincluding: improved mixture preparationa higherEGR (ExhaustGasRatio)which meansa
decreasén fuel consumptionandlower emissions.However, too muchswirl (or tumble)candisplace
the ame usedto ignite thefuel, causedrregular ame propagtion,or resultin lessfuel comhustion.

As such,a balancemustbe achieved betweengeneratingenoughswirl or tumble o w andnot displac-
ing the ame usedto ignite the ow. A controlled o w motionis usedto get stableandreproducible
conditionsat eachenginecycle.

Investigating Flow Patterns with Visualization

Centralto this study are someroutine questionghat engineersnay ask wheninvestigating swirl and
tumble o w:

1. Canvisualizationprovide insightinto or verify the characteristicshapeandbehaior of the o w?
2. Whattoolscanhelpto visualizethe swirl andtumble o w patterns?
3. Wherein the comlustionchamberaretheideal swirl andtumble o w patternnot beingrealized?

Herewe seekanswerdo someof thesefundamentatjuestionsisingdirect,geometricandtexture-based
0 w visualizationtechniquesWe proceedwith avisualanalysisof the simulationdatafrom AVL's CFD
solwer. In particular we analyzehesimulationdatafrom two importantin-cylinder o w motionpatterns,
typical of a mechanicakngineers analysis.Our investigation also carriesforth acrossmultiple spatial
dimensionspamelyin 2D, 2.5D,and3D. By 2.5D we meansurfacesthrough3D space.We notethat
thelarge sizeof thedatasetshovn in Figure5.1,776,000unstructuredadaptve resolutioncells, makes

unsteadyo w visualizationvery dif cult with our hardware.

Dir ect, Geometric,and Texture-BasedFlow Visualization

Our ow visualizationclassi cation is describedin Section1.2. In this chapterwe use adwection
approachesccordingto Image BasedFlow Visualization(IBFV) [164] and Image SpaceAdvection
(ISA) [83], which cangeneratdoth SpotNoise[163] andLIC-lik e [17] imagery Theseapproacheare
relatedto Lagrangian-Euleriahdvection(LEA) [64]. We notethata full comparisorof texture-based
0 w visualizationtechnique$82] is givenin Chapter2.
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Figure7.2: Thevisualizationof swirl o w on a slice throughthe comhustionchamberof a dieselengine: (left)
directvisualizationusingcolor mapping,(middle-left) directvisualizationusingglyphs,(middle-right)geometric
0 w visualizationusingstreamletsand(right) texture-basedo w visualization.

We focusonly on interactize visualizationtechniquesecausen interactve exploration of parameter
spaceis essentiafor improving the designof intake portsandvalve cylinders(e.g.,changingisovalues
or placingseedpointsof particles).Hencefeature-basedow visualization anotherclassof techniques
including featureextractionand trackingis not a focus of ours. Another problemis that eachengine
componenhasits own characteristico w motion. Implementinga featureextractionalgorithmfor each
0 w patternis simply not practical.Furthercomplicatingthe matteris thattheideal o w motionis only
approximatedPostetal. [117] coverfeature-based w visualizationin detail.

Therestof the chapteris organizedasfollows: Sections7.2, 7.3, and 7.4 investigate propertiesof the
o w patternausing2D slices,surfaces(referredto as2.5D),and3D andhybrid techniquesespecirely.
Eachspatialdomainis analyzedusingdirect, geometric,and texture-basedsisualizationtools. These
approachearethencomparedo oneanother Section7.5 presenta discussiorandoffers someoverall
perspectieswith respecto this investicationandSection7.6 outlinesour conclusionsWe notethatthe
materialin this chaptethasalsobeenpublishedelsavhere[86].

7.2 Visualizing Flow Motion on 2D Slices

Slicesarea commontool usedto investigatethe propertiesof the o w insidea volume. Onereoccur

ring themeis that of placement:We mustdecidewhereto slice throughthe volume. This decisionis

in uenced by two factors: (1) our knowledgeand experienceregardingthe datasetand (2) sometrial

anderror. Theaverageuserin this casels amechanicaéngineemith a strongbackgroundandprevious
trainingin the areaof CFD. Theseusersgenerallyhave a priori knowledgeaboutthe datathey arein-

vestigating. In otherwords,they alreadyhave anideaandassociatedxpectationof the behaior they

would like to see.Neverthelessafteraninitial sliceis generatedfurtherre nementof the visualization
parametersnight be neededor the desiredresults.

Dir ect Flow Visualization

Figure7.2 shawvs a 2D slice throughthe cylindrical comhustionchamberfrom Figure 7.1 left, within a
planeperpendiculato the axis of rotation. In this particularcase gachapproactindicatesthatthe o w
hasdesirablepropertiesnamely a rotationalpatternaboutthe axis parallelto the cylinder, consistent
with swirl motion.

Figure7.2left shavs velocity magnitudemappedo hue. The colorshelpto differentiateregionsof the
o w andgive anoverviewn of thedata.However, the pathof the o w is not corveyedclearly Figure7.2
middle-left shawvs shavs the samedatavisualizedwith 3D glyphsplacedon a 2D slice. In this case,
thedatahasbeenresampleantoaregulargrid with auserspeci edresolution.A brute-forcehedgehog
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Figure7.3: Thevisualizationof tumble o w on aslice: (left) directvisualizationusingcolor mapping,(middle-
left) direct visualizationusing glyphs, (middle-right) o w visualizationusing dye injection, and (right) texture-
basedo w visualization.

techniqueaesultsin visualclutterandover compleity. We have usedtheresamplingool to createa polar
grid andinteractvely positionthe centerof thegrid suchthatit alignswith thevortex associateavith the
swirl o w. Theglyphsgive anoverview of thevector eld, showv thedirectionof the o w, andalsoafford

thevisualizationof the normalcomponenbf the o w with respecto the slice, an ability importantfor

applicationdrom the automotve industry[132]. This third components missingfrom two of the other
visualizations.However, whatthe glyphslack is spatialcontinuity Thereis alwaysa trade-of between
theresolutionof resamplinggrid andcoverageof the o w. Higherresolutionresamplingdecreasethe
likelihoodof overlookinga featureof thevector eld, butincreaseperceptuaproblems.

Figure7.3middle-left,shavsdirectvisualizationtechniquesppliedto aslicein orderto visualizetumble
ow. Theglyphssuggesthatthe o w patternon the sliceis generallyconsistentvith tumble o w. We

seeanoverall circular, counterclockwise o w aboutan axis pointing out of the plane. However, some
of the featuresof the ow are higherin spatialfrequeng that the glyph placementprovided by the
resamplerlf we increasdheresamplingesolutiontheresultis dif cult to interpretbecausehe glyphs
collide in visualspace Color coding,asin Figure7.3left, is muchlesssuitablefor tumble o w thanfor

swirl ow becausehestructureof the o w is morecomplex andcannotbe visualizedby the magnitude
of thevelocity.

Geometric Flow Visualization

In generalgeometridechniquedik e streamlinegprovide morespatialcontinuitythanglyphsor texture-
basedo w visualization.Texture-basednethodgequirealong corvolution Iter lengthto achieve simi-
lar spatialcontinuity For thecaseof swirl ow, we nd 2D streamlinesestrictedto the slice misleading
becausehereis a strong o w componenbrthogonalto the slice, i.e., theselong streamlinehave less
correspondenct physical motion. Hence,Figure 7.2 middle-right shavs the vector eld visualized
with 3D streamletsnamely shortstreamlinesThesestreamletshaowv the strongcomponentf the ow
orthogonalo thesliceandintroducemorespatialcontinuity thanthe glyphs. However, while streamlets
do increasespatialcontinuity they sharethe samedisadwantageasthe glyphsin termsof seedingand
perceptuathallenges.

Figure7.3 middle-rightshavs tumble o w on slicevisualizedusingdyeinjection. Theresultresembles
streaklinesvhich arethesameasstreamlinegor the caseof steady-stateo w. This particularimplemen-
tationis donevia dye injectionin a mannersimilar to IBFV. The resulthassomecharacteristic§rom
boththegeometricandtexture-basedlasse®f techniquesTheborderlinedbetweerdye colorandwhite
aregeometricin the sensethatthey meetthe de nition of a streamline:a geometrythatis everywhere
tangentto the o w. On the otherhand,the implementatioris realizedusingtextureswhich introduces



CHAPTERY. INVESTIGATING SWIRL AND TUMBLE MOTION 86

diffusioninto theresult. Hencethis techniquecould alsobe classi ed astexture-based.

The adwantageshere are that theseobjectsshav the downstreamand upstreamdirection of the ow
especiallyclearin an animationand the usermay interactiely selectthe seedpoints and dye color.
Hence,the usermay usethesedye sourcesto highlight certainareasof the o w suchas the vortex
associatedvith the swirl ow. In this case,the o w componentnormalto the slice is not as strong
comparedwith Figure 7.2. The disadwantagehere,and with geometrictechniquedn generalis that
placements crucial. Importantfeaturesmaybeoverlooked dependingon the spatial position of the
objects.Also we mustusecautionwheninterpretingtheseresultsbecauseno particleactuallytraverses
apathshowvn in Figure7.3. The original CFD simulationdatais 3D andtime-dependentiWe notethat
in this study we focuson steady-stateo w. The datasetusedto studyswirl motionis too large for our
old hardware.

Texture-BasedFlow Visualization

Figure 7.2 right shavs the swirl motionwith texture-basedo w visualizationapplied. The advantages
of this approachinclude: (1) completecoverageof the ow eld, (2) spatialcontinuity (3) velocity
magnitudemay be encodedn thetexture, leaving hueavailableto includeanotherCFD simulationat-
tribute suchastemperatureand(4) o w orientation(upstreananddownstreandirection)is clearin an
animatedsequenceln generalcomputatiortime is a disadwantagewith mary texture-basedo w visu-
alizationtechniquesRecently this hurdlehasbeenovercomewith sometechnique$83, 84,164,178].
However, this approachdoesnot generallyprovide asmuchspatialcontinuityasgeometridechniques.

In Figure 7.3 both the dye injection andthe texture-basedo w visualizationtechniquegeveal that the
vector eld haspropertieghatdeviatefrom theidealtumble o w pattern.Thesetechniquesndicatethe
presencef asaddlepointin the o w nearthetop, centerof thegeometry(seeHelmanandHesselin54]
or Postetal.[117] for amorethoroughdescriptiorof o w topology). Thedeviancefrom theidealtumble
motionis aresultof atrade-of madein thedesignof theintake port, asits shapemustalsoallow enough
incomingfreshair to mix with fuel. Thusair is let in from both sidesof theintake port (left andrightin
thisslice). Theidealtumble o w correspondsorecloselyto onecentralvortex in the o w. Theorange
andgreendye sourcesanhelpusto highlightthe saddlepoint while thetexture-base@pproactensures
thatthefeatureis not overlooked by providing a resultwith a denserepresentatioacrosshe complete
slice.

We also note that the geometricand texture-basedvisualizationshighlight the importantasymmetric
natureof the o w. Thereis acounterclockwiselooping patternnearthe boundaryof thegeometry This
is especiallyclearin ananimation.If the o w weretoo symmetricthelooping patternmight disappear
leadingto too muchdestructve o w motion.

7.3 Swirl and Tumble Flow Visualizedon Surfaces

Examiningthe propertiesof the o w on boundarysurfaces(referredto alsoas2.5D) is usefulbecause
we sometimestartour investigation at the surfacein orderto getanoverview of thevector eld before
looking insidethevolume.

Dir ect Flow Visualization

Figure7.4shavsthe o w atthe surfacefrom the dieselenginecomponenfrom Figure7.1, left. In this
casecolor mappingalonealreadyrevealsthatthe o w hasswirl motioncharacteristicat this instantin
time. We seeregionsof color forming aloosespiral patternconsistentvith Figure7.1, left.
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Figure 7.4: The visualizationof swirl ow at the boundarysurfaceof the comtustion chamber: (left) direct
visualizationusingcolor mapping (middle-left)geometrico w visualizationusingstreamlinesimiddle-right)spot
noise-like texture-basedo w visualization,and (right) LIC-lik e texture-basedo w visualizationin combination
with avelocity clamp.

Figure 7.5 shaws the visualizationof tumble o w at the surface. From color-mappingalone,it is dif -
cult to answerour questiondrom Section7.1. The patternof o w is morecomplicatedhanin the case
of swirl. However, colormappingis still usefulin orderto identify extremal propertiesof the simula-
tion data,suchasvery low velocity magnitude characteristicshat we are generallyvery interestedn
avoiding.

