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Abstract
This thesispresentsresearchin the areaof �o w visualization. The theoreticalframework is basedon
thenotionthat�o w visualizationmethodologycanbeclassi�ed into four mainareas:direct,geometric,
texture-based,and feature-based�o w visualization. Our work focuseson the direct, geometric,and
texture-basedcategories,with specialemphasison texture-basedapproaches.

After presentingthestate-of-the-art,wediscussa techniquefor resamplingof CFDsimulationdata.The
resamplingtool addressesboththeperceptualproblemsresultingfrom abruteforcehedgehogvisualiza-
tion and�o w �eld coverageproblems.Thesechallengesarehandledby giving the usercontrol of the
resolutionof theresamplinggrid in objectspaceandgiving theuserprecisecontrolof whereto placethe
vectorglyphs.

Afterward,we presenta novel techniquefor visualizationof unsteady�o w on surfacesfrom computa-
tional �uid dynamics.Themethodgeneratesdenserepresentationsof time-dependentvector�elds with
high spatio-temporalcorrelation.While the3D vector�elds areassociatedwith arbitrarytriangularsur-
facemeshes,thegenerationandadvectionof texturepropertiesis con�ned to imagespace.Framerates
of upto 60framespersecondarerealizedby exploiting graphicscardhardware.Weapplythisalgorithm
to unsteady�o w on boundarysurfacesof, large, complex meshesfrom computational�uid dynamics
composedof morethan200,000polygons,dynamicmesheswith time-dependentgeometryandtopol-
ogy, aswell asmedicaldata.We alsoapply texture-based�o w visualizationtechniquesto isosurfaces.
Theresultis a combinationof two well known scienti�c visualizationtechniques,namelyiso-surfacing
andtexture-based�o w visualization,into ausefulhybrid approach.

Next we describeour collectionof geometric�o w visualizationtechniquesincluding orientedstream-
lines,streamlets,astreamrunnertool, streamcomets,anda real-timeanimatedstreamlinetechnique.We
placespecialemphasisonnecessarymeasuresrequiredin orderfor geometrictechniquesto beapplicable
to real-world datasets.

In order to demonstratethe useof all techniques,we apply our direct, geometric,and texture-based
�o w visualizationtechniquesin orderto investigateswirl andtumblemotion, two �o w patternsfound
commonlyin computational�uid dynamics(CFD).Ourwork presentsavisualanalysisof thesemotions
acrossthreespatialdomains:2D slices,2.5Dsurfaces,and3D.
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Kurzfassung

DieseDissertationstellt aktuelleForschungsergebnisseausdemBereichder Strömungsvisualisierung
vor. Der theoretischeRahmenbaut auf der Erkenntnisauf, dassman grob vier verschiedeneArten
von Strömungsvisualisierungsansätzenunterscheidenkann: direkte,geometrische,Textur-basierteund
Merkmal-basierte.DieseArbeit setztsich vor allem mit direkter, geometrischerund Textur-basierter
Strömungsvisualisierungauseinander, wobeidasHauptaugenmerkaufLetztererliegt.

Nach einemÜberblick über den momentanenStandder Forschungwird eine Methodezum Resam-
pling von Strömungssimulationsdaten(CFD-Daten)vorgestellt. DieserAnsatzversuchtdabeisowohl
Wahrnehmungsprobleme,die bei einerdirektenAnwendungder HedgehogVisualisierugstechnikauf-
treten,alsauchUnzul̈anglichkeitenbeiderAbdeckungdesStrömungsfeldeszubeheben.Daswird erre-
icht, indemdemBenutzerbzw. derBenutzerindiegenaueKontrolle überdieAu� ösungdesResampling
Gitter im ObjektraumundüberdiePlatzierungderVektorglyphenüberlassenwird.

Wir stelleneineneuartigeMethodezurVisualisierungvonnicht-station̈arenStrömungssimulationsdaten
aufOber�ächenvor. WährenddiedreidimensionalenVektorfelderbeliebige,durchDreiecksnetzegegeb-
eneOber�ächenhabenkönnen,beschr̈anktsichdieGenerierungundAdvektionvonTextureigenschaften
auf denBildraum. Der Einsatzvon Graphik-hardwareermöglicht Frameratenvon bis zu 60 Framespro
Sekunde.Die Geometrie,auf derenAussen�ächendie nicht-station̈arenStrömungsdatengegebensind,
aufdiewir diesenAlgorithmusanwenden,umfasstgroße,komplexeDreiecksnetzemit mehrals200.000
Polygonen,wobeisichGeometrieundTopologieüberdieZeit verändernkönnen,sowie auchDatens̈atze
ausderMedizin. Wir wendenTextur-basierteStrömungsvisualisierungstechnikenauchfür Iso� ächenan.
DasErgebnisist dieVerschmelzungzweierbekannterMethodenausdemBereichderwissenschaftlichen
Visualisierung–n̈amlich iso-surfacingundTextur-basierteStrömungsvisualisierung–ineinennützlichen
Hybridansatz.

Danachwendetsichdie Arbeit einerReihevon Technikenzur geometrischenStrömungsvisualisierung
zu,unteranderemgerichteteStrömungslinien,Streamlets,einemStreamrunnerWerkzeug,Streamcomets
und einerMethodefür in EchtzeitanimierteStrömungslinien.BesondereBeachtungwird dabeiMaß-
nahmengeschenkt,die notwendigsind, um geometrischeTechniken auchfür praxisnaheDatens̈atze
anwendbarzumachen.

Abschließendwendenwir direkte,geometrischeundTextur-basierteStrömungsvisualisierungsmethoden
an,um Strudel-undWirbelbewegungenzu untersuchen–zweiStrömungsmuster, die oft in Strömungs-
simulationsdatenanzutreffensind.Die Arbeit stellteinevisuelleAnalysedieserBewegungenin dendrei
räumlichenAuspr̈agungenvor: 2D Schichten,2.5DOber� ächenund3D 1.

1Thanksto HaraldPiringerandHelmutDoleischfor helpwith thetranslation
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Chapter 1

Intr oduction: Scienti�c Visualization

“The codeis thedocumentation.”

– DanR. Lipsa1 (1970–)

Here we searchfor a logical startingpoint for a thesison �o w visualization. We start by using the
knowledgehierarchy mapshown in Figure1.1. At thetop of thehierarchy, we �nd ComputerScience,
currentlya coretopic of studyat mostuniversities.Computerscienceitself coversseveraldisciplines,
only a samplingof which is shown in the knowledgehierarchy. As we move down the hierarchy, the
topicsbecomemorefocused.Thepathof this thesisis illustratedby therelationsdown themiddle.This
thesisis concernedwith thetopicof Flow Visualization, aclassicsub-topicof scienti�c visualization.

According to the Merriam-Websterdictionary (online at www.m-w.com ), visualizationis de�ned as
(1) the formationof mentalvisual images,(2) the act or processof interpretingin visual termsor of
putting into visible form, (3) theprocessof makingan internalorganvisible by the introduction(asby
swallowing, by an injection,or by anenema)of a radiopaquesubstancefollowedby roentgenography.
Already, thedictionarypointsto animportantapplicationof visualization,namely, medicalvisualization.

Scienti�c visualization,sometimescalleddatavisualization,
1Romaniansoftwareengineerandeducator, Dan(Radu)wasa colleagueof mine in thePhDprogramat theUniversityof

New Hampshire.After UNH hejoinedEcora(www.ecora.com ) from which this quotewasinspired.Afterward,hejoined
thestaff atArmstrongAtlantic StateUniversityin Georgia.

ComputerDatabases Networking

Virtual RealityAnimationModeling

Algorithms
Intelligence

Artificial
Graphics

Visualization

Flow
Visualization

Information
Visualization

Volume
Techniques
GPU-based

Visualization
Medical

Computer
Science

Direct BasedTexture- Goemetric Feature- Based

Rendering

Visualization

. . .

. . . . . .

. . .

Figure1.1: A knowledgehierarchy thatplacesthesubjectof this thesisinto a largercontext of subjects.

2
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Figure1.2: An early, hand-drawn visualizationby LeonardodaVinci. Imagesfrom Frontiersof Scienti�c Visual-
izationby Pickover andTewksbury [113].

is thetransformationof data,usuallynumericaldata,into images.Thisprocesswasdoneby handa long
timeago[113], asillustratedin Figure1.2,drawn by LeonardodaVinci (1452-1519).Weareconcerned
with computer-aidedvisualizationwith computergenerateddata.

Datacancomefrom awidevarietyof sourcessuchassimulation,modeling,measurments,or from non-
scienti�c disciplinessuchas�nance, marketing, andbusiness. The goal of visualizationis to gain a
deeperunderstandingof data.Visualizationallows usto seestructuresand�nd patternsthatareunable
to seefrom avastarrayof raw numbers.Some(but notall) of theclassicsub-topicsof visualizationare:

� volume visualization: an methodologyfor visualizing3D datathat may usediscretepolygonal
primitivesor volumerenderingtechniques.Volumerenderingis basedonthevoxel primitive. Data
sourcesoftencomefrom themedicaldomain,e.g.,computeraidedtomography (CAT) or magnetic
resonanceimaging(MRI).

� information visualization: assignsanabstractgeometryor topologyto datathatdoesnotalready
have an inherentgeometricrepresentation.Datasourcesareoften �nancial or economicin na-
ture. Examplevisualizationtechniquesinclude the useof pie charts,scatterplots, andparallel
coordinates[172].

� GPU-basedtechniques: a rapidly growing areaof researchis centeredaroundprogrammable
GPUs.Thegoalis to speedupcomputation,thatmightotherwisetakeplaceontheCPUby taking
advantageof thecomputingfeaturesofferedby theGPU.

� medical visualization: this is theareathatmany peopleintuitively connectwith the �eld of vi-
sualization. Medical visualizationtechniquesillustratesubsetsof the humanbody, suchas the
skeletonor brain,usingdatageneratedby medicaltoolssuchasCAT scanners.Clearlyadvances
in medicineareastrongdriving factorfor innovationin this �eld.