Geometric Flow Visualization

Figure7.4 middle-leftillustratesthe useof streamlinesn orderto visualizethe propertiesatthe surface.
In thiscasetheimplementatiorcompute®xplicit integral pathsaccordingo a particletracingalgorithm.
We have addeda grayscalephaseshift to thehueof eachstreamlindo distinguishindividual streamlines
thatcollide. The streamlinesareusefulin illustrating the swirl behaior at the surfaceexplicitly. Plus,
they help the userto discover an importantareawherethe ideal swirl o w patternis not being met,
namelyin the top-centerof the geometryjust belov theintake ports. Here,destructie o w is evident:
two regionsof o w working againstoneanother However, cautionmustbe usedin theinterpretatiorof
this approachTechnically the velocity haszeromagnitudeat the surface.Whatis showvn is the velocity
justunderthe surface extrapolatecandprojected.No particleactuallytraversesanentirepathshovn by
astreamlinen this case.

Figure 7.5 illustratesstreamlinesandtimelines, usedto investigate the behaior of tumble o w at the
surface. The streamlinegFigure 7.5 middle-left), again implementedvia dye injection asdescribedn

Section7.2, have beenseededn orderto selectvely highlight a subsetof the vector eld topology

namely a sepaatrix—astreamlinebetweertwo critical pointsin thevector eld [53] or aline thatsepa-
ratestwo distinctbasinsof attraction.A saddle anothetopologicalfeature s especiallyisible between
the greenandred dye sources.Unfortunately this is an undesirabldeatureof the o w for the caseof

tumble o w.

Timelinesarethelinesjoined by a setof masslesgarticlesreleasednto the o w atthe sametime. The
dye-injectedemulationof timelinesshawvn in Figure 7.5 middle-rightare releasedrom userspeci ed
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Figure7.5: Thevisualizationof tumble o w atthe boundarysurface: (left) directvisualizationusingcolor map-
ping, (middle-left) visualizationusingdye injection, (middle-right)geometric o w visualizationusingtimelines,
and(right) texture-basedo w visualization.

locationsandorientationsIn ourimplementationtheusermayslide,scale androtatethereleasenmech-
anismin additionto specifyingcolor. Allowing the userto specifycoloris importantin orderto match
correlatedtimelines. This particularsetof timelinesis helpful in visualizingconvergent(indicatedby
theyellow andgreentimelines)anddivergent(indicatedby the blue timeline) areasof the surface o w.
Ideally, the o w emeging from anintake port exhibits divergentbehaior.

Texture-BasedFlow Visualization

Texture-basedisualizationis very usefulfor generatinganoverview of the o w behaior atthesurface.
Theadwantagds thatwe obtaincompletecoverageof the o w andmaintainspatialcohereng according
to the o w simultaneously Plus, o w orientation(upstreanvs. downstreamo w) may bevisible in a
still imagewhena spotnoise-like texture is used,althoughthe o w orientationis muchclearerin an
animatedsequencelf we indicatevelocity magnitudeby the amountof smearingn the texture, asin
Figure7.4 middle-right,thanwe canencodeanotherCFD attribute ashuesuchastemperatureOn the
otherhand,it is moredif cult to seethe propertiesof the o w in areasof low velocity magnitude.We
canaddresghis by applyinga velocity clampasshaovn in Figure7.4 right. Theresultresembled.IC.
Again, thedestructve o w patternis very noticeablewith a texture-base@pproach.This is especially
clearin a close-upview of the surface. We alsonotethattheinterpretationof the resultsshavn in this
casemaybeconsideredessmisleadingsincelong, explicit particletracingpathsarenot depicted.

In Figure7.5right, we canseethatthevortex thatcharacterizetheidealtumblemotionis off-centerin
thelowerleft of thegeometrywhereagheidealtumblemotionis characterizethy avortex in the center
aboutthez axispointingtowardstheviewer. In the next sectionwe shav how to visualizethis vortex in
3D.

7.4 3D andHybrid Approaches

Slicesarecommonlyusedto investigatethe propertiesof the o w insidethe volumebut visualizing3D
characteristicef the o w like swirl canbe dif cult with 2D slices. We areinterestedn visualization
techniqueghatprovide insightinto the spatialdimensionorthogonato the sliceaswell. In this section
we discuss3D andhybrid approachesln this case hybrid approacheareboth a mixture of spatialdi-
mensionse.g.,2.5Dand3D aswell wasamixtureof o w visualizationclassi cationssuchasgeometric
andtexture-basedo w visualization.
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Figure7.6: Thevisualizationof swirl o w in thevolumeof thethecomhustionchamber{left) directvisualization
using colormappedglyphs, (middle-left) geometric o w visualizationusing colormappedshadedstreamlines,
(middle-right) texture-basedo w visualizationon a velocity isosurace,and (right) isosurficing combinedwith
3D streamlines.

Dir ect Flow Visualization

Direct o w visualizationtechniquesregenerallydif cult to applyin 3D. Figure7.6left shavs 3D swirl
o w visualizedusing color-mappedvectorglyphs. This imagesuffers from perceptuaproblemssuch
asocclusionyvisualcompleity, andlack of depthcues.Furthermorethisis not a brute-forcehedgehog
approach.A subsewf the 3D comhustionchamberdatahasbeenresamplednto a regular polar grid
similar to Figure7.2. Evenwith the resamplingapproachmary of theindividual glyphsareoccluded
by largerglyphsor too smallto seeclearly Theconsequencis thatwe usuallyview only asubsebdf the
3D data.

Geometric Flow Visualization

Without specialhandling,geometricechniquesanalsosuffer from someof the sameperceptuaprob-
lemsthat direct o w visualizationcan. One meansby which to focus on a particularsubset,areaof
interest,or featureof a ow eld is via a streamlineseedingstrateyy. In general threepopularstream-
line seedingstratgiesareoftenused: (1) image-basedseedingstratgiessuchasthatdescribedy Turk
andBanks[159] or theevenly spaced-streamlireeedingstrat@y presentedby JobardcandLefer[65], (2)
topolagical or feature-basedseedingstratgiessuchasthosepresentedy Vermaet al. [169] or Sanna
etal. [128], or (3) interactive seedingstratgies using a streamlineseedingrake usedby Brysonand
Levit [14] or Schultzet al. [137]. Our approachfalls into the third category—aninteractve streamline
seedingstrata@y.

A schematiof ourinteractive streamlineseedingool is shavn in Figure6.5. Thistool providestheuser
with six interactive degreesof freedom(DoF): (1-3) threetranslational (4) scaling,(5) rotational,and
(6) resolutioncontrol. Theseinteractve DoFsarerequiredto investicatethe resultsof CFD simulations
becaus¢hemeshedgrom CFD embraceawide variety of componentsfeaturesandlevelsof resolution.
Ideally, the tools usedto analyzeandvisualizethesedatasetsshouldbe e xible enoughto adapttheir
size,orientationandresolutionto t thefeaturesf interesteitherautomaticallyor throughuserspeci ed
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Figure7.7: Thevisualizationof 3D tumble o w: (top-left) geometricvisualizationusingstreamlines(top-right)

geometricvisualizationstreamlinesaccompaniedby texture-basedo w visualizationon a 2D slice, (bottom-left)
geometric o w visualizationusingtimelines,combinedwith texture-basedo w visualizationon a velocity iso-

surface,and(bottom-right)geometric o w visualizationwith streamlinesanda pressurdsosurficecolor-mapped
with velocity magnitude.

parameters.Figure 7.6 middle-left, shavs streamlinesolor-mappedwith velocity magnitude placed
accordingto seedingplanein orderto visualizethe 3D swirl ow. We have emplo/ed an approach
wherea semi-transparentelocity colormappedsurfacesenesascontet information. In this casethe

streamlineshav the swirling behavior of the o w ratherclearly Themainbehaior of the o w appears
to matchthe soughtafterswirl o w pattern.

Swirl ow is morestablethantumble o w, onereasorbeingthatthe axis of rotationandthe cylinder
axisarealignedwith swirl motion. In tumblemotion,thesetwo axesareorthogonalmakingit moredif-
cult torealizeandvisualize.Figure7.7top-leftshavsthevisualizationof tumble o w with streamlines
seededby two seedingplanes A 2D slicewith agray-scalerelocity magnitudecolor mapis usedfor con-
text. Thetop-centeseedingplaneusesstreamlinesolor-mappedaccordingto velocity magnitude The
bottom-leftseedingplaneusesred streamlinesonly in orderto help distinguishseedingplane-speci ¢
streamlines.The bottom-left seedingplanealso usesa tool that lets the userinteractizely control the
lengthof the streamlinesin this casethetool hasbeenusedto truncatethe geometryin orderto reduce
occlusionandvisualcompleity.
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Texture-BasedFlow Visualization

In a hybrid visualizationapproachwe apply ISA for producingdensetexture-basedepresentationsf
ow onisosurfices. Isosurficesarea visualizationtool routinely usedto investigatethe propertiesof
the o w insidea 3D volume. Theshapeof anisosurficecangive usinsightinto its 3D characteristics.

Figure7.6 on page89 right shavs two geometricapproachesombined namely colormappedstream-
linesandavelocity isosurfice. Applying texture-basedo w visualizationtechniguego isosurbicespro-

vides even moreinsightinto the characteristicef 3D vector elds. This hasonly recentlybecomea

feasibleoption. Figure7.6 on page89 middle-right,shavs a velocity isosurficeof 5.0 m=s in thecom-

bustionchamberof the datasetin Figure5.1 on page63 with texture-basedo w visualizationapplied.
We canseethatthe o w hassomeof the swirling orientationthatwe arelooking for. The applicationof

texture adwectionprovidesa clearindicationof the upstreamanddownstreamnatureof the o w thatis

not visible with anisosurbicealone.n particular the texture-base@pproacheselpto point wherethe

o w doesnotfollow theideal swirl patternthatthe comhustionchambeshouldencapsulatéen this case
in thetop-middlebetweerthe two intake ports.

We alsonotethat cautionis advisedwheninterpretingthe resultof texture-basedo w visualizationon

isosurbicesbecausehedirectionof the o w doesnot necessarihalign with theisosurfceitself. Differ-

entapproacheto incorporatingthis normalcomponenbdf the o w with respecto theisosurfcein the
visualizationinclude: (1) varyingthetexture corvolution lter [3] or the surfacecolor opacityaccording
to thecross o w [84] or the possibility of not projectingthe velocity vectorsontothe surface[165]. For

amoredetaileddiscussioron this topic we referto previousliterature[84].

Figure7.9top-left shavs a hybrid visualizationusingdirect color-mapping,streamlinesa velocity iso-

surface,andtexture-basedo w visualization.We notethatin orderto combinethe ISA implementation
with streamlineswe mustensurea properrenderingorderto the objects. All other objectssuchas

streamlinesnustberenderedeforeapplyingtexture synthesisothattheimageoverlayfrom ISA does
not cover theseother objects[83]. One perceptualproblemwith the resultin Figure 7.9 top-left on

page94 is occlusion. Figure 7.9 top-right on page94 illustratesthe useof a clipping planeto reveal

occludedo w structuresuchastheisosuricesurroundingheintake ports.

Figure 7.7 top-right on page90 shavs a similar visualizationwith the addition of texture-basedo w
visualizationappliedto the slice. In this case we canseethata subsetof the 3D o w doesre ect the
characteristicof the tumble o w pattern. However, we can seethat the axis of ow rotationis off-
center Insteadof the axis pointing straightout alongthe z axis, it is at ananglepointing down andto
theleft. It lookslike a hybrid of the swirl andtumble o w patterns.Figure 7.7 bottom-lefton page90
shaws a texture-basedo w visualizationappliedto a velocity isosurfice of 7.5 m=s combinedwith
3D streamlines.In this casewe have chosena view from the backin orderto reduceocclusion. The
streamlineslsoverify thatthe o w exhibits a spatialcomponentormalto theisosurbicebecauséehey
passhroughtheisosuraicenearthe bottom.

The choiceof isovalueis importantwhenusingisosuraicesto visualizethe o w motion. Theusersrely
on a priori knowledgeof the datasetfrom CFD experiencein additionto sometrial anderrorin order
to obtaininsightful results. Theisosurfcein Figure 7.7 bottom-righton page90 is in fact not optimal
becausef its shape.The complity of theisosurficedoesnot lendthe useranintuitive interpretation.
Thatis why we choseanothempproachn Figure7.7 bottom-rightwhich shavs anisosurficeof uniform
pressure—80,50Ba (pascals).This resultcombineswo geometric o w visualizationmethodsnamely
isosuricesandstreamlinesThisisosurbcehelpsusto visualizethe tumble o w's axisof rotationeven
moreclearly thanthe streamlineslone. We may chooseother CFD attributesfrom which to compute
isosurficesusefulfor visualization. Anotherpopularattribute choiceis thatof spray equivalenceatio.
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The sprayequialenceratio is madeof massof air over massof fuel. Thirteenpartsof air for each
part of fuel equalsa sprayequialenceratio of unity. A ratio in the rangeof 0.7-1.4representsan

ignitable mixture. We useisovaluesin this rangeto help track wherethe ignitable mixture is located.
Figure 7.9 bottom-righton page94 combinesthreetoolsinto a hybrid visualization: (a) texture-based
o w visualizationon aslice, (b) the pressurd@sosurficecolor-mappedaccordingto velocity magnitude
and,(c) 3D streamlines.