Figure1.3 shows a recentvisualizationresult that overlapsthreeof thesecategories,namely, volume
rendering,GPUprogramming,andmedicalvisualization[49]. WenotethatFigure1.1is notmeantto be
takentoo literally. In fact, it would bevery dif�cult to �nd two researcherswho would agreeto a clean
classi�cation. We chosethis classi�cationbasedon simplicity andexperience.Thereareconferences
and/orworkshopsdedicatedto eachoneof thesetopics.TheIEEE Visualizationconferencealsodivides
up literatureinto thevisualizationcategoriesshown.

Of coursetrying to placevisualizationinto a mapsuchasFigure1.1 is inherentlyrisky. This is be-
causevisualizationoverlapswith many otherdisciplinessuchascomputergraphics,imaging,statistics,
computationalgeometry, numericalanalysis,andstudiesin humanperception.Figure1.1 is merelyan
attemptto placeour coretopic into the big picture. We alsonote that the levels in the hierarchy can
continuedown to subjective levels of specialization.For example,all of the �o w visualizationtopics
canbefurtherdividedup by dimensionalitybothspatialandtemporal,or otherclassi�cations,e.g.,see
Chapter2.
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Figure1.3: A visualizationresultthat involveselementsfrom volumerendering,GPU-basedprogramming,and
medicalvisualization[49].

1.1 Flow Visualization

Flow visualizationis the visualizationof datawith a magnitudeand direction, with specialemphasis
hereondirection.Vectordataoftenresultsfrom thestudyof �uid �o w or aderivativequantity.

Themostobviousway of visualizingvectordatais with theuseof glyphs. However, theuseof glyphs
is associatedwith several problemsincluding (1) occlusion,(2) visual complexity, (3) problemswith
placement,either too sparseor too dense,(4) problemswith interpretation[158], (5) lack of spatial
coherency, andmore.A moredetaileddiscussionof theseproblemsis givenin Chapter3. As a result,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 masslessparticlethrougha vector �eld, thenthe
displacementof suchapoint canbedescribedsimplyby:

dx = v dt (1.1)

In orderto evaluateequation1.1,wecanexpressit in integral form:

x(t; x0) = x0 +
Z t

� =0
v(� ) d� (1.2)

This is oneof themostfundamentalequationsin the�eld of �o w visualization.Generally, all geometric
�o w visualizationtechniques[116], texture-basedtechniques[82], andfeature-basedapproaches[117]
relatebackto equation1.2 in someway.
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data acquisition

direct
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visualization

feature
extraction

geometry
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visualization

user perception

dense

visualization
texture-based

Figure1.4: Classi�cationof �o w visualizationtechniques– (left) direct, (middle-left) texture-based,(middle-
right) basedongeometricobjects,and(right) feature-based.

For the datawe areconcernedwith, namelyCFD simulationdata,equation1.2 cannotbe solved ana-
lytically. And like most�o w visualizationresearchers,we rely on numericalintegrationtechniquesas
anapproximation.Thesimplestandperhapsmostcommonapproximationof equation1.2 is givenby
Euler'smethod:

x i +1 = x i + v i � t (1.3)

wherethepositionof amasslessparticleat timei + 1 is givenby thesumof thepreviouspositionandthe
productof thevelocity timesanincrementaltime step� t. Oneproblemwith usingEuler integrationis
its inherenterrorof orderO(� t2), whichmaynot beaccurateenoughin somecases[135]. Hencethere
aremoreaccurate(higherorder)alternativessuchasthesecondorderRunge-Kuttaintegrator[22]:

x i +1 = x i +
� t
2

(v i + v i +1 ) (1.4)

wherevelocity v i +1 is computedusingequation1.3. Theerrorof equation1.4 is O(� t3) [22]. When
comparedwith equation1.3, equation1.4 allows us to usea larger integrationstepfor the costof one
additionalfunction evaluation. Higher orderintegratorssuchasthe fourth orderRunge-Kutta arealso
available.

1.2 Classi�cation and Contrib ution

This thesisis concernedwith researchfrom the areaof �o w visualization. Four differentapproaches
are widely usedin �o w visualization[116]: direct, geometric,texture-based,and feature-based�o w
visualization.Theseareillustratedin Figures1.4and1.5andexplainedin moredetailbelow.

Dir ect �o w visualization: This category of techniquesusesa translationthat is as straightforward
as possiblefor representing�o w datain the resultingvisualization. The result is an overall picture
of the �o w. Commonapproachesaredrawing arrows or color codingvelocity. Intuitive picturescan
be provided,especiallyin the caseof two dimensions.Direct �o w visualizationapproachesarelikely
amongsttheoldestandwell known. Theuseof colormappingin glyphsis standardin graphicssoftware.
Hence,this is not anareaof focusin this thesis.However, we do make useof direct �o w visualization
in thecontext of a resamplingapproachasdetailedin Chapter3 [78], aswell asin othercases.As such,
direct�o w visualizationis acloselyrelatedtopic.
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Figure1.5: An exampleof circular �o w at the surfaceof a ring to help illustrateour �o w visualizationclas-
si�cation: (left) direct visualizationby the useof arrow glyphs, (middle) texture-basedby the useof LIC, and
(right) visualizationbasedongeometricobjects,herestreamlines.

Geometric �o w visualization: Theseapproachesoften�rst integratethe�o w dataandusegeometric
objectsin the resultingvisualization. The objectshave a geometrythat re�ects the propertiesof the
�o w. Examplesinclude streamlines,streaklines,and timelines. Not all geometricobjectsare based
on integration. Anotherusefulgeometricapproachis to generateisosurfaces,e.g.,with respectto an
isovalueof pressureor magnitudeof velocity.

Geometric�o w visualizationtechniquesareonetopic of researchwithin this thesis. We apply a vari-
ety of techniquesto CFD simulationdataincludingorientedstreamlines,dashed-animatedstreamlines,
streamlets,andstreamcomets.We alsodiscussan interactive techniquethat addressesthe perceptual
problemsassociatedwith �o w visualizationin 3D, namelyastreamrunner[77].

Dense,texture-based�o w visualization: A textureis computedthatis usedto generateadenserepre-
sentationof the�o w. A notionof wherethe�o w movesis incorporatedthroughco-relatedtexturevalues
alongthe vector�eld. In mostcasesthis effect is achieved through�ltering of texels accordingto the
local �o w vector. Texture-basedmethodsoffer adenserepresentationof the�o w with completecoverage
of thevector�eld. In this thesisweuseadvectionapproachesaccordingto ImageBasedFlow Visualiza-
tion (IBFV) [164] andImageSpaceAdvection(ISA) [83], whichcangeneratebothSpotNoise[163] and
LIC-lik e [17] imagery. Both approachesarerelatedto Lagrangian-EulerianAdvection(LEA) [64]. A
full comparisonof texture-based�o w visualizationtechniquesis givenin thenext chapter, thestate-of-
the-art.We focuson interactivevisualizationtechniquesbecauseaninteractiveexplorationof parameter
spaceis essentialfor improving thedesignof automotivecomponentsthatundergoCFDanalysis.

The long computationtime associatedwith texture-basedapproacheshasbeena problemsincethe in-
troductionof thesetechniquesthemselvesstartingin theearly1990s[17, 163]. Thecomputationtime
barrierwashurdledwith the introductionof LEA [63] andagain with IBFV [164]. IBFV solved the
computationtime problemfor the caseof 2D, unsteady�o w. Most of the researchwork in this the-
sishingeson themethodologynecessaryto extendtexture-basedtechniquesto surfacesin 3D for both
steadyandunsteady�o w. With theintroductionof ISA (Chapter4 [83]) andIBFVS (IBFV for Curved
Surfaces)[165] we saw texture-based�o w visualizationon surfacesat fastframeratesfor the�rst time.
And sincethesemethodswereintroducedto thevisualizationcommunityat thesametime,acomparison
of thetwo approacheswasanaturalchoicefor furtherresearch[85].
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Feature-based�o w visualization: For thesake of completeness,we notethat feature-based�o w vi-
sualization,anotherclassof techniquesincluding featureextractionandtracking, is beyond the scope
of this thesis.Theresearchwe've donewith Postet al. [116] coversfeature-based�o w visualizationin
detail.SeeDoleischetal. [35, 36] for evenmorerecentresearchresultsin thisarea.

Note that thereare different amountsof computationassociatedwith eachcategory, as illustratedin
Figure1.4. In general,direct�o w visualizationtechniquesrequirelesscomputationthantheotherthree
categories,whereasfeature-basedtechniquesrequirethemostcomputation.This thesisfocuseson the
bodyof researchrelatedto geometric,dense,andtexture-basedtechniques.

1.3 Overview

Therestof this thesisis organizedasfollows: In Chapter2 we presentthestate-of-the-arttechniquesin
geometricandtexture-based�o w visualization[82, 116]. A detailedoverview of relatedresearchin the
�eld is given.Thisalsoservesasanintroductionto themainbodyof this thesis.

In Chapter3 we presenta practicalapproachto resamplingof CFD simulationdatafrom unstructured,
adaptive resolutiongrids onto regular, rectilineargrids [78]. The techniquealso handlesthe caseof
unsteady�o w. Chapter4 presentsa novel techniquefor the generationof dense,texture-based�o w
visualizationon surfacesfor thecasesof bothsteadyandunsteady�o w [85]. The techniqueis named
ISA [83] for ImageSpaceAdvection[85]. Chapter5 appliesISA to the caseof isosurfaces[84] and
presentsan argumentwith respectto the utility of the approach.Chapter6 we discussgeometric�o w
visualizationtechniques,again, appliedto CFD simulationdata. Chapter7 putsall theseelementsto-
getherandevaluatesthemby applyingdirect,geometric,andtexture-based�o w visualizationtechniques
in orderto investigatetwo important,commonpatternsof �o w motionin CFD,namelythecasesof swirl
andtumble�o w.

Chapter8 givessomedetailsaboutthedesignandimplementationof thesoftwaremodulesusedto build
the �o w visualizationsubsystemsoftware. Someuserinterfaceconcernsarealsoaddressed.Finally,
Chapter9 presentsasummaryof all thework in thethesisandthe�nal chapterpresentssomeconcluding
remarks.Someinteresting,relatedbackgroundmaterialmayalsobefoundin theappendices.



Chapter 2

The Stateof the Art in Flow Visualization:
Geometric,Dense,and Texture-Based
Techniques

“The schoolteacherasksBilly Bob: `If youhavetwelvesheepandonejumpsover the
fence, howmanysheepdoyouhaveleft?'

Billy Bobanswers, `None.'
`Well,' saystheteacher, 'you suredon't knowyoursubtraction.' 'Maybenot,' Billy Bob

replies,̀ but I darnsureknowmysheep.”'

– anold Texasjoke

Flow visualization(FlowVis) is oneof the classicsub�elds of visualization,covering a rich variety of
applications,from the automotive industry, aerodynamics,turbomachinerydesign,to weathersimula-
tion, meteorology, climatemodeling,groundwater�o w, andmedicalvisualization.Consequently, the
spectrumof FlowVis solutionsis very rich, spanningmultiple technicalchallenges:2D vs.3D solutions
andtechniquesfor steadyor time-dependentdata.

Bringing many of thosesolutionsin linear order(asnecessaryfor a text like this) is neithereasynor
intuitive. Severaloptionsof subdividing this broad�eld of literaturearepossible.Hesselinket al., for
example,addressedthe problemof how to categorize techniquesin their 1994 overview of research
issues[55] andconsiderdimensionalityasa meansto classifythe literature. In the following, several
aspectsarediscussedonanabstractlevel beforeliteratureis addresseddirectly.

The classi�cationwe usehereis describedin Section1.2. Figure1.4 illustratesa classi�cationof the
aforementionedclassesand Figure 1.5 shows threetypical examples. The two main sectionsof this
chapterarethe texture-based�o w visualizationtechniquesin Section2.5 andthegeometric�o w visu-
alization techniquesin Section2.6. We alsonote the bulk of the materialin this chapterhasalsobe
publishedelsewhere[82, 116,117].

2.1 Spatial, Temporal, and Data Dimensionality

Solutionsin �o w visualizationdiffer with respectto the dimensionalityof the �o w data. Useful tech-
niquesfor 2D �o w data,likecolorcodingor arrow plots,sometimeslacksimilaradvantagesin 3D.Here,
thespatialdimensionalityof the�o w datais indicatedaseither2D, 2.5D(surfacesin 3D), or 3D. In our

8
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classi�cationthedimensionalityof theresultsfrom eachtechniqueis markedwith acorrespondinglabel
indicatingdimensionality(seeFigure2.2).

By 2.5D we mean�o w visualizationrestrictedto surfacesin 3D. We draw attentionto the notion that
in many caseslike CFD, the simulationsetsall velocitieson a surfaceto zero. Oneway to approach
this is to extrapolatethe vector �eld just inside the surfaceto the boundary. In any case,the vector
componentnormalto thesurfaceis usuallylost in thevisualization.Furthermoreanothervector�eld can
becalculatedonasurface,suchasskin friction.

In additionto spatialdimensions,temporal dimension(dimensionalitywith respectto time) is of great
importance.Firstly, velocity itself incorporatesa notionof time – �o ws areoften interpretedasdiffer-
ential datawith respectto time (cf. Equation2.1), i.e., whenintegratingthe data,instantaneouspaths
suchasstreamlinesmaybeobtained(cf. Equation2.3). We call this steadyvelocitytime. Additionally,
the �o w dataitself canchangeover time resultingin time-dependent(or unsteady)�o w. We refer to
this asunsteadyvelocitytime. The visualizationmustcarefully distinguishbetweenboth. Performing
integrationin thecaseof unsteadydataresultsin pathlinesor streaklinesasopposedto streamlines.

The distinctionbetweensteadyandunsteadyvelocity time is importantespeciallywhenanimationis
usedin thevisualization.Then,evena third notionof time, i.e., animationtime, mayaffect thevisual-
ization. Animationtime canbeanarbitraryfeatureaddedto thevisualizationin orderto createmotion.
Sometimes,geometricobjectslike streamlinesareanimatedin orderto show �o w orientation,e.g.,the
motionof colorcontrolledby acolor-table[66]. Animationis alsooftenaddedto texture-basedmethods
with thesamegoalin mind. Specialattentionis requiredfor correctinterpretationof animationtime.

In many cases,furtherdatadimensions,i.e., attributes,aresuppliedwith thedata,suchastemperature,
pressure,or vorticity in additionto spatialandtemporaldimensions.Thedimensionof thedatavaluesis
alsoassociatedwith thetermsmultivariateandmulti-�eld data.Flow visualizationmayalsotake these
valuesinto account,e.g.,by usingcoloror isosurfaceextraction.

Althoughwedonothavespaceto focusonexperimental�o w visualization,it is interestingto recognize
thatmany computationalsolutionsmoreor lessmimic thevisualappearanceof well-acceptedtechniques
in experimentalvisualization(cf. particletraces,dyeinjection,or Schlierentechniques[162]).

2.2 Data Sources

Computational�o 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-
surements(possiblyacquiredthroughlaser-basedtechnology),or (c) analytic modelsof �o ws (e.g.,
dynamicalsystems[1], givenassetof differentialequations).

We focus on visualizationof datafrom computational�o w simulation, i.e., �o w datagiven as a set
of sampleson a grid. In many cases,the velocity information in a �o w dataset(encodedasa setof
velocity vectors)representsthe focus. Therefore,�o w visualizationis strongly relatedto vector �eld
visualization, whichmayalsodealwith vector�elds otherthanvelocity �elds.

Therelationof computationalandexperimentalvisualizationis worthy of mention.Experimental�o w
visualization,asin a wind tunnel,is alsousedto validatecomputational�o w simulation.In sucha case
thecomputationalvisualizationneedsto besetup in awaysuchthatresultscanbeeasilycompared.
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2.3 Fundamentals

Beforeoutlining someof the mostimportanttechniques,a shortoverview of commonmathematicsas
well assomegeneralconceptswith regardto thecomputationof resultsarepresented.

Flow simulationsareoftensolutionsto systemsof PDEs,suchastheNavier Stokes,Euler, or Advection-
Diffusion equations[170]. In general,discretizedsolution methodsare used. Noteworthy are �nite
volume(FV) and�nite element(FE) analysis,whichsubdividethedomaininto smallelementslikehex-
ahedralor tetrahedralcells.A solutionis de�nedonthecomputationgrid in physicalspace:unstructured
for FE andstructuredcurvilinearfor FV solutions.In thediscussionthatfollows,we assumethatvector
dataarede�ned on thegrid nodes(cell vertices),althoughin somecasesthevectordataarede�ned at
thecell centers.

Reconstructionof Flow Data

An inherentcharacteristicof �o w datais that derivative informationis given with respectto time and
is laid out with respectto an n-dimensionalspatialdomain
 � Rn , e.g.,n = 3 for representing3D
�uid �o w. Recall,temporalderivativesv of nD locationsp within the�o w domain
 aren-dimensional
vectors:

v = d p =d t; p 2 
 � Rn ; v 2 Rn ; t 2 R (2.1)

A generalformulationof (possiblyunsteady)�o w datav is

v (p; t) : 
 � � ! Rn (2.2)

wherep 2 
 � Rn representsthe spatialreferenceof the �o w dataandt 2 � � R representsthe
systemtime. For steady�o w data,thesimplercaseof v (p) : 
 ! Rn is given(v notdependenton t).

In resultsfrom nD �o w simulation,suchas from automotive applicationsor airplanedesign,vector
datav is usuallynot given in analytic form, but requiresreconstructionfrom the discretesimulation
output. The numericalmethodsusedfor the �o w simulation,suchas �nite elementmethodsusually
outputsimulationvalueson large-sizedgridsof many samplevectorsv i , which discretelyrepresentthe
solutionof the simulationprocess.Furthermore,it is assumedthat the �o w simulationis basedon a
continuousmodelof the�o w thusallowing continuousreconstructionof the�o w datav . Oneoptionis
to applya reconstruction�lter h : Rn ! R to computev(p) =

P
i h(p � p i ) v i . For practicalreasons,

�lter h usuallyhasonly localextent.Ef�cient proceduresfor �nding �o w samplesv i , whicharenearest
to thequerypointp, areneededto doproperreconstruction.

Grids

In �o w simulation,the vectorsamplesv i often are laid out acrossthe �o w domainwith respectto a
certaintypeof grid. Grid typesrangefrom simplerectilinearor Cartesiangrids to curvilineargrids to
complex unstructuredgrids (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.

Althoughtheprincipaltheoryof reconstructionfrom discretesamplesdoesnotexhibit many differences
with respectto grid cell types,thepracticalhandlingdoes.While neighborsearchingmight betrivial in
a rectilineargrid, it usuallyis not in a tetrahedralgrid. Similardifferenceshold for theproblemsof point
locationandvectorreconstruction.In the following we shortly describesomefundamentaloperations
which form thebasisfor visualizationcomputationsonsimulationgrids.
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(a) (b) (c)

(d) (e) (f)

Figure2.1: Gridsinvolvedin �o w simulation– (a) Cartesian,(b) regular, (c) generalrectilinear, (d) structuredor
curvilinear, (c) unstructured,and(f) unstructuredtriangular[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, specialdatastructurescan be used
that subdivide the spatialdomainto speedup the search. For iterative point location, often needed
during integral curve computation,algorithmsareusedthatef�ciently exploit spatialcoherenceduring
thesearch.Onekind of suchalgorithmsstartswith aninitial guessfor thetargetcell, checksfor point-
containmentandre�nes accordinglyafterward. This processis iterateduntil the target cell is found.
Moredetailscanbefoundin text booksabout�o w visualizationfundamentals[114, 142].

Besidepoint location,�ow reconstruction, or interpolation,within a cell of thedatasetis a crucialissue.
Often,oncethecell containingthequerylocationis found,only thesamplevectorsat thecell's vertices
areconsideredfor reconstruction.Theapproachusedmostoftenis �rst-order reconstructionby perform-
ing linear interpolationwithin thecell. For example,trilinear �o w reconstructionmaybeusedwithin a
3D hexahedralcell.