We have alsolooked at 3D texture-basedo w visualizationbasedon a 3D IBFV implementatiorf153]
anda programmableraphicshardwareimplementatior{180] in the contet of investigating swirl and
tumble o w. Wegenerallynd perceptuaproblemso beagreatchallengewith thisapproachSimilarto
theresamplingapproachatrade-of mustbemadebetweercoverageof the o w domainandvisibility of
the o w. Thisis onereasorwhy ahybrid of geometricandtexture-basedechniquess useful. Additional
challengedor 3D texture-base@pproachestill remainimplementatiorandef ciency issuesecausall
the simulationresultswe presentareon unstructuredadaptve resolutiongrids.

7.5 Trade-Offs

We have investicatedtwo typical o w patterndrom CFD usingthreeclasse®f o w visualizationtech-
niquescommonlyavailablein 2D, 2.5D,and3D. ? Our side-by-sidecomparisorof each o w visualiza-
tion category illustratesthateachhasits respectre advantagegnddisadwantagesDirect o w visualiza-
tion techniquesareintuitive, easyto implement,common,andinsightful. The direct o w visualization
techniquesreusefulin highlighting extremal CFD simulationdatavalueson surfaces.However, direct
approachemaynotcommunicateo w evolutionvery clearlyandareoftenmoredif cult to applyin 3D.
And importantfeaturescanbe missedif the samplingratefor a glyph-basedepresentatioiis not high
enough.

Geometricmethodsare alsointuitive, provide insight, and canbe appliedto 2D, 2.5D, and 3D vector
data. They alsosometimesndicate o w directionincluding the upstreamanddownstreandirectionof

the o w. Geometridechniquesreusefulfor gaininginsightinto thelocationof the axis of rotationfor

boththeswirl andtumble o w patternswhile texture-basedechniquegprovided usefulenhancements

theseresults( Figure 7.6 on page89 andFigure 7.7 on page90 ). However, the dravbackwith these
approachess generallythat of placement.Importantfeaturesmay be overlooked becausehey do not

provide completecoverageof the o w domain.

Texture-basedpproacheshareadwvantagesvith bothdirectandgeometridechniquesy providing com-
plete coverageand shaving the directionof the o w everywhere.However, they aredif cult to apply
in 3D. The geometricandtexture-basedechniquesappliedto surfaceswerevery goodat pointing out
wherethe ideal swirl o w patternwas not beingmet (Figure 7.4 on page87) in the CFD simulation
model. The geometricdechniquesppliedto slicesandsurfaceswerealsosuitablefor highlighting spe-
ci ¢ topologicalfeaturesof the ow (Figure 7.3 on page85 andFigure 7.5 on page88 ) whereaghe
texture-basedpproachewerevery helpful by insuringthatthesetopologicalfeaturesverenotinitially
overlooked. Figure 7.8 summarizesomeof thetrade-ofs thatare madewhenvisualizingswirl and
tumblemotion. For example, Themoredensehevisualizationgenerallythemoredif cult isto perceve
theresult. Thusatrade-of is often madebetweenthesetwo factors. Also a trade-of mayis madebe-
tweenspatialcoherencandspatialdimensionalitypecauseesultsin 3D oftencontainmary overlapping
parts.As aresultof thesetrade-ofs, the e xible combinationf approachesfferedby our systemare
goodalternatves.

2For supplementarynaterialincluding high resolutionimagesandMPEG animationspleasevisit:
http://lwww.vrvis.at/ar3/pr2/swirl-tumble/




CHAPTERY. INVESTIGATING SWIRL AND TUMBLE MOTION 93

Density <— Perceptual Clarity,
Visual Complexity
Coverage

Spatial Dimensionality <— Spatial Coherence

Figure 7.8: In general,trade-ofs are madebetweenthe density coverage,and spatial dimensionalityof the
visualizationwith thatof perceptuatlarity, visualcompleity, andspatialcoherence.

7.6 Discussionand Futur e Work

In generalthe optimal o w visualizationtechniquedependsn the needsof the userandthe natureof
vector eld. Forexample visualizingswirl o w using3D streamliness easiethanfor thecaseof tumble
motion. We areableto emphasizend communicatalifferentcharacteristicef the o w with different
tools. Also, somemethodsare betterfor visualizing2D o w ratherthan3D ow. Hence,a rangeof
toolsis requiredto helpusanalyzeCFD simulationdata.Althoughwe have focusedontwo speci c ow
patterndrom CFD, we believe whatwe presentereto beapplicableto moregenerakases.

Futurework includesthe applicationof thesethreeclassef o w visualizationtechniquego the in-
vestigation of motion associatedvith cooling jackets. The geometryand o w patternsassociatedvith
cooling jacketsaregenerallyeven more complicatedhanthatof swirl andtumble o w within a cylin-
der We suspecthattechniquesvhich applyto the surfacemay be especiallyimportantsincethis type
of geometryhasa very high surfacearea. Also, sincecooling jackets may containmary thin piecesin
their geometryvisualizationvia slicing doesnot shov asmuchspatialcohereng asvia surfaces.Three
dimensionatechniquesnayalsoprove to bevery usefulbecauseoolingjacketsareoftencharacterized
by componentswith thin volumes. Hence,texture-basedo w visualizationtechniquesappliedin 3D
may resultin fewer perceptualssues.
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Figure 7.9: Visualizationof swirl andtumble o w usinga combinationof direct colormapping,streamlines,
isosurbicestexture-basedo w visualizationandslicing. (top-left) visualizingswirl o w using3D streamlinesind
texture-basedo w visualizationon anisosurfice, (top-right) a clipping planeis appliedto reveal occluded o w
structures(bottom-left)anisosurbiceand3D streamlinewvisualizetumblemotion,and(bottom-right)theaddition

of texture-basedo w visualizationon a colormappedslice.



Chapter 8

Designand Implementation of Geometric
and Texture-BasedFlow Visualization
Technigues

“All progressis precariousandthe solutionof oneproblembringsusfaceto facewith
anotherproblent.

— Martin LutherKing Jr. * (1929-1968)

Demandor visualizationsolutionsfor CFD simulationdatahasgrownn rapidly in thelastdecade Thisis

due,in part,by theinterestof manufcturesn minimizing thetime takenfor their productioncycle. This

objectve is realizedwith the useof CFD softwaretools to analyzedesigndecisionsbeforeconstruct-
ing real, heavy-weightobjects. In our experience CFD software can be structuredaccordingto three
principle stagedypical of enginecomponentesign:

1. modeling startingwith a modelgeneratedy computeraideddesign(CAD) software,a 3D un-
structuredmeshis generatedonsistingof smallvolumetriccells

2. simulation giventhe 3D meshanda setof initial conditions,a simulationof ow throughthe
modelis computed

3. visualization theresultsof the simulationarepresentedexplored,andanalyzedwith a variety of
visualizationtools

The processs iterative, asillustratedin Figure8.1. The visualizationprocessoften eitherveri es or
con icts theresultsexpectedby the engineemandmayinstigatechangeso themodeldesign.

We performedthe researchtandimplementedresearchsoftwareinside of a large commercialsoftware
packagewhosejob is to performthosetaskscorveyed in Figure8.1. Theresultis a systemwhich is
further integratedthan typical researctprototypes. Typical researchsoftware consistsof stand-alone
prototypesfor proof-of-conceponly. As a resultof our integratedsystem,we enablethe possibility
to combinemultiple visualizationoptionswith oneanother Incorporatingresearcteaturesinto larger
systemshasboth bene cial andnon-bene cialconsequencediNe discusshoththe advantagesanddis-
advantage®f suchanapproach.

We focuson the designandimplementatiorof the visualizationsubsystenshovn on the right of Fig-

tusblackcivil rightsleaderandclergyman,Nobel Prizein Peacel 964,assassinated
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3D CFD grid +
CAD surface grid + initial simulation
model conditions data
CAD CFD . . . L
modeling modeling simulation visualization

Figure8.1: The CFD processs iterative andcanbe pipelinedinto modeling,simulation,andvisualizationstages.
Roundedboxesrepreseninput/outputdatawhile processingtagesaredepictedasrectangles.

ure 8.1. More speci cally, we focuson thosesoftware componentshat provide geometricandtexture-
basedo w visualizationresults.We describeseveralaspectselatedto the designandimplementatiorof
our o w visualizationsoftwaremodulesaswell asthosefactorsthatmotivatedour decisions.

Therestof this chaptelis organizedasfollows: Chapterl describeshefour classe®f o w visualization
techniqueshatform the basisof design.Section8.1 outlinestheuserrequirementsndgoalsof thevisu-
alizationsoftware. Section8.2 presentshe overall designof the visualizationsystemwhile Section8.2
detailstheimplementatioranddesignof our o w visualizationsoftwaremodules.Section8.4 evaluates
someaspect®f our designandimplementatioranddiscussesomeadwantagesnddisadwantage®f our
work.

Our o w visualizationclassi cationis describedn theintroductorychapterSectionl.2 on page5. The
focusof this paperis on the designandimplementatiorof softwarefor the geometricandtexture-based
cateory of visualizationoptionsprovided by our software.

8.1 SystemRequirementsand Goals

TheVRVisresearcltentercollaboratesvith AVL (www.avl.com ) in orderto provide o w visualization
solutionsfor analysisof their CFD simulationresultdata. AVL's own engineeraswell asengineerst

industryafliates use o w visualizationsoftwareto analyzeandevaluatethe resultsof their automotve

designand simulationon a daily basis. The analysisof an engineerincludestaskssuchas searching
for areasof extreme pressurejooking for symmetriesin the ow, searchingfor critical points, and

comparingsimulationresultswith previous simulationresultsandwith measuredexperimentakesults.
As such,AVL engineers have thefollowing requirements:

Interaction: Onepenadingmessageve hearconsistentlyis thatusersareinterestedn moreinterac-
tive controlof the o w visualizationresults— a classicthemein therealmof scienti ¢ visualization[57].

Usersgenerallywantfeedbaclkassoonaspossibleaftermodifying visualizationparameterslnteraction
is essentialin the engineers designprocess.Engineersaswell asusersfrom otherdisciplinesarein-

terestedn having a collectionof useroptionsandparametershatallow themto ful Il theirindividual

goals,whethertheir goalsareexploration,analysis,or presentationinteractive tools facilitateanitera-
tive visualanalysisandexplorationprocess.e., an ervironmentin which the useris ableto make rapid
decisionsandre nementbasedn visualizationresults.

Platform Independence: Despitethe popularityof researchrelatingto programmablgraphicshard-
ware, our software designand implementationmust maintain platform independence.Our software
mustfunctionfor differentuserson a wide variety of operatingsystemsncluding: Linux, HP-UX, SGl,
IBM AIX, UNIX, andothers. Thus, algorithmsor software boundto a speci ¢ graphicscardare not
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welcomecandidatedor inclusionin this system. Platformindependencéncludesnot only hardware
independencehut softwareindependencaswell. Thatis why all of our software usesonly platform
independensoftwarelibrariessuchasthewell establishe®DpenGL1.1 standard.

Support for a Wide Rangeof Simulation Data Sets: AVL analyzesalarge,variedcollectionof data
setsrangingfrom small geometriessuchassmall uid conduitsto mid-rangesize geometriesuchas
cooling jackets, to large geometriessuchas automotve exteriors. The geometricsizesof thesegrids
differ by six or more ordersof magnitudeaswell asthe sizesof the underlyingpolygons. Hence,the
toolsusedto visualizethe simulationresultsalsoneedto spanthis rangeof sizes.

Support for Versatile CFD Grids:  Anotherreasortheusersrequestnoreinteractioncontroloverthe
visualizationresultsis becaus€€FD mesheembracea wide variety of componentsfeaturesandlevels
of resolution.To illustratethis idea,we look at Figure 3.1 on page35 shaving two intake ports. Again,
looking at an overview, we obsere multiple adaptve levels of resolution: (1) for the o w sourceon
the left andthe cylinder on the lower, right, (2) anotherlevel of resolutionfor the connectingpipesin
the middle, (3+4) andtwo levels of resolutionfor the intake port components.Whenwe look closer
(Figure3.2)we nd veadaptve levelsof resolution:(a) two levelsfor thetop of theports,(b) approxi-
matelythesamewo levelsof detailplusanaddedayerof ner resolutiongrid cellsfor afew of therings
aroundthe baseof the ports. Facetsin the o w source(Figure 3.1 left) areapproximatelyl000—-2000
timeslargerthanthe nest resolutionfacetsat the baseof theintake ports.

Tools that Addressthe Perceptual Challengesin 3D Flow Visualization: Flow visualizationon
boundarysurfacesandin 3D presentsadditionalperceptuathallengesuchasocclusion lack of direc-
tional cuesack of depthcues,andvisualcomplity. Almostall of the CFD simulationmodelsat AVL
areunstructurecandthreedimensional.Although engineeroftenuse2D cutsthroughthe 3D meshes
duringtheir analysisthereis a stronginterestin 3D andboundarysurfacevisualizationtechniqueshat
addresshe perceptuaproblemamentionecabore. We alsoknow thatthereis strongevidenceto support
thenotionthatusersacquirea betterunderstandingf 3D datasetsusing3D visualizationtechniquess
opposedo 2D visualizationtechnique$171].