After point location and �o w reconstruction,visualizationbegins: vectorscan be representedwith
glyphs,virtual particlescanbe injectedandtracedacrossthe �o w domain. Nevertheless,the compu-
tation of deriveddata may be necessaryto do moresophisticated�o w visualization. Often, the �rst
stepis to requestsecond-ordergradientinformationfor arbitrarypointsin the �o w domain,i.e., r v jp ,
which givesinformationaboutlocal propertiesof the �o w (at point p) suchas�o w convergenceand
divergence,or �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 mostcasesis derivative informationwith respectto time, theideaof integrat-
ing �o w dataover time is naturalto provide an intuitive notionof evolution inducedby the �o w. One
exampleis visualizationby theuseof particleadvection.A respective particlepathp(t) – herethrough
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unsteady�o w – hasbeende�ned by

p(t) = p0 +
Z t

� =0
v(p(� ); � ) d� (2.3)

wherep0 representsthe locationof the particlepathat seedtime 0. Note that Equations2.1 and2.3
arecomplimentaryto eachother. For other typesof integral curves,suchasstreaklines,seeprevious
work [76, 142].

As discussedin Chapter1, it is importantto notethatrespective integralequationslikeEquation2.3usu-
ally cannotbe resolved for the curve function analytically, andtherebynumericalintegration methods
areemployed. Themostsimpleapproachis to usea �rst-order Eulermethodto computeanapproxima-
tion pE (t) – oneiterationof thecurve integrationis speci�edby

pE (t + � t) = p(t) + � t � v (p(t); t) (2.4)

where� t is oftena very small stepin time andp(t) denotesthe locationto startthis Eulerstepfrom.
A moreaccuratebut alsomorecostly techniqueis the second-orderRunge-Kutta method,[22, 118]

which usestheEulerapproximationpE asa look-aheadto computea betterapproximationpRK 2(t) of
theintegral curve:

pRK 2(t + � t) =

p(t) + � t � (v (p(t); t) + v (pE (t + � t); t))=2 (2.5)

Higher-ordermethodslike theoftenusedfourth-orderRunge-Kuttaintegratorutilize moresuchstepsto
betterapproximatethelocalbehavior of theintegralcurve. Also, adaptivestepsizesareusedto compute
smallerstepsin regionsof highcurvature.

2.4 Dir ectFlow Visualization

Direct,or global,�o w visualizationtechniquesattemptto presentthecompletedataset,or a largesubset
of it, at a low level of abstraction.The mappingof the datato a visual representationis straightfor-
ward,without complex conversionor extractionsteps.Thesetechniquesareperhapsthemostintuitive
visualizationstrategiesasthey presentthe dataasis. Dif�culties arise,whenthe long-termbehaviour
inducedby �o w datais investigatedif directFlowVis is used–thismayrequirecognitive integrationof
visualizationresults.

Dir ectFlowVis in 2D

In thissubsectionweshortlyaddresswidely distributed,standardtechniquesfor 2D FlowVis, i.e.,color-
ing andarrow plots.

Color Coding in 2D – A commondirect�o w visualizationtechniqueis to map�o w attributessuchas
velocity, pressure,or temperatureto color. Sincecolorplotsarewidely distributed,thisapproachresults
in veryintuitivedepictions.Of course,thecolorscalewhichisusedfor mappingmustbechosencarefully
with respectto perceptualdifferentiation.Color codingfor 2D FlowVis extendsto time-dependentdata
verywell, resultingin moving colorplotsaccordingto changesof the�o w propertiesover time.

Arr ow Plots in 2D – A naturalvector visualizationtechniqueis to map a line, arrow, or glyph to
eachsamplepoint in the �eld, orientedaccordingto the �o w �eld. Usually a regular placementof
arrows is usedin 2D, for example,on an evenly-spacedCartesiangrid. Two variantsof arrow plots
areoftenused:(1) normalizedarrows of unit lengthwhich visualizethedirectionof the �o w only and
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(2) arrows of varying lengththat is proportionalto the �o w velocity. KlassenandHarrington[74] and
Schroederet al. [135] call this techniquea hedgehogvisualizationbecauseof the bristly result. Two
dimensionalhedgehogplotscanbeextendedto time-dependentdata,althoughbiggertime stepsmight
resultin jumpingarrows,diminishingthequalityof suchavisualization.

Hybrid dir ectFlowViz in 2D – Kirby etal. proposesimultaneousvisualizationof multiplevalues(of
2D �o w data)by usinga layeringconceptrelatedto thepaintingprocessof artists[72]. Arrow plotsare
mixedwith color codingto providevisualizationresultsrich of information.

Dir ect FlowViz on Slicesor Boundaries– Whendealingwith 3D �o w data,visualizationnaturally
facesadditionalchallengessuchas3D rendering.Acting asa middlegroundbetween2D FlowViz and
thevisualizationof truly 3D �o w datais therestrictionto subdimensionalpartsof the3D domain,e.g.,
sectionalslicesor boundarysurfaces.Thereby, techniquesknown from 2D FlowViz oftenareapplicable
without majorchanges,at leastfrom a technicalpoint of view. Whenworking with sectionalslices,the
treatmentof �o w componentsorthogonalto slicesrequiressomespecialcare.

Color Coding on Slicesor Boundaries– Colorcodingis veryeffectivefor visualizingboundary�o ws
or sectionalsubsetsof 3D �o w data. A goodexampleis NASA s Field EncapsulationLibrary [106],
which allows to easilyuseboth techniquesfor various�o w data.Schulzet al. alsousecolor codingof
scalarson2D slicesin 3D automotivesimulationdata[137]. They introduceaninteractiveslicingprobe
which mapsthe vector �eld datato hue. The useof scalarclipping, i.e., the transparentrenderingof
sliceregionswherethecorrespondingdatavaluedoesnot lie within a speci�c datarange,allows to use
multiple (colored)sliceswith reducedproblemsdueto occlusion.

2D Arr ows on Slicesor Boundary Surfaces– Using2D arrows on slicesfrom 3D �o w datais also
aneffective visualizationtechnique[42]. However, resultsof sucha visualizationshouldbeinterpreted
carefully, as �o w componentswhich areorthogonalto the slice areusuallynot depicted. The above
mentioneddif�culties with 2D arrowsandsectionalslicesthrough3D �o w arebasicallynegligible,when
talking aboutboundarysurfaces,sincein thesecases,rarelycross-boundary�o ws aregiven. Therefore
the useof arrows spreadout over boundarysurfacesusually is very effective, asusedby Treinishfor
weathervisualization[157].

Dir ectFlowVis in 3D

After discussingdirectFlowVis on slicesandboundarysurfaces,directFlowVis of real3D �o w is dis-
cussed.In contrastto previously mentionedtechniques,hererenderingbecomesthemostcritical issue.
Occlusionandcomplexity make it dif�cult (if possibleat all) to getanimmediateoverview of anentire
�o w datasetin 3D.

Volume Rendering for 3D FlowViz – The naturalextensionof color coding in 2D (or on slices,
etc.) is color codingin 3D. This, however, posesspecialrequirementsonto renderingdueto occlusion
problemsandnontrivial complexity–volumerenderingis needed.Volumerenderingis well-known in the
�eld of medical3D visualization,i.e., volumevisualization.However, thosechallenges,which closely
correspondto �o w visualizationare brie�y addressedhere: (1) �o w datasetsare often signi�cantly
smootherthanmedicaldata–anabsenceof sharpandclearobjectboundaries(like organ boundaries)
makesmappingto opacitiesmoredif�cult andlessintuitive. (2) �o w datais oftengivenonnon-Cartesian
grids, e.g., on curvilinear grids the complexity of volume renderinggetssigni�cantly more dif�cult,
startingwith nontrivial solutionsrequiredfor visibility sortingandblending.(3) �o w datais alsotime-
dependentin many cases,imposingadditionalloadson therenderingprocess.

In theearlynineties,Craw�s et al. [25, 24], aswell asEbertet al. [39] appliedvolumerenderingtech-
niquesto vector�elds. Later, Frühaufappliedray castingto vector�elds [46]. Recently, Westermann,
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presenteda relatively fast3D volumerenderingmethodusinga resamplingtechniquefor vector �eld
datafrom unstructuredto Cartesiangrids[182].

Recently, ClyneandDennis[21] aswell asGlau[48] presentedvolumerenderingfor time-varyingvec-
tor �elds usingalgorithmswhich make specialuseof graphicshardware. Onoet al. usedirectvolume
renderingto visualizethermal�o ws in thepassengercompartmentof anautomobile[111]. Their goal
is to attaintheability to predictthe thermalcharacteristicsof theautomotive cabinthroughsimulation.
Swanetal. applydirectvolumerenderingtechniquesin �o w visualizationin asystemthatsupportscom-
putationalsteering[146]. Their visualizationresultsareextendedto theCAVE environment.Recently,
EbertandRheingansdemonstratedtheuseof nonphotorealisticvolumerenderingtechniquesfor 3D �o w
data[37]. They applysilhouetteenhancementor toneshadingto improve renderingsof 3D �o ws.

Arr ow Plots in 3D – The useof arrows for direct 3D FlowVis posesat leasttwo problems:(1) the
positionandorientationof a vectoris often dif�cult to understandbecauseof its projectiononto a 2D
screen–using3D representationsof arrows (like a cylinder plusa cone)decreasestheseproblemswith
perceptionand (2) glyphsoccludingoneanotherbecomea problem. Careful seedingis required(in
contrastto the default of densedistributions). In actualapplications,arrow plots areusuallybasedon
selective seeding,for example,all arrows startingfrom oneout of a few sectionalslicesthroughthe3D
�o w.

Boring and Pang addressthe problemof clutter in 3D direct FlowVis by highlighting thosepartsof
a 3D arrow plot, which point in a similar directioncomparedto a user-de�ned direction [11]. Their
methodologyreducestheamountof databeingdisplayedthusresultsin lessclutter. Theirmethodscanbe
combinedwith othertechniquesthatuseglyph representationsand�o w geometriessuchasstreamlines
for FlowVis. They applythemethodsto bothanalyticandsimulationdatasetsto highlight�o w reversals.

2.5 Denseand Texture-BasedFlow Visualization

Dense,texture-basedtechniquesin �o w visualizationgenerallyprovidefull spatialcoverageof thevector
�eld. In ourclassi�cationwegroupthesemethodsinto thefollowing categoriesbasedontheir respective
primitive: the fundamentalobjectuponwhich thealgorithmis based.Our classi�cationsubdividesthe
techniquesbasedon their similarity.

� SpotNoisetechniques: Thesemethods(Section2.5)arebasedona techniqueintroducedby Van
Wijk [163]. In this category, thebasicprimitive on which thealgorithmsoperateis theso-called
spot: anellipseor othershapethat is warpedanddistributedin orderto re�ect thecharacteristics
of avector�eld.

� LIC techniques: Themethodsin this category (Section2.5)arederivedfrom analgorithmintro-
ducedby CabralandLeedom[17], namely, Line Integral Convolution (LIC). Thebasicprimitive
hereis anoisetexture: thepropertiesof thetextureareconvolved,or smeared,usingakernel�lter
in thedirectionof theunderlyingvector�eld.

� Texture advectionand GPU-basedtechniques: 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 thetechniquesin this category utilize morecomputationon
theGPU(GraphicsProcessingUnit) – ratherthantheCPU– in orderto realizeperformancegains.

� Relatedtechniques: Most of thedense,texture-based�o w visualizationresearchfalls into one
of the previous categories. Relatedresearchthat doesnot �t cleanly into one of the previous
classi�cationsis discussedin Section2.5.
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Figure2.2: (left) TheSpotNoisehierarchy of relatedresearch.Childrenin thehierarchy build uponthework of
their parent.(right) A snapshotof theunsteadyspotnoisealgorithm[31]. Imagecourtesyof De LeeuwandVan
Liere.

We have includeda sectionof meta-researchpapersin Section2.7 after the individual researchtech-
niques.Thesepapersattemptto provide analternative,higher-level framework thatincorporatesseveral
of thetechniquesdiscussedhere.

SpotNoise

Spotnoise,introducedby VanWijk [163], wasoneof the�rst dense,texture-basedtechniquesfor vector
�eld visualization. Spotnoisegeneratesa texture by distributing a setof intensityfunctions,or spots,
overthedomain.Eachspotrepresentsaparticlewarpedoverasmallstepin timeandresultsin astreakin
thedirectionof thelocal �o w from wheretheparticleis seeded.A spotnoisetextureis de�ned by [163]:

f (x) =
X

ai h(x � x i ; v (x i )) (2.6)

in whichh() is calledtheintensityfunction,ai is ascalingfactor, andx i is a randomposition.A spotis
a functionwith unity intensityvaluefor thespot,e.g.,aellipseandits interior, andzeroeverywhereelse.
Thesummationdenotestheblendingof eachinstanceof theintensityfunctionat randompositions.

Thehierarchy shown in Figure2.2, left illustratestherelationshipamongstspotnoiserelatedmethods.
Follow-up researchthatbuilds upona previoustechniqueis shown asa child in thehierarchy. Children
thatsharea commonparentarepresentedin chronologicalorderof appearancewhenreadingfrom left
to right. Eachnodein the hierarchy is labeledand the correspondingdescriptioncanbe matchedin
the text of this chapter. The dimensionalityof the �o w datausedto generatethe resultsis indicated
for convenience.The time dimensionlabel is given a differentshapeto distinguishit from the spatial
dimensions.We believe thespotnoisehierarchy (Figure2.2)andtheLIC hierarchy (Figure2.4)will be
valuableassetsin helpingthe readernavigatethe relatedresearchliterature. In what follows, we visit
eachnodein thehierarchy in depth-�rst-searchorder.

Comparative Visualization – Spotnoisehasbeenusedto simulatethe resultsfrom the �eld of ex-
perimental�o w visualization[29]. First theparametersof thespotnoisetechniquearetunedin orderto
simulatethe smearingof oil on a surface. A post-processingstepis thenaddedto enhancethe visual-
ization resultsuchthat it lookscloserto thesmearingof realoil from experimental�o w visualization.

EnhancedSpot Noise– Onelimitation of theoriginal spotnoisealgorithmwastheinability to repre-
senthigh, local velocity curvatureespeciallywith high speeds.Enhancedspotnoise[33] by De Leeuw
andVanWijk addressesthesechallengesthroughtheuseof bentspotprimitives.
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Figure2.3: Visualizationof �o w pastaboxusing(left) spotnoiseand(right) LIC.

Parallel and UnsteadySpotNoise– In orderto acceleratetheperformanceof enhancedspotnoiseto-
wardsinteractiveframerates,aparallelimplementationof thealgorithmwasintroducedbyDeLeeuw[28].
Theparallelimplementationwasappliedto thesteeringof asmogpredictionsimulationandsearchinga
very largedatasetresultingfrom anumericalsimulationof turbulence.

The�rst applicationof spotnoiseto unsteady�o w is presentedby De LeeuwandVanLiere [31] (Fig-
ure 2.2 right). The motion of spotsis modeledafter particlesin unsteady�o w. In order to visualize
unsteady�o w, thedistribution of spotswith respectto thetemporaldomainis discussed.Unsteadyspot
noisealso introducessupportfor zoomingviews of the vector �eld. Spotnoisewith zoomingis also
utilizedby DeLeeuwandVanLierewhenvisualizingtopologicalfeaturesof 2D �o w [26].

Spot NoiseRelatedLiteratur e – A combinationof bothtexture-basedFlowVis on 2D slicesand3D
arrows for 3D �o w visualizationis employed by TeleaandVan Wijk [154]. Arrows denotethe main
characteristicsof the 3D �o w after clusteringand a 2D slice with spot noisevisualizationserves as
context. Thefocusof thiswork is onvector�eld clustering.

Löffelmannetal [95] useanisotropicspotnoisecreatedfrom agrid-shapedspotto visualizestreamlines
andtimelinesconcurrentlyonstreamsurfaces.Anotherinterestingapplicationof spotnoiseis its usefor
thedepictionof discretemaps(non-continuous�o w) [93].

Spotnoisehasalsobeenappliedto thevisualizationof turbulent �o w [30] andin combinationwith the
visualizationof �o w topology[26, 27]. We refer the readerto Postet al. [116, 117] for moreon the
subjectof �o w topology.

Spot Noise vs. LIC – A visual comparisonof LIC (the focus of the next section)and spot noise
is shown in Figure2.3. Spot noiseis capableof re�ecting velocity magnitudewithin the amountof
smearingin the texture, thusfreeingup huefor the visualizationof anotherattribute suchaspressure,
temperature,etc.On theotherhand,LIC is moresuitedfor thevisualizationof critical pointswhich is a
key elementin conveying the�o w topology. Thevectormagnitudesarenormalizedthusretaininglower
spatialfrequency texture in areasof low velocity magnitude.De LeeuwandVan Liere alsocompare
spotnoiseto LIC [32]. They reportthatLIC is betterat showing directionthanspotnoise,but it does
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not encodevelocity magnitude.By �o w direction,we refer to thepathalongwhich a masslessparticle
followswheninjectedinto the�o w.

Line Integral Convolution

Line integral convolution (LIC), �rst introducedby CabralandLeedom[17], hasspawneda largecol-
lection of researchasindicatedin Figure2.4. The original LIC methodtakesasinput a vector �eld
on a 2D, Cartesiangrid anda white noisetextureof thesamesize.Texelsareconvolved(or correlated)
alongthepathof streamlinesusinga�lter kernelin orderto createadensevisualizationof the�o w �eld.
More speci�cally, givena streamline� , LIC consistsof calculatingtheintensityI for a pixel locatedat
x0 = � (s0) by [144]:

I (x0) =

s0+ L=2Z

s0 � L=2

k(s � s0)T(� (s)) ds (2.7)

whereT standsfor an input noisetexture, k denotesthe (usuallysymmetric)�lter kernel,s is an arc
lengthusedto parameterizethe streamlinecurve � , andL representsthe �lter kernellength. SeeFig-
ure1.5(middle)for a result.LIC wasoneof the�rst dense,texture-basedalgorithmsableto accurately
re�ect velocity �elds with high local curvature.

Theresearchin LIC-based�o w visualizationdescribedhereextendsLIC in severaldirections:(1) adding
�o w orientationcues,(2) showing localvelocitymagnitude,(3) addingsupportfor non-rectilineargrids,
(4) animatingthe resultingtexturessuchthat the animationshows the upstreamanddownstream�o w
direction,(5) allowing real-timeandinteractive exploration,(6) extendingLIC to 3D, and(7) extending
LIC to unsteadyvector�elds. In the following, we visit theLIC hierarchy of Figure2.4 in depth-�rst-
searchorder.

Curvilinear Grids and UnsteadyLIC – Forssell[43] wasearlyto extendLIC to surfacesrepresented
by curvilineargrids. Theoriginal LIC methodportraysa vector�eld with uniform velocity magnitude.
Forssellintroducesa techniquefor displayingvectormagnitude. Shealsodescribesoneapproachto
animatetheresultingLIC textures.ForssellandCohenextendthiswork to visualizeunsteady�o w [44].
Their approachmodi�es the convolution suchthat the �lter kerneloperateson streaklinesratherthan
streamlines.In otherwords,they modify the LIC algorithmto tracea paththat incorporatesmultiple
timesteps.

FastLIC – Many algorithmsarebuilt onFastLIC introducedby StallingandHege[144]. FastLIC is
approximatelyoneorderof magnitudefasterthantheoriginal. Thespeedupis achievedthroughtwo key
observations: (1) fastLIC minimizesthe computationof redundantstreamlinespresentin the original
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methodand(2) fastLIC exploitssimilar convolution integralsalongasinglestreamlineandthusre-uses
partsof the convolution computationfrom neighboringstreamlinetexels. They alsointroducesupport
for �ltered imagesatarbitraryresolution.

Parallel Fast LIC – Amongst the �rst parallel implementationsof fast LIC is that of Zöckler et
al. [187]. The algorithm computesanimationsequenceson a massively parallel distributed memory
computer. Parallelizationis performedin imagespaceratherthanin time in orderto take advantageof
thestrongtemporalcoherencebetweenframes.Luckily, asweshallseelater, �o w visualizationresearch
in this areahasevolvedfar enoughsuchthatexpensive parallelprocessinghardwareis not alwaysnec-
essaryto achieve interactive visualization[63, 64, 83, 164]. However, for 3D andunsteady�o w there
is still needfor parallelization.For thesake of completeness,we alsomentionthework of Cabraland
Leedomon parallelizationof LIC [16] althoughthis is a parallelprocessingversionof theoriginal LIC
algorithm,not fastLIC.