8.2 Visualization SystemDesign

The visualizationsoftware moduleswe develop areincludedin a productcalled | MPRESS. IMPRESS is
partof alarger packagecalled CFDWM (The CFD Work o w Manager)thatincludesthe modelingand
simulationmodules.In this section,our focusis on thevisualizationsystemshavn in greatercontext in
Figure8.1andin moredetailin Figure8.2.

CFDWM s a large project, currentlyover 4,000 les. Thus,we rely on object-orientednethodology
in orderto designandincorporateour o w visualizationfeatures.In modern,object-orientedsoftware
development,moretime is spenton software design[184] in orderto make software morerobust, in-
creasecodere-use facilitate maintenanceand male it easierto extend. The designof our softwareis
basedon object-orientedmethodology The designof our visualizationsystem,using the notationof
Wirfs-Brock etal. [184] is shawvn in Figure8.2. A semicirclewith anarrow pointingto it represents.
contract.A contractis a subsystenor classinterfacewith otherclasseor subsystemslt representshe
setof serviceghata subsystenor classprovides. Figure8.2illustratesthe differentsubsystemandthe
relationshipghey have with oneanother

The Graphical User Interface subsystenis responsibldor presentingall of the useroptionsandas-
sociatedeventstriggeredby the user The 3D Viewer subsystenis responsibldor all of the rendering,
includingpoint, polyline, triangle,quad,andpolygonalprimitives. Theimplementatiorof the 3D viewer



CHAPTERS8. SOFTWARE DESIGNAND IMPLEMENTATION 98

Visualization System
Graphical 3D Viewer
User :)
Interface ‘ Polyline Renderer HTriangIe Renderer ‘
‘ Quad Renderer H Polygon Renderer ‘
) )
- [ A
Mesh (]
Manager Geometric Flow
Subsystem (|« . o
Visualization
3D Subsystem
[ q
A
\ 4
N
Simulation Result Texture-Based
Manager Flow
9 Visualization
Scalar Vector Subsystem
Attribute Attribute

Figure8.2: A schematiof thedesignof thevisualizationsysteminto which we incorporatedur researchelated
software.Only the majorsubsystemareillustrated.

is basedn OpenGLfor its platformindependencelhe Mesh Manager containghe unstructuredCFD
mesh. It is responsibldor generatingslices,surfacerepresentationgndvolumerepresentationsThe
Mesh Manager hasa closerelationshipwith the Simulation Result Manager which storesthe CFD
simulationdataattributessuchastemperaturepressure,0 w velocity etc.

In the next section,we describetwo subsystemsn more detail: the Geometric Flow Visualization
Subsystemandthe Texture-BasedFlow Visualization Subsystem This is were the majority of our
researchelateddevelopmentwasdone.Thesetwo subsystemdik e the others,arecomposedf afairly
comple setof classesndassociatedesponsibilities.

SubSystemDesignand Implementation

Herewe detailhow our researctsoftwarewasintegratedinto a larger visualizationsystem.Our imple-
mentationinheritsboth bene tsandnon-bene cialaspect®f the largervisualizationsystem.lt is here
we put our designprinciplesinto actualpractice.

The Geometric Flow Visualization SubSystem

Figure8.3illustratesthe mainprocessingipelineof thegeometrico w visualizationsubsystemAgain,
input/outputdatais showvn in rectanglesvith roundedcornersandprocesseareshovn in boxes. Note
thatthis designandimplementatiorsubsystenfocuseson geometricobjectssuchasstreamlinesvhich
requireintegration. Othergeometricobjectssuchasisosurbicesarehandlecby anothersubsystem.

The main input to this processs the CFD meshand associatedrector eld data. Sincethe meshis
unstructurecand adaptve resolution,the meshadjaceng informationis computedas a preprocessing
step. After the userspeci estheir input requirementssuchasthe positionof the seedingake or plane
andcolor-mappingparametersthe pipelinefollows that of the standardstreamlinegeneratiorprocess.
The 3D seedingprocesss interactve. This relatesbackto our requiremenbof interaction. Engineers
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Figure 8.3: (left) The processingpipeline for the geometric o w visualizationsubsystem. (right) The class
hierarcly of streamlineandgeometrico w visualizationoptions.UML notationis used.

requireexplicit seedingcontrolin orderto visualizeor highlight speci ¢ subsetof the o w. And the
subset®f the o w in whichtheengineerareinterestedcannotalwaysbefoundbeforehandnddetected
automatically

The seedingprocesdnvolvesa grid cell searchingphase.The streamlinesarethenintegratedusingan
Eulerintegratorwith small stepsizesfor smallergrid cells asthe default. The resultingintegral paths
arestoredandhandedff to the streamlineenderer Notethatan objectorienteddesignlik e thatshavn
in Figure8.3allows higherorderintegratorssuchasa secondrderRunge-Kitta[22] to beincorporated
into thepipelinewith little to noalterationof theotherclassesTheability to swapfunctionalcomponents
with oneanotheris animportantpartof big systemdesign.

Figure 8.3 right shaws our streamlinerenderingoptionsdisplayedin the classhierarcly in which they
weredesignedandimplemented.The hierarcly, following UML notation[45], illustratesthe is-kind-of
relationshipbetweerrenderingclassesAt thetop of the hierarcly we have anabstracbase Streamline
Renderer that describeghe behaior and containsthe interfacethat all streamlinerenderingobjects
implement.

Theclasshierarcly containsseveralchild classesSolid Streamlinesarerenderedssolid OpenGLpoly-
lines. DashedStreamline arerenderedasdashedinesfor reducedocclusionin 3D o w visualization.
Animated Streamlinesareatypeof dashedtreamlineanimatedn orderto shov o w orientationj.e.,
upstreamanddownstream o w direction. ShadedStreamlines arecomposef polygonsof a nite
width in orderto facilitatedepthperceptiorin 3D. Oriented Streamlinesareakind of shadedtreamline
usingsemi-transparerngolygonsin orderto corvey o w orientationin a still image.A Streamcometis
akind of orientedstreamlinerepresentedsa glyph with an streamlineforming thetail. An Animated
Streamcometshavs thedownstreandirectionof the o w. Animated,shadedprientedstreamlinesand
streamcometsll relatebackto ourrequirementf developingtoolsthataddressheperceptuathallenges
in 3D o w visualizationsincethey areall tamgetedat 3D o w.
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Figure8.4: Theprocessingipelineof thetexture-basedo w visualizationsubsystem.

Of courseoneadwantageo this type of designis thatbehaior addedto the parentclassesareinherited
by all of the children. Thusaddingfeaturessucha streamrunnef77], colormapping,andanti-aliasing
canbeinheritedby child classesvho,in mary casesmayautomaticallypick up the new features Also,

addingnew renderingfeaturesonly requiresa few lines of new codeto be addedsincewe only have to

overridetherendermethodof a parentclass.We notealso, thatthe streamlinecomputationg.g.,Euler
andRunge-HKuttaintegratorson 2D slices,2.5D surfaces and3D meshesarecompletelyseparatérom

therenderingsubsystemHenceary renderingoptioncanbe associatedavith ary integrationresult.

The Texture-BasedFlow Visualization SubSystem

Thetexture-basedo w visualizationsubsystenis wherethe mostresearchielatedsoftwaredevelopment
took place. Threenew, closelyrelatedalgorithmswereimplemented hamelylmage-Based-low Vi-
sualization(IBFV) [164], ImageSpaceAdvection(ISA) [83], andImageBasedFlow Visualizationfor
CurvedSurfaceqIBFVS) [85, 165]. ThelSA andIBFVS algorithmswereimplementedvithin thesame
softwarepackagen orderto comparehemwith oneanother

A side-by-sidéllustrationof theprocessingipelinesof bothalgorithmsis shavn in Figure8.4. In brief,
the ISA and IBFVS algorithmssimplify the problemof adwecting textureson surfacesby con ning
the adwection of texture propertiesto imagespace. After a projectionto imagespacephase a series
of texturesare mappedblended,andadwected. The ISA methodfor visualizationof o w on surfaces
is comprisedof the following procedure(Figure 8.4, left): (1) projectthe vector eld to the image
plane,(2) detectgeometricedgediscontinuities,(3) computeadwectedtexture coordinates(4) adwect
theimage,(5) injectandblendin noise,(6) blendadditionalnoisealonggeometricedgediscontinuities,
and (7) apply shadingand otheradditionalgraphics. The IBFVS methodis very similar, the essential
differencebeingthatadwectedtexture coordinatearecomputedn objectspaceatherthanimagespace.
Steps1-7 of the pipeline are necessaryor the dynamiccasesof time-dependengeometry rotation,
translationandscaling,andonly a subsefs neededor the staticcasegsteps4—7)involving no changes
to the view-point and steady-stateo w. Eachstageis describedin more detail in Chapter4 andin
previousresearch85].
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In orderto speedup the computationtime of adwectingtextureson surfaces,texture coordinatesare
computedn imagespaceratherthan3D. The resultis that someportionsof the algorithmstake place
in imagespaceandsomein objectspace.Thoseoperationsvhich take placein imagespacearenotated
with ani in Figure8.4,similarly ano for thoseoperationgaking placein objectspaceln somepipeline
modulesike the ISA vector eld projection,a transitiontakesbetweenobjectspaceandimagespace.
This is notatedwith o ! i. Which stagesof the respectie pipelinestake placein imagespaceand
object spaceidentify the essentialdifferencesbetweenthe algorithms,since conceptuallythey share
mary overlappingcomponents.

Anotherpropertythat makesthesealgorithmsfasterthanprevious relatedwork is thatthe stagesof the
pipelineshavn in Figure8.4 mapwell to graphicscardhardware. However, ratherthandependingon a
speci c typegraphicscard,thesealgorithmsexploit only standardeatureofferedby graphicscardsthat
supportOpenGL1.1,thusmakingthemfastacrossavariety of platforms.

Figure8.5 shaws the classrelationshipbetweerthe majorcomponent®f the texture-basedo w visual-
izationsubsystemagain usingUML notation.However, ratherthanshaving is-kind-of relationshipsas
in Figure8.3right we shav compositiona variationof aggreation. With compositionthe partobject
may belongto only onewhole,further, the partsareusuallyexpectedo live anddie with thewhole[45].
For example,the Texture Stack objectis part of the Texture-BasedFlow Visualizer objectandthe
relationshipis one-to-oneFurthermoreaninstanceof Texture Stack maybein aninstanceof Texture-
BasedFlow Visualizer but not the otherway around. This is indicatedby the black diamondshape
arrow.

Here we outline the major componentghat make up the texture-basedo w visualizationsubsystem
shavn in Figure 8.5. The Texture-BasedFlow Visualizer is the classwith the mostresponsibility
namelythat of coordinatingpipelinesin Figure 8.4 of both the ISA andIBFVS algorithms[85]. The
OpenGL 3D Viewer classis responsibldor generalrenderingof primitivessuchaspoints,lines, and
polygons. The Texture Stack is responsibldor managinga stackof textures. This stackcanbe used
to implementthe injection and blendingof noisefor the IBFV [164], ISA [83], andIBFVS [85, 165]
algorithms. The Texture Stack is composedf individual Textures It is worthy to notethattextures
arealsoanobjectin OpenGL1.1. A Velocity Image is responsibldor the vector eld projection,the
rst stepin theISA pipelineof Figure8.4which simpli es the computatiorfrom 3D to 2D. The Depth
Buffer objectstoresa copy of the OpenGLdepthbuffer. Thisinformationis usedin the edgedetection
and blendingprocessn the ISA algorithm (Chapter4 [83]). IBFV, ISA, andIBFVS canall include
Dye Injector functionality Therepresentationf the dyeinjectiondesignhasbeensimpli ed here.In
factit is its own subsystenincludinga hierarcly of Dye Source objects.Thelmage OverLay includes
perceptuainformation suchas shadingand depthcuesandis the nal stageof both ISA andIBFVS.
Here,we usea separat®bjectfor this job.

Laying out the responsibilitiesn this way facilitatesimprovement. Immediatelywe canseeonearea
of improvementwould be to split up the responsibilitiesof the Texture-BasedFlow Visualizer into

two separateclassespnefor only the ISA pipeline and anotherfor IBFVS, perhapswith a common
baseclass. Figures8.3and8.5 aresimpli ed representationsf the overall design. They leave out the

classesesponsibldor the userinterfaceandit' s associatedventhandlers A designprocesss essential
for producingstablesoftware that is robust enoughto meetthe requirementof a commercialgrade
application.