Fast LIC on Surfaces– Battke et al. [3] extendfastLIC to surfacesrepresentedby arbitrarygrids
in 3D. The approachby Forsselland Cohen[44] was limited to surfacesrepresentedby curvilinear
grids. Themethodworksby tessellatinga givensurfacerepresentationwith triangles.Thetrianglesare
packed(or tiled) into texturememoryanda local LIC textureis computedfor eachtriangle.Theresults
presentedhereare limited to relatively small simple surfacerepresentationscomposedof equilateral
triangles(1,600–4,000triangles).

Volume LIC – Interranteand Grosch[60, 61] visualizetrue 3D �o w using the fast LIC algorithm
as a startingpoint. Clearly, thereare perceptualchallengesrelatedto 3D �o w visualizationsuchas
occlusion,depthperception,andvisualcomplexity. VolumeLIC introducestheuseof halosin orderto
enhancedepthperceptionsuchthat the userhasa betterchanceat perceiving the 3D spacecoveredin
thevisualization(Figure2.5). Areasof highervelocity magnitudearemappedto highertextureopacity.
It is interestingto notethatwith the introductionof halos,we arethenableto identify distinctentities
in the3D �eld, a propertygenerallynot presentin otherLIC techniques.Thusthe3D LIC takesa step
in thedirectionof beingageometric�o w visualizationtechniquewherediscreteintegralobjectssuchas
streamlinescanbedistinguished.Without introducingsomenotionof sparsenessinto thevisualization,
theresultswould not bevery useful. However, with the introductionof sparseness,a trade-off is made
between�o w �eld coverageandreducingocclusion.

EnhancedFast LIC and LIC with Normal – Two usefulextensionsto the fastLIC algorithmare
introducedby HegeandStalling[51] andScheuermannet al. [132]. HegeandStalling[51] experiment
with higherorder�lter kernelsin orderto enhancethequalityof theresultingLIC textures.

In thecaseof slices,vectorcomponentsorthogonalto thesliceareremovedwhenusingtexture-basedand
geometricmethodsfor visualizationresults.Scheuermannet al. [132] addressthis missingorthogonal
vector�eld componentby extendingfastLIC to incorporateanormalcomponentinto thevisualization.

DLIC – Sundquist[145] presentsanextensionto fastLIC, DLIC (DynamicLIC), in orderto visualize
time-dependentelectromagnetic�elds. Accordingto Sundquist,themotionof the�eld is notnecessarily
alongthedirectionof the�eld itself in thecaseof electromagnetic�elds. Thealgorithmproposedhere
handlesthecaseof whenthevector�eld andthedirectionof themotionof the�eld linesareindependent.
Conceptually, therearetwo vector�elds usedin this approach:(1) theelectromagnetic�eld itself and
(2) thevector�eld thatdescribestheevolutionof streamlinesasa functionof time.

Multi variate LIC – Urnesset al. [161] presentanextensionto fastLIC that incorporatesa new col-
oring schemethat canbe usedto incorporatemultiple 2D scalarandvectorattributes. Color weaving
assignsa speci�c attributerepresentedby a color to anindividual streamlinethreadin thevisualization.
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Figure2.5: A resultfrom theVolumeLIC method[60, 61]. Imagecourtesyof InterranteandGrosch.

The streamlinepatternsmay interweave andso may the color patterns.Using multiple colorsallows
visualizationof morethanonevariatein theresult.Their secondcontribution is calledtexture stitching:
anextensionto theideapresentedby Kiu andBanks[73], namelymulti-frequency LIC. However, in the
caseof Urnesset al. [161] themulti-frequency noisetexturesareusedto highlight regionsof interestas
opposedto velocitymagnitudeasby Kiu andBanks[73].

Dye Injection – Shenetal. addresstheproblemof directionalcuesin LIC by incorporatinganimation
andintroducingdyeadvectioninto thecomputation[138]. Thesimulationof dyemaybeusedto high-
light featuresof the�o w. In addition,they incorporatevolumerenderingmethodsthatmapaLIC texture
ontoa3D surface.Thustheuseris ableto visualizethedyethroughoutthevolume.Wepointout thatthe
modelingof dyetransportis not alwaysphysically correctsincedyeis dispersednot only by advection,
but alsoby diffusion.Notethatdyeadvectiontechniquescanbeclassi�eddifferently. Dye injectioncan
resultin discretegeometricobjectsusedto visualizethe�o w, andthus,couldbeclassi�edasa groupof
geometricvisualizationtechniques.Dye injectionis alsoimplementedby someof thetextureadvection
andGPU-basedtechniquesasdescribedin Section2.5.

Again, in Shenet al. we seethe notionof a sparservisualization(ascomparedto LIC) in orderto see
into the 3D �o w. The resulting3D visualizationapproachesthat of a geometrictechniquesuchasthe
useof streamsurfaces.And just aswith theothergeometrictechniques,thenotionof whereto placeor
inject thedyeinto the�o w becomesimportant.

Multi-Fr equencyLIC – Kiu andBanksproposeto usea multi-frequency noisefor LIC [73]. The
spatialfrequency of the noiseis a function of the magnitudeof the local velocity. Long, fat streaks
indicateregionsof the�o w with highervelocitymagnitude.

Oneproblemwith many curvilineargrid LIC algorithmsis that the resultingLIC texturesmay bedis-
tortedafterbeingmappedonto thegeometricsurfaces,sincea curvilineargrid usuallyconsistsof cells
of differentsizes.Mao et al. proposea solutionto theproblemby usingmulti-granularitynoiseasthe
input imagefor LIC [100].

OLIC and FROLIC – Wegenkittl et al. addresstheproblemof directionof �o w in still imageswith
their OLIC (OrientedLIC) approach[176]. By orientation,they meanthe upstreamanddownstream
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directionsof the�o w, notvisible in theoriginalLIC implementation.Conceptually, theOLIC algorithm
makesuseof a sparsetextureconsistingof many separatedspotsthataresmearedin thedirectionof the
localvector�eld throughintegration.A fastversionof OLIC, calledFROLIC (FastRenderingof OLIC),
is achievedby Wegenkittl andGröller [175] via a trade-off of accuracy for time. FROLIC approximates
thesimulateddroplettraceresultingfrom OLIC with a sequenceof disksof varyingintensity, with disk
intensityincreasingtowardsthedownstreamdirection.

AnimatedFROLIC [7] achievesanimationof theresultvia a color-tableandis basedon theobservation
thatonly thecolorsof theFROLIC disksneedto bechanged.Eachpixel is assigneda color-tableindex
that pointsto a speci�c entry in the color-table. Color-tableanimationthenchangesthe entriesof the
color-tableitself ratherthanthepixelsof thecorrespondingimage.

LIC on Surfaces– Mao et al. [101] extendtheoriginal LIC methodby applyingit to surfacesrepre-
sentedby arbitrarygrids in 3D. FormerLIC methodstargetedat surfaceswererestrictedto structured
grids[43, 44,138]. Also, mappinga computed2D LIC textureto a curvilineargrid mayintroducedis-
tortionsin thetexture.Mao el al. proposesolutionsto overcometheselimitations.Theprinciplebehind
their algorithmrelieson solid texturing [112]. The convolution of a 3D white noiseimage,with �lter
kernelsde�ned alongthelocal streamlines,is performedonly at visible ray-surfaceintersections.

This ideahasanadvantageoverthatof Battkeetal. [3] in thatit avoidswhatcanbeatimely andcomplex
assemblyof trianglesinto texturespace.However, ray-tracingis alsocostly. Themethodhereis view-
point dependentandrequiredrelatively lengthy processingtime for anunstructuredmeshcomposedof
10,000triangles.

A signi�cant body of researchis dedicatedto the extensionof LIC onto boundarysurfaces.Teitzel et
al. [151] presentanapproachthatworksonboth2D unstructuredgridsanddirectlyontriangulatedgrids
in 3D space.This topic itself is thesubjectof asurvey by Stalling[143].

UFLIC – Shenand Kao [139] extend the original LIC algorithm to handleunsteady�o ws. Their
extension,calledUFLIC (UnsteadyFlow LIC), handlesthecaseof unsteady�o w �elds by introducing
a new convolution �lter thatbettermodelsthenatureof unsteady�o w. Theconvolution is donealong
pathlines(asopposedto streamlines).They improve uponthe shortcomingsof the previous unsteady
LIC attemptpresentedby ForssellandCohen[44]. Accordingto ShenandKao, ForssellandCohen's
approachhasmultiple limitations including: (1) lack of clarity with respectto spatialcoherence,(2)
deriving current�o w valuesfrom future �o w values,(3) unclearexpositionwith respectto temporal
coherence,and(4) lack of accuratetime stepping.All of theseproblemsareaddressedby UFLIC. Shen
andKaoalsoapplyUFLIC to thevisualizationof time-dependent�o w to parameterizedsurfaces.UFLIC
is alsoextendedusingaparallelimplementationby ShenandKao [140].

AUFLIC – AUFLIC (AcceleratedUFLIC) isanextensiontoUFLIC thatenhancesperformancetimes[89].
TheprinciplebehindAUFLIC is to save, re-use,andupdatepathlinesin a vector�eld seedingstrategy.
AUFLIC requiresapproximatelyonehalf of thetime requiredby UFLIC andgeneratessimilar results.