8.3 UserInterface Design

User interface (Ul) designis a classictopic in the eld of human-computemteraction. Ul Design
professionalsreconstantlyseekingwaysto ensurethat software productsare developedwith the end-
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Figure8.5: Themajorcomponentsf thetexture-basedo w visualizationdesign.Hereaggreation, or is-part-of
relationshipsareshavn.

users goalsin mind. The goal beingto make them more powerful, to facilitate the users'job, and
to make the software enjoyable for the peoplewho useit. Our applicationtargetsthe community of
engineershatusethe softwarefor CFD. Onekey ideathis GUI designstemsfrom the needof the users
to compareifferentdatasetsto oneanotherIn the eld of CFD, engineersrst alterdesignparameters
of their modelsor initial conditions,thenrun a simulation,and nish by comparingthe resultswith
previoustrials (Figure8.1). This cycle is carriedout in orderto judgewhetheror not the resultshave
improved. Thus,from auserstandpointthe Ul is requiredto explicitly supporthis comparatie analysis
andvisualizationscenario.

Althoughourapplicationis fairly specializedye believe theprinciplesoutlinedcanbeappliedto abroad
spectrunof applicationsuchassoftwaretoolsfor powertrain design(themechanisniy which poweris
transmittedrom anengineto a propelleror axle),acousticsimulation,hydraulic systemspistondesign
andsimulation,aswell asvariousapplicationgelatedto thermodynamics.

The amountof literature dedicatedo the subjectof Ul designis vast[23, 133, 155]. An exhaustve
review of thetopicis beyondthe scopeof this chaptethowever, we mentionsomein uential work here.
In general the work of Cooperand Reimann[23], Nielson[107], and Shneidermarj133] is certainly
veryin uential. Theguidelineshey provide areinvaluablein termsof our daily work.

We alsonoterecent,specializedrelatedliterature. BeierandVaugharpresenimportantUIl guidelines
for web applicationg6], a very popularareaof focusin recentyears. Epsteinand Beu describean-
otherindustry-level userinterfacedesignfor processontrol [40]. We alsoseeUl designguidelinesfor

commonhouse-holdappliancesuchastelevisions[20].

The User Community

The designof the Ul (discussedn detail in the following section)is a resultof continuousfeedback
from our users.In this casethe usercommunityis aratherfocusedgroupof engineersThe educational
and professionabackgroundof the usersspansmultiple disciplinesincluding electricalengineering,
automotve engineeringapplicationengineeringand even business.But the majority of the usersare
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Figure8.6: Herewe seea snapshobf a Ul dialogthat providesexplicit supportfor texture-basedo w
visualizationandcomparatire analysisof CFD simulationdata.

mechanicaéngineersThey thereforenave ahigherlevel of trainingandbackgroundcknowledgethanthe
averageuser This canbe considereda requirementn this context. Working in closecontactwith this
groupof usersallows usto incorporatefeedbackdirectly from the sameindividualsusingthe software
onadaily basisaspartof their full-time or part-timeoccupation.

Graphical User Interface

Beforegoinginto adetaileddiscussiortheindividual featuredn the Ul, we describesomeof the higher
level componentshatwhosepurposeis to explicitly facilitateandsupport o w visualizationandcom-
paratve analysis.Figure8.6 shavs a snapshotfrom thedesign.Theappearance simpleandthecom-
ponentsconsistof familiar widgetsincluding check-boxs, drop-davn menus sliders,text-boxes, and
buttons. The applicationscenariais the visualizationof CFD simulationdata,speci cally the texture-
basedo w visualizationmoduledescribedn Section8.2. We shawv a speci ¢ visualizationexamplein
Figure4.13.Figure4.13shavsthevisualizationof o w atthesurfaceof anintake portandpistonvalve
(moredetailsin the next section). This datasetis the resultof runninga CFD simulationon the model
of a pistonvalve. The engineersareinterestedo seehow closelythe characteristicef the o w match
theidealtumble[86] o w patternthey aretrying to achieve.

In summarythe basicUl dialogcomponent$rom Figure8.6are:

chedk-boxes The check-boxs at the top are thereto supportbooleanoptionsthat enableand
disabledifferent o w visualizationoptionssuchtexture-basedo w visualization,animation,and
velocity vectorclamping.
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drop-downmenus Thesesupplyarangeof x ed-\valuedoptionsto theuser Not all theparameters
aregoodcandidatesor a continuousangeof values.

sliders. The slidersenablethe userto interactvely searcha wide rangeof valuesrelevantto the
analysisandvisualization

text-boxes Thetext-boxesareautomaticallyupdatedo re ect their neighboringslidervalues(and
vice-versa).Also importantis thatthe usermay enterprecisevaluesinto thetext boxes,necessary
for comparingdifferentdatasets.

buttons Standardouttonsareusedto enableanddisablethe dialog aswell asimport andexport
usersettings.

TheImportandExportbuttonsatthe bottom,left of the dialogareanimportantfeatureof thedesign.A
usermayspendhours ne tuningthe parametersontainedn adialogto suittheresultingdatasetandto
suit their individual needs.Therefore they needto save eachof thesedialog settings(usingthe Export
settingsbutton) for a minimum of two reasons Firstly the usersmustbe ableto stopandre-starttheir
analysisandvisualizationsessionsSincethesesessionsnay lastseveralhours,they arenot necessarily
completedin onesitting. And secondly(the moreimportantreason)the usersmustbe ableto save
their settings pff-load the currentCFD simulationdata,re-loada new setof simulationresults,andthen
returnto theexactsamesetof userspeci ed parameterdn this casepy usingthe Import settingshutton.
As mentionedoreviously, engineerslterthe designparametersf their modelsor initial conditionsand
thenrun anothersimulation.A completeCFD cycle startingwith modelcreation,runninga simulation,
andinspectingtheresultscantake severalweeks.Persistenstorageof dialogsettingds requiredfor the
comparatie analysisof the CFD simulationresults.

If the userchoosego exportthe dialog settingsto atext le, thenthe settingscanalsobe easilyshared
with otherusers. For example,if an engineerdiscosers somethingimportantthat they think another
remoteusershouldsee they canexport their dialog settingsandsimply sendthemvia emailto another
user Theotherusersimply needgo startup theapplicationandimportthe settings.

Detailed Feature Description

We continueourdiscussiomwith adescriptiorof theindividual featurescontainedn the prototypedialog
shawvn in Figure8.6 on pagel03. In this example,a preliminaryanalysisis donevia o w visualization
asshavn in Figure4.13o0n page6l. Visualizationcanbe usedto corvey importantcharacteristic®f

o w througha modeland can help the engineersseeif the behaior follows the soughtafter pattern.
Texture-basedo w visualizationtechniguedik e the one shavn herehave the advantageof providing

completecoverageof the ow eld. Only recentlyhave thesetechniquedecomeastenoughto support
interactive exploration.

The rst checkbox (Figure8.6top, left) enablesanddisableghetexturesthatproducethevisualization.
In this case,texture patternsare smearedn the directionof the vector eld. Longer streaksindicate
highervelocity, while shorterstreaksndicatelower velocity. The animationcheck-boxallows the user
to freezethe currentimagery(stop the animation)in orderto gain a static picture of the vector eld.
This is usefulfor taking snapshotsfor presentationsThe velocity clampcheck-boxallows the userto
clampthe velocity vectorswith a high magnitudeto a x ed maximum. Whenthis optionis used,the
texture-streak$endto convergeto a uniform length. This optioncanhelpin visualizingcritical points,
e.g.,sourcesandsinks,in the o w.

The Spatial Frequeng drop-davn menuallows the userto changethe spatialfrequeng of the noise
patternsusedto generatethe smearedextures. A higher spatialfrequeny shavs more detail while
lower frequenciesremoresuitedfor generatingongerstreakpatterns.
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Figure 8.7: Visualizationof tumble motion using a combinationof several visualizationoptions including:
texture-basedo w visualizationsosurficing,streamlinesandcolor-mapping.

The Animation Speedslider controlsthe framerate of the animation. The Alpha Valueslider controls
the opacity level of the textures. A higheropacity makesthe texture patternmore percevableto the
eye while a lower opacity increaseghe visibility of the underlyingshadedand coloredsurface. The
Advection Time Stepslider in uences the distancethat a texture property can be transportedn one
animatedrame. Thetermadvectiornrefersto the movementof amassof uid or thetransportresulting
from suchmovement. A shorteradwectiontime slows down the o w of texture propertiegasa global
setting)while alongeradwectiontime increaseshedistancehey maytravel from oneanimatedrameto
another

The slider controlling the numberof texturesis tailoredfor the wide variety of graphicscardscoupled
with the usersdesktopPCs. Someuseshave older machineswith oldergraphicscardscontainingless
texture memory For thesemachinesthe numberof texturesusedshouldbe smaller Userswith modern
machineganusealargernumberof texturesandthusgeneratéigherquality imagery

TheAdvectionResolutiordrop-davn menualsoin uencesthequality of theresults.A higherresolution
generatesigherquality imagery but requireslongercomputatiortime thusreducingthe framerate. A
lowerresolutionresultsin higherframerates put is lessslightly lessaccurateThereforewe recommend
theuserdo theirinitial explorationwith alower advectionresolution,andusethe highestresolutionfor
presentatiomor whenthe highestaccuray is required.

Finally, someadwancedoptionssuchasdyeinjectioncanbe broughtup in anothemialogwith thesame
design. Although theseuseroptionsmay seemrathercomplicatedat rst sight, their effectsbecome
more olvious in aninteractve settingwherethe usermodi es a parameteiand immediatelyseesthe
consequenceis the resultingvisualization. Recall alsothat the target usersin this caseare typically

engineersvith experiencan CFD. Notethatthis descriptionof the GUI pre-datesheimplementatiorof

theIBFVS algorithm.
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8.4 Discussionand Evaluation

After presentinghe designandimplementatiorof our geometricandtexture-basedo w visualization
sub-systemsye now discusghe advantagesanddisadwantage®f implementingheminto anintegrated
systemandevaluatethe modulesagainsttherequirementsindgoalsspeci edin Section8.1.

A big adwantageof integratingthe researctrelatedsubsysteminto a larger commercialsystemis the
ability to combinevisualizationoptions. Figure 8.7 on page105 shaws the visualizationof tumble
o w [86] usinga combinationof texture-basedo w visualization,color-mapping,streamlineseeded
with two seedingplanes,anda colormappedpressurgsosurbice?. Figure8.8 on page108 shows our
applicationincludingtheuserinterfacecomponentslt is unusuato have this mary visualizationoptions
combinedinto a commercialsoftware packageandeven morerarein aresearctprototype. Providing
engineerandotheruserswith awide varietyof optionsis helpfulbecauseachtechniquéhasauniqueset
of advantagesnddisadwantagese.g.,sometechniquesrebettersuitedfor 3D visualizationthanothers.
Anotheradwantageof a big projectis that muchfunctionality hasalreadyimplementedgspeciallythe
routineengineeringaskssuchas le 1/0, saving andloadingdatasets settingup ageneralpurposeGUI
(Figure8.8),acquiringCFD gridsandsimulationdataetc. Theseareoftentaskswhich aresearchemust
dedicateime towardsin orderto build a goodprototype.

Naturallytherearealsodisadwantagedo integratingresearchelatedsoftwareinto a largeindustrylevel
system.Sincelarge systemsanbe composedf thousand®f les andclassesthetime takento learn
andunderstandhe softwarewell enoughto addnew moduless longer Common daily developertasks
alsorequiremoretime for the developerof alarge system.CompilingtheentireCFD work o w manager
requiresmorethanonehour Simply loadingthe projectsourceinto main memoryover a network can
take vetotenminutes.

Plusthereis alsooverheadrom testing. The softwareis usedby morepeople henceit shouldbe more
stable. Featuresmust be robust enoughto analyzea very wide variety of datasets,not just two or

threedatasetscarefully selectedy theresearcheHowever, coupleddirectly with thisis anadwantage:
the large numberof datasetsthat requireexplorationandanalysisforce the software engineerto write

algorithmswhich arerobustandef cient.

With respectto interaction,mary of our visualizationfeaturesare interactve. Our animatedstream-
lines achieve real-timeframerates. In texture-basedo w visualization,ISA and IBFVS are amongst
the rst texture-basedo w visualizationalgorithmsto achieve interactve frameratesfor surfaces. Of
coursewhenthedatasetsizesgrow big enoughjnteractvity becomegroblematic Also, our streamline
integration processs not interactvve for large numbersof streamlinespnly the renderingphase.Plat-
form independencés achieved throughthe useof platform independentibraries. To our knowledge,
OpenGLis the only widely supportedplatformindependengraphicdibrary. Most of our featuresrely
on OpenGL1.1. Also, we usethe Fox windowing toolkit (www.fox-toolkit.org) in orderto achieve plat-
form independencwvith respecto the userinterface. FOx is an easy-to-learrGUI library suitablefor
CFD applicationsIn termsof versatility ourtools, having beenincorporatednto commerciakoftware,
mustundego moretestingthantypical researctprototypes Our featureshave beenusedto exploreand
visualizeon a wide rangeof datasetswith both staticand dynamicgeometry Our researcimodules
have alsobeentestedoy moreusershantypical prototypesoftware. Oneimportantaspecof thedesign
is acompleterangeof usercontrol. It is importantto provide the userwith controlover thevisualization
parameterén orderto meetthe versatility andrangeof datasets. The developersimply cannotpredict
all of themodelsandtheir respectre featurego which thevisualizationtechniquesill beapplied.

2For supplementaryhigh resolutionimages pleasevisit:
http://www.VRVis.at/ar3/pr2/design/
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Our rangeof tools alsoincludesthosethataddresshe perceptuathallengesn 3D visualization.These
toolsincludethestreamrunnef77], streamcometsndvariableresolutionstreamlineseedingplane[86].

However, applyingtexture-basedo w visualizationtechniquego true3D o w still remainsanunsohed
problemin this context.

We have introduceda GUI designprototypewith explicit supportfor geometricandtexture-basedo w
visualizationandcomparatie analysis.Thedesignis driven by the users'needto performa specialized
setof operationsgn orderto carefully comparemultiple datasetsresultingfrom CFD simulations.We
believe this Ul designto be a valuableassetn helpinga broaderusercommunityperformtheir daily
tasksoptimizetheirresults.

We have presentedhe designandimplementatiorof researctbasedsoftwaremodulesintegratedwithin
alarger, industrylevel visualizationsystem.We have discusseaur designdecisionsandthe associated
motivation for thosedecisions.And althoughwe have focusedon o w visualizationspeci ¢ software,
we believe the principlesoutlinedherecanbe appliedin a more generalway to othersimilar projects.
Theresultof incorporatingesearchelatedsoftwareinto alarge systembringsbothadwantagesanddis-
adwantagesBene tsincludearich visualizationfeaturesetandrobustnesswhile disadwantagesnclude
all thosetasksinherentin commercialsoftware developmentsuchasa steeplearningcurve, andlarge
projectmaintenance.
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Figure8.8: A screershotof our industrylevel applicationbeingusedto visualizethe vector eld atthe surface
of two intake ports.



Chapter 9

Summary

“It' sajob that's never startedthat takesthelongestto nish.”
—J.R.R. Tolkien! (1892-1973)

Visualizationis animportantpart of exploring, analyzing,andpresentinghe resultsof a CFD simula-
tion. As thesizeof CFD simulationdatasetsincreasesthe utility of scienti ¢ visualizationfor gaining
insightinto the datasetsalsoincreasesVisualizationoffersoneway to managesuchlarge collectionsof
simulationdatasinceit bringsthedatato a higherlevel of abstractionSimply readingtheraw datadoes
not meetall of the demandsetforth by the userandmay not evenbe feasible. Furthermoreno single
visualizationsolutioncanspanthe rangeof eachengineers needs.Hencea rangeof solutionsmustbe
attheusersdisposal.

We presenta selectionof recentadvancesn o w visualizationthat addressethe growving demandfor
solutionsthat offer insight into the continuouslyexpandingCFD simulationdatasets. Our presenta-
tion dravs upon o w visualizationtechniquesbeing classi ed into four main cateyories: (1) direct,
(2) texture-based(3) geometric,and(4) feature-base{B2, 116. This classi cationprovidesa frame-
work usefulfor placingour techniquesn a larger context. The resamplingtool we implementedand
presentfalls into the direct o w visualizationcateyory (Chapter3 [78]). The ImageSpaceAdvection
(ISA) algorithmwe implementedall into the texture-basedatayory (Chapterd [85]). ISA appliedto
isosurficescontainselementsfrom both texture-basedand geometric o w visualizationmethodology
(Chapter5 [84]). And our implementationand discussionof geometrictechniquesncludes,oriented
streamlinesanimated-dashestreamlinesstreamletsandstreamcometéChapter6 [80]). Theserecent
advancesareappliedto real-world applicationsn the eld of CFD includingtheinvestigationandvisu-
alizationof patternsof o w motionspeci c to automotve engineeringWe discusghe bene tsof these
techniqueslongtheway usingreal-world results.

The restof this chapteris organizedas follows: Section9.1 summarizesa resamplingtool for CFD
simulationdata.Section9.2 summarizesecentalgorithmsfor thefastadwectionof textureson surfaces.
Section9.3 outlineshow texture-basedo w visualizationcan be appliedto isosurfices. Section9.4
summarizes collectionof geometric 0 w visualizationtechniquesapplicableto CFD simulationdata
andSection9.5 mentionshow direct, geometricandtexture-basedo w visualizationtechniquesanbe
usedto solve real-world problemsfrom the automotve industry We notethatmuchof this materialhas
alsobeenpublishedelsavhere[81].

1British (South African-born) Anglo-Saxonscholarand fantasynovelist, authorof "The Hobbit” and"The Lord of the
Rings”trilogy
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9.1 Resamplingof CFD Simulation Data

To startoff, we introducea e xible, variableresolutiontool for interactve resamplingof computational
uid dynamicqCFD)simulationdataonunstructuredyrids. Thetool andcoupledalgorithmafford users
precisecontrolof glyphplacementuringvector eld visualizatiorvia sixinteractve degreeof freedom.
Theresamplingool, calledFIRsT (a Flexible andInteractve ReSampling Tool), is a valuableassein
the engineers pursuit of understandingand visualizing the underlying ow eld in CFD simulation
results.

FIRST solvesboththe perceptuaproblemgesultingfrom abruteforcehedgehogisualizationapproach,
whereavectorglyphis renderedatevery CFD grid cell, andglyph placemenproblemsby (1) giving the
usercontrolof theresolutionof the glyphsin theimageand(2) giving the userprecisecontrolof wheie
to placethevectorglyphsfor viewing the o w with normalcomponents.

Interacti ve Visualization and Analysis

Thekey distinguishingfeaturesof FIRST stemfrom thefactthatit wasspeci cally developedin orderto
provide the userwith arangeof e xible interactionsat multiple resolutions.The reasorwe focuson a
combinationof usercontrolwith resamplings becausengineersequireinteractve visualizationsolu-
tions. Thisis partly dueto alarge amountof time engineerspendsearchinghe datasets. The analysis
of anengineeiincludestaskssuchassearchindgor areasof extremepressurelooking for symmetriesn
the o w, searchindor critical points,andcomparingsimulationresultsprevious simulationresultsand
with measuredexperimentakesults.

FIRST providesthefollowing featuresy1) severalinteractve DoFs:threetranslationalscaling rotation,
andresolution(Figure3.6), (2) handleschangedo bothunderlyingtopologyandgeometryi.e.,canbe
utilized for thedisplayof time-dependentnstructuredyrid sliceswheregeometryandtopologychange
overtime or space(3) resampleary unstructuredyrid ontoary structuredyrid, (4) handlesunstructured
gridswith holesanddiscontinuities(5) doesnot rely on ary pre-processingf the data,(6) consistof a
straightforvardimplementatione.g.,requiresno neighbor nding capabilitiesor complicatediatastruc-
tures,(7) processetarge quantitiesof unstructuredscalendrianglesef ciently . Theresampleprovides
e xible userinteractioncapabilitiesbeyond thoseofferedby othermethods.Also, the underlyingalgo-
rithm operate®n a perunstructured-polygobasismakingit suitablefor parallelization.

ResamplingOptions

Theresamplefeaturesareassociateavith a userde ned, 2D slice througha 3D meshfrom CFD. En-

gineerstake a slice of the dataandslide the slice throughthe geometryin orderto nd featuresof the

simulationdata,e.g.,areasof extremepressureandvortices. As the usermovesthe slice throughthe

3D mesh theresamplerautomaticallyresizedtself aroundthe slice boundaryhandlingchangedo both

theunderlyinggeometryandtopology Thisis importantwith respecto addressinghe versatility of our

CFD simulationdatasets.Furthermorerequiringthe userto manuallyadjustthe sizeof theresampling
grid would slow down thevisualizationandanalysisprocessconsiderably

Figure3.100n page46 illustratesour techniqueon a meshwith discontinuities.The discontinuitiesare
two gapsin the shapeof rings. Visualizationof o w with normalcomponentss shavn usingboththe
hedgehogdechniqueversusthe glyphsonto a resampledyrid. 2 Figure 3.10 on page46 illustrateshow
FIRST reducesncclusionandvisual complity thusmakingthe resultsmore suitablefor presentation.
Also, renderingimesareacceleratethecausehe numbervectorglyphsis reduced.

2For supplementarjmagesandMPEG animationf theresamplerpleasevisit:
http://www.VRVis.at/ar3/pr2/resampler/
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9.2 ISA: Image SpaceBasedVisualization of UnsteadyFlow on Surfaces

Densefexture-basedynsteadyo w visualizationon surfaceshasremainedanelusive problemsincethe
introductionof texture-basedo w visualizationalgorithmsthemseles. Theclassof uid o w visualiza-
tion techniqueghat generatalenserepresentationbasedon texturesstartedwith the SpotNoise[163]
andLIC [17]. Themainadwantageof this classof algorithmsis their completedepictionof the ow eld
while their primarydrawvbackis, in generalthe computationatime requiredto generatdheresults.

Herewe summarizea new algorithm, ISA (Image SpaceAdvection),that generateslenserepresenta-
tions of arbitrary uid ow on comple&, non-parameterizedurfaces,more speci cally, surfacesfrom
computationaluid dynamicgCFD). However, thealgorithmis generakenoughto applyto othervector
eld dataassociatedavith a surfacesuchasbloodvesselo w.

Traditionalvisualizationof boundaryo w usingtexturemapping rst mapsoneor more2D texturesto a
surfacegeometryde nedin 3D spaceThetexturedgeometryis thenrenderedo imagespace Here,we

altertheclassicorderof operationsFirstwe projectthe surfacegeometryto imagespaceandthenapply
texturing. In otherwords,conceptuallytexture propertiesareadvectedon boundarysurfacesn 3D butin

factouralgorithmrealizestextureadvectionsolelyin imagespace Theresultis aversatilevisualization
techniquewith thefollowing characteristics:

generatea densaepresentationf unsteadyo w onsurfaces

visualizes o w on comple surfacescomposedof polygonswhosenumberis on the order of
200,0000r more

visualizeso w ondynamicmeshesvith time-dependengeometryandtopology

visualizes o w independentf the surfacemeshs compleity andresolution
supportaiserinteractionsuchasrotation,translationandzoomingalwaysmaintaininga constant,
high spatialresolution

thetechniques fast,realizingup to 20 framespersecond

The performancds due, amongother reasonsto the exploitation of graphicshardware featuresand
utilization of frame-to-framecohereng.

Physical Spacevs. Parameter Spacevs. Image Space

Oneapproacho adwectingtexture propertieson surfacesis via the useof a parameterizationa topic
that hasbeenstudiedad nauseam(e.g.,Levy et al. [87]). Accordingto Stalling[143], applyingLIC

to surfacesbecomesparticularly easywhen the whole surface can be parameterizedylobally in two

dimensionsg.g.,in the mannerof Forsselland Cohen[43, 44]. However, thereare dravbacksto this
approach. Texture distortionsare introducedby the mappingbetweenparameteispaceand physical
spaceand,moreimportantly for alarge numberof surfacesno globalparameterizatiors availablesuch
asisosurficesirom marchingcubesandmostunstructuregurfacemeshesesultingfrom CFD. Surface
meshedrom CFD may consistof smoothlyjoined parametrigpatchesbut canhave a comple topology
andthereforejn generalcannotbe parameterizedlobally. Figures4.2 on page49 and4.3 on page50
areexamplesof surfacesfor which a global parameterizatiors not easilyderived.

Anotherapproacho adwectingtexture propertieson surfaceswould be to immersethe meshinto a 3D
texture, thenthe texture propertiescould be adwecteddirectly accordingto the 3D vector eld. This
would have the advantagef simplifying the mappingbetweentexture and physical spaceandwould
resultin no distortion of the texture. However, this visualizationwould be limited to the maximum
resolutionof the 3D texture, thus causingproblemswith zooming. Also, this approachwould not be
very ef cient in that mostof the texels are not used. The amountof texture memoryrequiredwould
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alsoexceedthat available on our graphicscard, e.g., we would needapproximately500MB of texture
memoryif we use4 bytespertexel anda512° resolutiontexture.

Cantheproblembereducedo two dimensionsThesurfacepatchesanbepacledinto texturespacevia
atrianglepackingalgorithmin the mannerdescribedy Stalling[143]. However, the packingproblem
becomesomple sinceour CFD meshesrecomposeaf mary scalendrianglesasopposedo theequi-
lateralandisoscelegrianglesoftenfoundin computationabeometry The problemof packingscalene
triangleshasbeenstudiedby Carretal. [19]. For CFD meshestrianglesgenerallyhave very disparate
sizes. For a given texture resolution,mary triangleswould have to be pacled that cover lessthanone
texel. To by-passthis, the surfacescould be divided into several patcheswhich could be storedinto a
textureatlas[87]. In ary case computatiortime would be spentgeneratingexelswhich cover polygons
hiddenfrom the currentpoint of view. The precedingdiscussiorleadusto analternatve solutionthat,
ideally, hasthe following characteristicsworks in imagespace ef ciently handleslarge numbersof
surfacepolygons,spendsio extra computatiortime on occludedpolygons,doesnot spendcomputation
time on polygonscovering lessthana pixel, andsupportauserinteractionsuchaszooming,translation,
androtation.