3D LIC – Rezk-Salamaetal. [121] proposerenderingmethodsto effectively displaytheresultsof 3D
LIC computations.They utilize texture-basedvolumerenderingin aneffort to provideexplorationof 3D
LIC texturesat interactive framerates.Like Interrante[61], they addresstheperceptualproblemsposed
by dense,3D visualization.They approachthesechallengesthroughtheuseof opacitytransferfunctions
andclipping planes,asin Figure2.6. Opacitytransferfunctionsallow theuserto seethroughportions
of theLIC texturesdeemeduninterestingby theuser. In additionto conventionalclippingplanes,Rezk-
Salamaetal. alsouseclippingwith arbitraryclosed-surfacegeometries.
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Figure2.6: An LIC visualizationshowing a simulationof �o w arounda wheel[121]. Theappropriatechoiceof
transferfunctionresultsin asparsernoisetexture. Imagecourtesyof Rezk-Salamaetal. [121]

The useof transferfunctionsand geometricclipping objectsare interestingchoicesfor dealingwith
the perceptualproblemsassociatedwith 3D. In somesense,thesecanbe comparedwith the seeding
problemof the geometricclassof visualizationtechniques.Seedingstrategiesaddresswhereto start
streamlinesandotherintegration-basedgeometricobjects.Selective seedingof geometricobjectsin 3D
is oftenconsidereda key to successfulvisualization.However, knowledgeof theproperseedlocations
is a requisitefor this approach.And just asproperseedplacementis a requisitewhenusinggeometric
objects,expertisewith the transferfunction(s)andclosed-objectclipping geometriesis requiredin the
caseof 3D LIC.

Geometric LIC – We make a distinctionbetweengeometric�o w visualizationanddense,texture-
based�o w visualization. However, thesetwo topicsarecloselycoupled. Conceptually, the pathfrom
usinggeometricobjectsto texture-basedvisualizationis obtainedvia a denseseedingstrategy. That is,
denselyseededgeometricobjectsresultin animagesimilarto thatobtainedby dense,texture-basedtech-
niques[65]. Likewise,thepathfrom dense,texture-basedvisualizationto visualizationusinggeometric
objectsis obtainedusingsomethingsuchasasparsetexturefor textureadvection[176].

Herewe have groupedtogethertechniquesthatsynthesizeLIC resultsby mappinga pre-computedLIC
textureontogeometricprimitivessuchasstreamlines.By usinggeometricprimitives,researchershope
to speedup performancetimesof theLIC results.Thedrawbackof thesemethodsis that they require
careful seedingstrategies to gain the completecoverageof the �o w �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
color-tableanimationtechniqueis usedto animatethe �o w. It offers the advantageof saving memory
andcomputationtimesinceonly oneimageof the�o w hasto becomputedandstoredin themotionmap
datastructure.This techniqueis not applicableto unsteady�o w however. It relieson a one-timecostof
computingasetof streamlines.
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Figure2.7: A comparisonof 3 LIC techniques:(left) UFLIC [140], (middle)ELIC [110], and(right) PLIC [168].
Imagecourtesyof Vermaetal. [168].
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Figure2.8: Theclassi�cationof textureadvectionandGPU-basedtechniques.Thecolumnsindicatetheprimitive
usedduringadvectionwhile therows indicatetheadvectionscheme.

PLIC – Vermaetal. presentamethodfor visualcomparisonof streamlinesandLIC calledPLIC [168]
(Pseudo-LIC).They attemptto identify therelevantparametersto generateLIC-lik eimagesfrom adense
setof streamlinesandfor generatingstreamline-like imagesthroughtheuseof different�lters usedfor
convolution. By experimentingwith different input texturesfor LIC, both streamline-like imagesand
LIC-lik e resultscanbe obtained.ELIC (enhancedLIC), placedherebecauseof its visual comparison
with PLIC, builds on the original LIC algorithm in four ways: (1) by incorporatingan algorithm to
improvethedelineationof streamlines,(2) increasingtheimagecontrast,(3) removing texturedistortion
introducedby applyingLIC to curvilineargrids, and(4) usingcolor to highlight �o w separationand
reattachmentboundaries.A visualcomparisonbetweenUFLIC [140], ELIC [110], andPLIC is shown
in Figure2.7.

Hierar chical LIC – Bordoloi and Shen[10] introducea hierarchicalapproachto LIC basedon a
quadtreedatastructureusedto supportlevel of detail(LOD). Theideais to replaceportionsof thevector
�eld of lower complexity with rectangularLIC texture-mappedpatches.TheLIC texture is takenfrom
a previously calculatedLIC imageof a straightvector�eld. Here,complexity is a directfunctionof the
amountof curl in thelocal vector�eld.

DecoupledLIC – Li et al. [88] presenta techniquefor thevisualizationof 3D �o w basedon texture
mappedprimitives,namelystreamlines.They decouplethevisualizationinto apre-processingtypestage
that computesthe streamlinesand a stagewhich mapsvarioustexturesto the streamlinescomputed
in the �rst stage. The result is volumerenderedat interactive framerates. To addressthe perceptual
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challengesposedby 3D visualization,depthcues,lighting effects,silhouettes,shading,andinteractive
volumeculling aredescribed.

TextureAdvectionand GPU-BasedTechniques

In this sectionwe describeresearchbasedon moving texels or moving groupsof texels, i.e., texture-
mappedpolygonswhosemotion is directedby the vector �eld. Figure2.8 shows an overview of the
differenttechniquesandclassi�esthemaccordingto two properties:(1) theadvectionschemeusedand
(2) theprimitiveusedduringadvection.Someof theliteraturefocusesmainlyon theintegrationscheme
usedto advecttexturesor texels.By thetermtexel wemeantextureelement.Somemethodsfocusonthe
mappingto advectedprimitivesandsomefocusonboth.Figure2.8alsoshowsthedimensionalityof the
�o w data.In ourdiscussion,wevisit themethodsin clockwiseorderstartingat12o'clock. Within each
sub-blockthemethodsarelistedin chronologicalorder. This is becausethemappingof texel properties
betweentwo time stepsin thevisualizationis not 1-to-1in this case.For a moredetaileddiscussionsee
Jobardetal. [63, 64]

Onecharacteristiccommonto many of thetextureadvectiontechniquesin this section[63, 64,83,102]
is theuseof backward coordinateintegration (or backwardadvection).Noneof themethodsdescribed
hereuseforwardadvection(i.e.,forwardintegration)andindividual texelsasaprimitive. This is because
the combinationof forward integrationandtexel primitivesleavesholesin the visual domainafter the
forward integrationcomputation[64]. Givena position,x 0(i; j ) = (i; j ) of eachparticlein a 2D �o w,
backwardintegrationovera time interval h determinesits positionataprevioustimestep[63]:

x � h(i; j ) = x0(i; j ) +
Z h

� =0
v � � (x � � (i; j ))d� (2.8)

whereh is the integrationstep,x � � (i; j ) representsintermediarypositionsalongthe pathlinepassing
throughx0(i; j ), andv � is thevector�eld at time� . Wenotethatthemethodsin thiscategoryaregener-
ally implementedin aniterativefashion.Thatis for eachanimatedframeanintegrationis performedover
asmalltime-steph, followedby anupdateof visualproperties.This is opposedto geometricmethodsin
whicha longerparticlepathmaybecomputedoverseveraltimestepsbeforetheresultsaredisplayed.

IBFV – ImageBasedFlow Visualization(IBFV) by Van Wijk [164] is oneof the fastestalgorithms
for dense,2D, unsteadyvector�eld representations(Figure2.9). It is basedon theadvectionanddecay
of texturesin imagespace.Eachframeof thevisualizationis de�ned asa blendbetweentheprevious
image,warpedaccordingto the�o w direction,andanumberof backgroundimagescomposedof �ltered
white noisetextures. One reasonit is fasterthan many texture-based�o w visualizationmethodsis
becauseit reducesthenumberof integrationcomputationsthatneedto beperformedvia advectingsmall
quadrilateralsratherthanindividualpixels.

Moving Textures– Max andBecker wereearly to introducethe ideaof moving texturesin orderto
visualizevector �elds [102]. Oneof the primary goalsof this work wasto usetexturesin motion to
producenear-real-timeanimationof �o w. Texture-mappedtrianglesareadvected,or distorted,in the
directionof the �o w. Also, applyingthis techniqueto 3D �o ws with no modi�cation providesresults
thataredif�cult to perceive,at leastin thecaseof astill image.

ISA and IBFVS – IBFV hasbeenextendedto thevisualizationof �o w onsurfaces[83,165]. VanWijk
presentsanextensioncalledIBFVS, IBFV for Surfaces[165]. Larameeetal. [83] presentasimilardense,
texture-basedvisualizationtechniqueonsurfacesfor unsteady�o w calledISA: ImageSpaceAdvection.
Both methodsproduceanimatedtextureson arbitrary3D trianglemeshesin the samemanneras the
original IBFV method. Texturesaregenerated,advected,andblendedin imagespace.The methods
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Figure2.9: A screenshotfrom theImageBasedFlow Visualizationalgorithm.Imagecourtesyof VanWijk [164].

generatedenserepresentationsof time-dependentvector �elds with high spatio-temporalcorrelation.
While the 3D vector �elds areassociatedwith arbitrarytriangularsurfacemeshes,the generationand
advectionof texturepropertiesis con�ned to imagespace.Both spotnoiseandLIC-lik e resultscanbe
attained.In bothtechniques,[83, 165] fastframeratesareachievedin partby exploiting theGPU.

VanWijk' s methodis appliedto potential�eld visualizationandsurfacevisualization.Larameeet al.'s
algorithmis appliedto unsteady�o w onboundarysurfacesof large,complex meshesfrom computational
�uid dynamics,dynamicmesheswith time-dependentgeometryandtopology. It hasalsobeenapplied
to medicalsimulationdataaswell asisosurfaces[84]. A full comparisonof themethodshasbeengiven
by Larameeetal. [85].

3D IBFV – IBFV hasalsobeenappliedto the visualizationof 3D �o w [153]. The problemof how
to seeinsidethe �o w volumeis addressedby varyingboth thenoisesparsity, reminiscentof Interrante
andGrosch[61], and throughvarying the opacityof the renderedvolumesimilar to Rezk-Salamaet
al [121]. In orderto achievesparseness,TeleaandVanWijk injectemptyholesof noiseinto the3D �eld,
in additionto thenoisedescribedby theoriginal IBFV. Oneimportantcomponentof their methodis to
de�ne a thresholdvaluewhich eliminatesall close-to-transparenttexel values.Onedisadvantageof the
methodis thattherangeof velocity valuesit candisplayis limited: A texel propertycannotbeadvected
by morethanoneslicealongthez axisof thevolumein oneanimationframe.Thisproblemis addressed
by Weiskopf andErtl [180].