Method Overview

The algorithmsummarizederesimpli es the problemby con ning the adwectionof texture properties
to imagespace We projectthe surfacegeometryto imagespaceandthenapplya seriesof textures.This
orderof operationsliminatesportionsof the surfacehiddenfrom the viewer. In short, our proposed
methodfor visualizationof o w on surfacesis comprisedf thefollowing procedure:

1. associat¢he3D o w datawith the polygonsattheboundarysurfacei.e., avelocity vectoris stored
ateachpolygonvertex of thesurface

. projectthesurfaceandits vector eld ontotheimageplane

. identify geometriadiscontinuities

. adwecttexture propertiesaccordingo thevector eld in imagespace

injectandblendnoise

applyadditionalblendingalongthe geometriadiscontinuitiegreviously identi ed

overlay all optionalvisualizationcuessuchas shaving a semi-transparemnepresentatiomf the

surfacewith shading

No oA N

Thesestagesaredepictedschematicallyn Figure4.4 on page51. Eachstepof the pipelineis necessary
for thedynamiccasef unsteadyo w, time-dependergeometryrotation,translationandscaling,and
only asubseis neededor the staticcasesnvolving steady-stateo w andno changego the view-point.
We considereachof thesestagesn moredetailin Chapterd.

Discussion

ThelSA algorithmsupportssisualizationof o w onarbitrarysurfacesatupto 60 FPSvia thecarefuluse
of graphicshardvare. It supportsxplorationandvisualizationof o w onlarge,unstructuregolygonal
meshesandon time-dependenmeshesvith dynamicgeometryandtopology The methodgenerates
denserepresentationef time-dependentector elds building on boththe LEA andIBFV algorithms.
It alsodoesnot wastecomputatiortime on occludedpolygonsor polygonscoveringlessthanonepixel.
While the vector elds arede ned in 3D andassociatedvith arbitrarytriangularsurfacemeshesthe
generatiorandadvectionof texture propertieds con ned to imagespace.

Futurework cangoin mary directionsincludingvisualizationof unsteady8D o w, somethingve expect
to seesoon. Challengewill includeboth interactize performancdime and perceptuaissues. Future
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work alsoincludesthe applicationof more specializedyraphicshardware featuredik e programmable
perpixel operationsn themanneinf Weiskopf etal. [179,181]andtheuseof pixel textureslike Heidrich
etal. [52]. We alsonotethatwe have doneathoroughcomparisorof ISA andIBFVS [85].

9.3 Texture BasedVisualization of Flow on Isosurfaces

For mary of the automotve componentshat undego evaluation,thereis anideal patternof o w that
engineerdry to create.Figure5.1 on page63 illustratesthe swirl motionof uid o w in acomlustion
chambeifrom a dieselengine. In orderto generateswirl motion, uid entersthe comtustionchamber
from theintake ports. Lateron in the enginecycle, the kinetic enegy associatedvith this swirl motion
is usedto generataurbulencefor mixing of freshoxygeninto the uid. Themoreturbulencegenerated,
the betterthe mixture of air anddieselfuel, andthusthe betterthe comhustionitself. Ideally, enough
turbulentmixing is generateduchthat 100%of thefuel is burned.

Sinceit is the swirling o w thatis usedto generatdurbulence the swirl shouldbe maximizedin order
to maximizeturbulence.Fromthe point of view of the mechanicakngineerslesigningthe intake ports,
increasedswirl ow leadsto bene cial conditions: (1) improved mixture preparationj.e., more fuel
contactwith oxygen,(2) ahigherEGR (ExhausGasRatio)whichmeansadecreasé fuel consumption,
and(3) lower emissions However, too muchswirl displacegshe ame usedto ignite thefuel. As such,
a balancemustbe achieved betweergeneratingenoughswirl o w in orderto createturbulenceandnot
displacingthe ame usedto ignite the o w.

Someroutine questionsthat a mechanicalengineemmay ask when investigating swirl ow are: Can
visualizationprovide insight into or verify the characteristicshape(sr behaior of the ow? What
tool(s) canhelpto visualizethe swirl o w pattern?andWherein the comlustionchambeiis the swirl
0 w patternnot beingmet?

Isosurbicesarea visualizationtool usedroutinely by mechanicakngineerso investicatethe properties
of the ow insidea 3D volume. The shapeof anisosurficecangive the engineerinsightinto its 3D

characteristicskigure5.50n page67, left shavs avelocity isosuraicein the comhustionchambeiof the

datasetin Figure5.1on page63. Theengineercanseethatthe o w hassomeof the swirling orientation
thatthey arelooking for. However, whatis missingfrom Figure5.5, left, is a clearindicationof ow

direction,e.g.,theupstreananddownstreammatureof the o w. In particular it is not obviouswherethe
o w doesnotfollow theidealswirl patternthatthe comtustionchambeishouldencapsulate.

Applying Texture-BasedFlow Visualization

Applying texture-basedo w visualizationtechniquego suchisosurficesprovidesengineersven more
insightinto the characteristicef 3D vector elds. And this hasbecomea feasibleoptiononly recently
We appliedthe ISA methoddescribedn Chapter4 [83] for producingdense texture-basedepresen-
tationsof o w onisosurfices. Theresultis a combinationof two well known scienti ¢ visualization
techniquespamelyiso-surficing and texture-basedo w visualization,into a useful hybrid approach.
Our applicationis a versatilevisualizationtechniquewith the following characteristics(1) generates
a denserepresentatioof o w on adaptve resolutionisosurfices,(2) visualizes o w on complec iso-
surfacescomposemdf polygonswhosenumberis on the orderof 200,0000r more, (3) visualizes o w
independentf theisosurbcemeshs compleity andresolution,(4) supportaiserinteractionsuchasro-
tation, translationandzoomingalwaysmaintaininga constanthigh spatialresolution,and(5) produces
fastanimationsrealizingupto 60 framespersecond.
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Applying a Normal Mask

Whenvisualizing o w on normalboundarysurfacesthe directionof the o w generallycoincideswith
thesurfaceitself. As the o w approachetheboundaryit is notallowedto passhroughandis pushedn
atangentialirection,i.e.,it canbedescribedssurfacealigned o w. However, in thecaseof isosurbces
thisis nolongertrue. The o w atanisosurficecansometimesxhibit a strong o w thatis normalto the
surface,e.g.,cross-suidce o w. The samealsoholdstruefor the caseof arbitraryclipping geometries.
Simply adwectingtexture propertiesaccordingto thevector eld projectedontotheisosurficecouldbe
considerednisleading.

Battke et al [3], who appliedLIC to surfaces,addresghis problemby varying the length of the con-

volution Iter accordingto the magnitudeof the vectorcomponentangentialto the surface. In areas
wherethe vector eld is orientedalmostperpendiculato the surfaceonly very little smearingof the

texture occurs,i.e., the input noiseis visible insteadof a corvolved texture. Our approachs required
to be consistentvith thevisualizationof o w on boundarysurfaces.Whenwe applytexture-basedo w

visualizationto boundarysurfaces,the amountof texture-smearingndicatesvelocity magnitude|.e.,

texture is smearednto longerstreaksin areasof highervelocity magnitude.We don't wantto change
the semantidnterpretatiorof smearingor isosurfices.

We proposeanideainspiredby thewell known velocity mask[64], namely a normalmask A velocity
maskcan be usedto dim or highlight high frequeng noisein low velocity regions. Whereasa nor-
mal maskcanbe usedto dim regionsof the vector eld that have strongcross- ow componento the
isosurfice.We de ne thenormalmaskas:

= (v n)™ (9.1)

where increasessa function of the productof the velocity, v, andnormalvectorto the surface,n,

at that point. Here,m is arbitrary In practice,m is typically aroundunity giving the opacitya linear
behaior. In our case,the image overlay becomeanore opaquein regions with a strongcross- ow

componentindmoretransparenin areasof highly tangentialvelocity. With the normalmaskenabled,
the viewer's attentionis dravn away from areasof strongcross- ow componentandtowardsareasof

hightangentialvelocity. However, thetexture propertiesarestill adwectedaccordinghevelocity vectors
projectedontotheisosurfce.

Someresultsof applyingthis normalmaskto anisosurbiceareshovn in Figure5.5, right. We cansee
thatthe o w attheisosurficejust below theintake portin theforeground(in white) hasa strongnormal
componento theisosurfice.Thehigherfrequeng texturein thisregionis dif cult to see.Notealsothat
we have chosera simplercolor scalein this caseto reducethe visual compleity of theresult. We nd
thatusinga full rangeof huefor the color mappingin combinationwith variableopacityfor thenormal
maskis visually complex. Sowe provide the option of trading off somecompleity in the color map
while applyingthe normalmask?.

9.4 Geometric Flow Visualization Techniques

This sectionturnsour attentionto a collectionof geometric o w visualizationtechniquesncludingori-
entedstreamlinesstreamletsa streamrunnetool, streamcometsand a real-timeanimatedstreamline
technique We placespecialemphasi®n necessaryneasuresequiredin orderfor geometridechniques
to beapplicableto real-world datasets.Therehasbeenalot of work donein this area.And while some
of thegeometridechniquetierehave beenpresentedhn previousliterature they areoftennotillustrated

3For supplementarjmagesandanimationsof texture-basedo w visualizationon isosurfices pleasevisit:
http://www.VRVis.at/ar3/pr2/VisSym04/
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Figure 9.1: The visualizationof blood o w at the surfaceof an aneurysm:(left) geometric o w visualization
usingstreamlinegmiddle-left) orientedstreamlinesand(middle-right)streamletsand(right) streamcomets.

in the context of real-world datasets. For full overvien of relatedresearchseethe work by Postet
al.[1186].

Oriented Streamlines,Streamlets,and Streamcomets

Oneof the drawbacksof corventionalstreamliness the lack of o w orientation(upstreanvs. down-
streamdirection)depictedin a still image. Our systemincorporatesan orientedstreamlineimplemen-
tation. Orientedstreamlinesorvey the downstreamdirectionof the o w by varying the opacityasa
functionof particletraceevolution. In otherwords,the furtherdownstreamanintegrationpathis traced,
thehighertheopacityof thestreamline Thiscanbeimplementedy giving thestreamlines: nite width,
eitherautomaticallyor throughuserde ned parametersandusingsemi-transpareniolygonsin orderto
depictan orientedstreamling(Figure 9.1, middle-left). Arrow headscould alsobe usedto achieve the
sameeffect. However, arrov headglyphscanmoreeasilyleadto visualclutterwithout carefultreatment.
Theresultis similarto thatof OLIC (OrientedLine Integral Corvolution) [175, 176]. Oneimportantdif-
ferenceis that OLIC is basedon a traditionally slover approachderived from LIC and OLIC is more
applicableto 2D o w ratherthan3D. Anothermethodfor addressinghe speedssuewasintroducedoy
L offelmannetal. however it wasappliedto 2D o w only [92].

For the caseof unsteadyo w, drawing a continuousparticle pathusingonly a singletime stepcanbe
considerednisleading.This is becauseo particleactuallytracessucha path. For the caseof slicesand
surfaces,the visualizationbecomesaven more problematicbecausea componenbof the vector eld is
takenaway, namelythatcomponenbrthogonalto the slice or surface,absentaftera projectionontothe
slice or surface. Oneapproachto handlingthis is throughthe useof streamletgshortstreamlinesps
illustratedin Figure9.1 middle-right.

Streamcometare an extensionof the streamrunnef77]. The streamrunneaddressethe problemsof
occlusionand scenecompleity directly by giving the usercontrol over the evolution of streamlines
from seedingime until they terminate.A streamlinemay terminatewhenit reachesa boundaryin the
geometryreachesregion of zerovelocity, or reachesa maximumlengthsetby theuser Streamcomets
follow avery intuitive metaphaor They offer four interactive degreesof freedomasshowvn in Figure6.8
on page78. Coupledwith moreinteractive degreesof freedom,streamcometsffer the advantageof
shaowing local o w directionand curvaturefor staticimages. Thereis strongevidenceto supportthe
notionthat o w visualizationobjectsthatshav the directionof the local vector eld improve the users
ability to identify critical pointsandunderstangbarticleadvectionpaths[75].

Anotherusefulfeatureis theoptionof animatingthe streamcometsConceptuallyanimatingthe stream-
cometssuchthatthe cometheadpositionis automaticallyincrementedlongthe streamlingpath,actsas
avisualsearchunction. Theviewer is ableto usethe animationto searchfor optimalcometheadposi-
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tions. Thisis very usefulwhenthe useris not surewhereto positionthe head,searchingor interesting
featuredn the ow eld, or optimizingthe otherinteractve DoFs. We emphasizeéheimportanceof the
users ability to resizethe streamcometalongarbitrarydimensionsvhenzoomingin andout of thedata
sets.Changedo the diameterof the cometheadsapplyto the entirecollectionof streamcometandare
not appliedon a percometbasis.Applying sizechangedo individual cometswould leadto misleading
visualizationresults,e.g.,the usermay interpretdifferentcometheadsizesto be a re ection of scalar
propertiesnherentin the ow eld.

Figure9.1, left-to-right, shavs the useof streamlinesprientedstreamlinesstreamletandstreamcomets
all appliedto the samedataset. The datasetin this caseis simulationdatacomingfrom blood ow
throughan aneurysm.Note that thesetechniquesighlight o w characteristicsuchasareasof diver-
genceandcorvergence Furthermorethey arewell suitedfor 3D o w visualizationof whichwewill see
morein Section9.4.

Animated Streamlines

We usea stippling approachto animatestreamlinesuchthat the downstreamdirection of the ow is
depicted.Theadwantagehereis thatthe stipplingapproachs supportecy OpenGL1.1andcommodity
graphicshardware. Thusreal-timeframeratescanbe achieved even for large numbersof streamlines.
Anti-aliasing,alsosupporteddy the graphicshardware,canbe addedto visually enhancehe resultsat
very little overhead.Our approachs reminiscentof that usedby JobardandLefer [66] or Bergerand
Groller al. [7] wherea color-tablelook-up approachs usedto animatethe streamlines Oneimportant
differenceis thatthetechniquehereapplieswell to 3D o w.

Figure 6.6 on page 76 shavs shadedstreamlinesand animated—dashestreamlinesusedto visualize
tumblemotion[86]. 4 Thesparseanimated—dashesireamlinesillow theuserto seethroughthevolume
andline stipple patternscan be renderedat fastframerates. SeeChapter6 [80] for more detailson
real-timeframerates. The implementationis simplerthanthe dashtube techniqueof Fuhrmannand
Groller [47].

9.5 InvestigatingSwirl and Tumble Motion

The VRVis ResearcltCentercollaboratesvith AVL (www.avl.com)in orderto provide visualizationso-
lutions for analysisof their CFD simulationresults. Previously, AVL engineersiseda seriesof color

mappedslicesto assesandvisualizethe resultsof their CFD simulations. Isosurficeswere usedless
commonlyto assesgertain3D featuresthat could not be investigatedsufciently with 2D slices. Re-
cently, new solutionsfor the visualizationof CFD simulationdatahave beenintroduced. This section
reportsontheapplicationof theseiechniquesn additionto themoretraditionalapproachesWe describe:
(a) the applicationof differentvisualizationtechniquedo speci ¢ applicationcases(b) advantagesand
disadwantage®f whatthesaechnique®ffer, and(c) acomparisorwhich mayapplyto otherapplication
cases.We alsoto give recommendationsn whento usespeci ¢ techniquesandin which application
scenario.

Evaluating Swirl and Tumble Motion

In the o w within a cylinder, we candistinguishbetweentwo typesof motion: swirl o w commonly
found in dieselenginesandtumble o w commonlyfound in gasengines. In both cases rotational
motion occursaboutan axis, thoughthe positionof the respectie axisis different. In the caseof swirl

o w, theaxisis moreor lesscoincidentwith thecylinder axis,asshovn in Figure5.1onpage63. In the

“For supplementarimagesandMPEG animationspleasevisit:
http://www.VRVis.at/ar3/pr2/geometricApproach/
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caseof tumble(Figure7.1 on page83), therotationaxisis perpendiculato the cylinder axisandmore
comple, thusmakingtumble o w moredif cult to controlthanswirl o w.

In orderto generateswirl or tumblemotion, uid entersthe comhustionchambeifrom theintake ports.
Lateronin theenginecycle,thekineticenegy associateevith thismotionis usedto generateurbulence
for mixing of freshoxygenwith evaporateduel. The moreturbulencegeneratedthe betterthe mixture
of air andfuel, andthusthe more stablethe comhustionitself. By stablewe meanachie/zing the same
conditionsfor eachenginecycle. Ideally, enoughturbulent mixing is generateguchthat 100%of the
fuelis burned.Theswirl or tumblemotionshouldbe maximizedto maximizeturbulence.Fromthepoint

of view of the mechanicakngineerslesigningthe intake ports,theideal o w patternleadsto bene cial

conditionsincluding: improved mixture preparationa higherEGR (ExhausiGasRatio) which meansa

decreasén fuel consumptionandlower emissions.However, too muchswirl (or tumble)candisplace
the ame usedto ignite thefuel, causdrregular ame propagition,or resultin lessfuel comtustion. As

such,abalancemustbeachiezedbetweergeneratinggnoughswirl or tumble o w andnotdisplacingthe
ame usedto ignitethe o w. A controlled o w motionis usedto getstableandreproducibleconditions
ateachenginecycle.

Investigating Flow Patternswith Visualization

Centralto our study are someroutine guestionghat engineeranay ask when investigating swirl and
tumble o w: Canvisualizationprovide insightinto or verify the characteristishapeandbehaior of the
o w? Whattools canhelpto visualizethe swirl andtumble o w patterns?Wherein the comhustion
chambeiaretheidealswirl andtumble o w patternnot beingrealized Ve investigatedtwo typical o w
patterndrom CFD usingthreeclasse®f o w visualizationtechniqguesommonlyavailablein 2D, 2.5D,
and3D°®. By 2.5Dwe meansurfacesthrough3D space.

Figures7.9on page94 and7.7 on page90 shav someof theresultsof this investigation. Figure7.9is a
hybrid of multiple visualizationapproachescluding 3D streamlinesisosurfcing,colormapping,and
texture-basedo w visualization. The streamlinesighlight the dominantcharacteristicstructureof the
o w insidethe volumewhile the texturing appliedto the isosurficepoints out someof the destructie
areaf the o w atthetop. Figure7.9 helpsverify thatthe overall behaior of the o w is characteristic
of thatof swirl motion. Figure7.7is anotherhybrid of approachesicludingslicing with colormapping
andtexture-basedo w visualizationapplied,a pressureésosurbice,and3D streamlineseededrom two
seedingplanes.Figure 7.7 shaws thatin this casethe tumble motion axis is off-center pointing down
andto theleft ratherthanstraightout towardsthereadelin theideal case.

Our side-by-sidecomparisorof each o w visualizationcateyory illustratesthat eachhasits respectie
adwantagesand disadwantages. Direct o w visualizationtechniquesare intuitive, easyto implement,
common,andinsightful. The direct o w visualizationtechniquesare usefulin highlighting extremal
CFD simulationdatavalueson surfaces.However, directapproachemay not communicateo w evolu-
tion very clearlyandareoftenmoredif cult to applyin 3D. And importantfeaturescanbe missedf the
samplingratefor aglyph-basedepresentatiors not high enough.

Geometricmethodsare alsointuitive, provide insight, and canbe appliedto 2D, 2.5D, and 3D vector
data. They alsosometimesndicate o w directionincluding the upstreamanddownstreandirectionof
the o w. Geometricdechniquesreusefulfor gaininginsightinto thelocationof the axis of rotationfor
boththeswirl andtumble o w patternswhile texture-basedechniquegrovided usefulenhancement®
theseresults. However, the dravbackwith theseapproachess generallythat of placement.Important
featureamaybe overlooked becausé¢hey do not provide completecoverageof the o w domain.

SFor supplementarynaterialincluding high resolutionimagesandMPEG animationspleasevisit:
http://www.VRVis.at/ar3/pr2/swirl-tumble/
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Texture-basedpproacheshareadwantagesvith bothdirectandgeometridechniquesy providing com-
plete coverageandshawving the directionof the o w everywhere.However, they aredif cult to apply
in 3D. The geometricandtexture-basedechniquesappliedto surfaceswerevery goodat pointing out
wheretheidealswirl o w patternwasnotbeingmetin the CFD simulationmodel. The geometricech-
niquesappliedto slicesandsurfaceswerealsosuitablefor highlighting speci ¢ topologicalfeaturesof

the o w whereaghetexture-base@pproachewerevery helpful by insuringthatthesetopologicalfea-
tureswerenot initially overlooked. Figure 7.8 on page93 summarizesomeof the trade-ofs thatare
madewhenvisualizingswirl andtumblemotion. For example,The moredenseahevisualization,gener

ally themoredif cult is to perceve theresult. Thusatrade-of is oftenmadebetweerthesetwo factors.
Also a trade-of may is madebetweenspatialcoherenceand spatialdimensionalitybecauseaesultsin

3D often containmary overlappingparts. As a resultof thesetrade-ofs, the e xible combinationsof

approachesfferedby our systemaregoodalternatves.

9.6 Discussion

The larger the datasetsfrom CFD simulation become,the more useful scienti ¢ visualizationis in

orderto gain insightinto thoseresults. In addition,no single“one-size- ts-all” approachexists, hence
engineersequirearangeof toolsin orderto carry outtheir analysisgxploration,andpresentation\We

have presented selectionof recentadvancesn o w visualization. Our presentatiordravs upon o w

visualizationtechniquedeing classi ed into four main cateyories. Theserecentadwanceshave been
appliedto real-world applicationsin the eld of CFD including the investication and visualizationof

patternsof o w motionspeci ¢ to automotve engineeringWe have alsodiscussedhe bene ts of these
techniquesaindhow engineergain valuableinsightinto their CFD simulationresultsusingthis recently
developedselectionof tools.



Conclusions

“You'vegotto becareful if youdon't knowwhele you're going '‘causeyoumightnot get
there”

—Yogi Berré (1925-)

Fromaresearches point of view, the evolution of texture-basedo w visualizationtechniquesin both
2D and 2.5D hastaken big stepsin the time frame from 2001-2004. Sincethe introductionof Spot
Noise [163] and LIC [17], performanceimes for 2D texture-basednethodshave acceleratedairly
steadilyasevidentfrom thelargevolumeof researctiteraturein thisdomain[82]. However, for thecase
of unsteadyo w on surfacesresearcthadremainedairly static. To our knowledge,ShenandKaowere
the rst andlastto addresghis challengg139, 140] in 1998. The next signi cant progressaddressing
this problemcamein 2003[83, 165] - ve yearslater Similaris the caseof 3D steadyo w [153]. It is
interestingto notethe challengeshathigherspatialandtemporaldimensiongepresenandmay always
representThe caseof 3D, unsteadyo w visualizationstill remainselusive.

From a practicalpoint of view, it is indeedpossiblé to write a PhD andwork at a private corporation
full-time simultaneouslyevenwhile contributing publishedliterature. This is by no meansan olbvious
conclusionbecaus®f thecon icting interestgepresenteddy thosethat (1) sponsoithe requiredmoney

and(2) whosegoalit is to publishresearctcontributions. The semanticof contribution are relative.

Fromanindustrypoint of view, contritution meanswriting software,from aresearctscientistgoint of

view, a contribution consistsof publishedscienti c literature. In fact, both are valuablecontributions,
althoughsoftware contrikutions (i.e. sourcecode)tendto lack in the researchcommunityand sound
documentationendsto lack in the commerciakoftwarecommunity

Closelyrelatedis the subjectvity of whatmakesan effective visualization.In otherwords,visualization
is alsorelatve. Somememberf thescienti ¢ visualizationcommunityvoiceskepticismconcerninghe
resultspresenteéh eld of informationvisualization(andvice-versa).Somememberof thecommercial
softwarecommunityexpressskepticismtowardsresearchiesultspresentedn the scienti ¢ visualization
communities And to completethe circle, the effectivenes®f visualizationpresentedby the commercial
softwareindustryis oftencriticized by membersof theresearcltommunity Sincetherewill alwaysbe
criticism, the mostimportantthing is thatthe criticism remainconstructie.

Oneof the strongercriticismscomingfrom the commerciakoftwareindustryis theresearciperformed
usingprogrammablgraphicshardware. During thetime frameof thisthesis(2001-2004)theamountof
researchiteratureinvolving GPUprogrammindhasexpandednore-orlessexponentially However, this
leavesmary from privateindustryraisingthe questionHow are we goingto usethis? Sincethework is

SFull Name: LawrencePeter(Yogi) Berra,US basebalplayer coach,andmanagercatcherfor New York Yankees1946—
1963,coachof New York Mets1965-1972New York Yankees1975-1984HoustonAstros1986—1989
"“possible”notto be confusedvith “easy”
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theresultof a collaboratiorbetweerindustryandresearchall work presentedhereis platformindepen-
dent.In industry the customerdiave a strongin uence onthesoftwaredevelopmentrequirementsince
they areasourceof funding.

In the future,a greaterunderstandin@f the interesteof commerciaindustryfrom the researcicommu-
nity is thekey to a successfutollaborationbetweernthesetwo communities. Thereverseis alsotrue. A

goodplaceto startis by detunkingthe myth thattheinterestf industryandresearchio notoverlap.In

facttheoverlapin goalscanbevery large.
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approximately:
d= B2trips 143km=stretch 2 stretches=trip = 14;872km (9.2)
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