3D TextureAdvection– Kaoetal.discusstheuseof 3D and4D textureadvectionfor thevisualization
of 3D �uid �o ws [69]. Theresultsshow sparsetexturenoisein orderto visualizeinsidethe3D vector
�eld. Formidablechallengesareintroducedby thememoryrequirementsinvolved in using3D and4D
textures. The proposedmethoddoesnot work well for the caseof �o ws containingcritical pointsfor
incoming�o ws from thegrid boundary.
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Figure2.10: Threeimagestaken from an animationof an unsteadyvector �eld createdwith the Lagrangian-
Eulerianadvectionalgorithm.[63, 64] Imagecourtesyof Jobardetal.

GPU-BasedLIC – Heidrich et al. [52] exploit pixel texturesto accelerateLIC computation.Pixel
texturesareanOpenGLextensionby SGI thatprovidesthefunctionalityof dependenttexturesin com-
binationwith multi-passrendering.Heidrich et al.'s implementationsupports2D, steadyvector �elds
only, andachievessub-secondcomputationtimesfor LIC imagegeneration.While this methodcould
becategorizedasaGPU-acceleratedLIC technique,wepositionit heredueto its comparabilitywith the
following textureadvectiontechniques[62, 181] thatusethesameproposedOpenGLextension,handle
unsteady�o w, andthuscanbeconsideredanextensionof this technique.

LEA – Jobardetal. [62] introduceaGPU-assistedtextureadvectiontechniquefor thedensevisualiza-
tion of 2D, unsteady�o w. While themethodof Max andBecker [102, 103] advectstexturesbasedon
coarsetriangularmeshes,Jobardet al. advect textureson a per-pixel basisby meansof pixel textures,
which areusedin a similar way asby Heidrichet al [52]. Thegray-scaletexturefrom theprevioustime
stepis draggedalongthe�o w �eld by modifyingthetexturecoordinatesfor thedependenttexturelookup
accordingto the�o w data.Nearest-neighborsamplingis combinedwith anupdateof fractionaltexture
coordinatesto representsubtexel motion and,at the sametime, maintaina high contrast.An iterative
injectionof additionalnoiseis usedto compensatefor apossiblelossof contrastover time. Jobardetal.
alsodiscussthetreatmentof in�o w at boundaries,imageenhancementby color masking,andtheuseof
dyeadvection.Becauseof thelimited functionalityof thegraphicshardwarethatsupportspixel textures,
theimplementationrequiresmany renderingpassesandadvectsa textureof size2562 at approximately
two framespersecond.Moreover, themaximumresolutionof texturesis restrictedto 2562.

Jobardetal. extendthismethodto themore�e xible Lagrangian-EulerianAdvection(LEA) scheme[63]
for thevisualizationof unsteady, 2D �o w. Here,they rely on a CPUimplementationthat leadsto better
advectionquality, higherspeed,andno limitations of the maximum�o w size. Particle pathsareinte-
gratedasa functionof time, referredto astheLagrangianstep,while thecolor distribution of theimage
pixelsis storedin atextureandupdatedin place(Eulerianstep).Thetemporalcoherenceof theadvected
noisetexturesis transformedinto spatialcoherenceby blendingtexturesfrom subsequenttimesteps,i.e.,
eachstill framedepictstheinstantaneousstructureof the�o w, whereasananimatedsequenceof frames
still revealsthemotionof theadvectedtexture. Jobardet al. demonstratethat thecombinationof noise
anddyeadvectionis usefulfor aneffectivevisualizationandexplorationof unsteady�o w. Someresults
from the techniqueareshown in Figure2.10. This work is extendedby Jobardet al. [64] in orderto
improve thequalityof dyeadvection.

Weiskopf et al. [179] presenta GPU-acceleratedversionof theLEA algorithmusingper-fragmentop-
erations.TheGPU-basedtextureadvectionby Weiskopf et al. [181] supportsbilineardependenttexture
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Figure2.11: Relateddense,texture-based�o w visualizationmethods.Eachmethodis comparedwith respectto
thedensityof theresultingvisualization.

lookupswithout taking into accountthe updateof fractionalcoordinates.Therefore,this approachis
mainly suitablefor dye advection at high frame rates. Weiskopf et al. also demonstratehow GPU-
acceleratedvisualizationof unsteady, 3D �o wscanbeimplementedwith pixel textures.

UFAC – Weiskopf et al. [178] introducea generictexture-basedframework for visualizing2D, time-
dependentvector �elds. They proposeUnsteadyFlow Advection-Convolution (UFAC) asan applica-
tion of the framework for visualizing unsteady�uid �o w. Also, their approachcan reproduceother
techniquessuchasLEA [64], IBFV [164], UFLIC [140], andDLIC [145]. Weiskopf et al. describea
GPU-acceleratedimplementationthat,amongotherthings,allowstheuserto trade-off quality for speed.

RelatedDense,Texture-BasedMethods

Theliteraturedescribedin thefollowing is not, in general,asstronglyinter-relatedastheliteraturein the
spotnoise,LIC, textureadvection,andGPU-basedcategories.For this reasonwe soughtanalternative
schemein orderto relatethedifferenttechniques.Figure2.11shows therelatedmethodsandclassi�es
thembasedon thedensityof their results. In this caseeachtechniqueis givena subjective ratingon a
sparse-to-densescale.Sparseresultslook morelike theresultsfrom �o w visualizationusinggeometric
objectswhereasdensetechniquesproduceresultsresemblingspotnoiseor LIC. Thesemethodsdonot �t
cleanlyinto oneof thepreviouscategories,nonetheless,they areimportantto thededicatedtopicandare
brie�y outlinedhere.Readingfrom topto bottomin Figure2.11,wevisit thetechniquesin chronological
order.

Texture Splats – As an extensionof the techniqueof splattingfrom volumerendering,Craw�s and
Max [25] introducethenotionof texture splatsfor �o w visualization.Beinga volumerenderingtech-
nique,it is targetedat thedepictionof 3D vector�elds. As with Rezk-Salamaetal. [121], it is aselective
opacitytransferfunctionthatultimatelydecideswhich subsetsof the3D dataareshown andwhich are
not. Thetransferfunctionsareusedto emphasizeor suppressspatialregionsasopposedto rangesof data
values.

TextureTransport – Thetexturetransportmethodof BeckerandRumpf[5] introducesamathematical
framework basedon the solutionof a time-dependenttransportequation. Lagrangiancoordinatesare
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computedfrom the transportequationandvisualizedusinga texturemapping.The resultsin this case
resemblethosefrom thegeometricclassof solutions.Individual linesin thetexturecanbedistinguished.
Themajordrawbackof thisapproachis thecomputationtime required.

Furlik e Texture – Khouaset al. synthesizeLIC-lik e imagesin 2D with furlike textures[71]. Their
techniqueis ableto locally control attributesof the outputtexture suchasorientation,length,density,
andcolorvia amodelbasedon �laments resemblingfur.

Diffusion and UnsteadyDiffusion – PreußerandRumpf[119] aswell asDiewaldetal. [34] borrow a
well known techniquefrom imageanalysisfor visualizationof �uid �o w. Thenonlinear, anisotropicdif-
fusionequationsfrom imageanalysisareadoptedandappliedto vector�elds. A noisytexturecovering
thedomainis stronglysmoothedalongintegral lineswhile still retainingandenhancingedgesin direc-
tionsorthogonalto the�o w, i.e.,streamline-aligneddiffusion.Successively coarsepatternsrepresenting
thevector�eld canalsobegenerated.It is appliedto 2D, 2.5D,and3D vector�elds [34, 119]. In the
caseof 3D, theresultingenhancededgesarediscretizedandresemblestreamlinesor streamribbons.In
thiscase,occlusionbecomesanimportantissuebecausethe3D resultsappearsomewhatcluttered.

Bürkle et al. extendthis techniqueto the caseof time-dependent�o w [15]. Insteadof streamline-like
patterns,streaklinepatternsaregenerated.A blendingstrategy, comparableto noiseor dye injection,
is introducedin order to provide the new time-dependenttexture necessaryfor the caseof long-term
�o w evolution. They proposea solutionbasedon the blendingof different resultsfrom the transport
diffusionevolution startedat successively incrementedtimes. Again, thedisadvantageof this approach
is therequiredcomputationaltime. Also, noattemptis madeto applythismethodto time-dependent3D
�o w, a formidablechallenge.

Contrast Analysis – Sannaet al. [131] focuson the issueof encodinganotherscalarvalueinto the
textureusedto visualizethe �o w, in additionto �o w direction,orientation,andlocal magnitudeof the
�eld. It isanextensionof aprevioustechniquecalledTOSL–ThickOrientedStreamlineAlgorithm[130].
Areasof higherscalarvaluesarecharacterizedby highercontrastlevels in the texture andstreamline
tonesaregeneratedin orderto highlight theseareas.Thegoal is to allow anadditionalvariableinto the
visualizationbeyondprevioustechniques.

MRF – TaponeccoandAlexaapplyMarkov RandomField (MRF) texturesynthesismethodsto vector
�elds [148]. The resultsresemblea mixtureof traditionaltexture-basedmethodsandgeometricmeth-
ods. In the resultingtexture,distinct streamlinepatternscanbeseen.Onedrawbackto this methodis
performance.MRF texturesynthesismethodsmayrequirehoursof computationtime. How it maybe
appliedto unsteady�o w is anopenquestion.

2.6 GeometricFlow Visualization

GeometricFlowVis entailsextractinggeometricobjectsfor which their shapeis directly relatedto the
underlyingdata.In whatfollows,wediscussgeometric�o w visualizationtechniquessuchascontouring
in both2D and3D aswell asgeometricFlowVis usingintegralobjects(suchasstreamlines).

Contouring in 2D – Contouringis a naturalextensionto color codingin 2D. A contouris a boundary
betweentwo distinct regions. Often, theuseris highly interestedin transitionareasin thevector�eld.
In a color plot, transitionsareshown by a changeof color. With contouring,anexplicit line or curve is
drawn.
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Figure2.12:Threeimagesfrom aninteractive explorationof a vector�eld usingtheMR viewer [68]. A suitable
level of resolutioncan be chosenwhile maintaininga roughly constantstreamlinedensity. Imagecourtesyof
JobardandLefer.

Isosurfacesin 3D – Extendingcontouringfrom 2D to 3D, resultsin theuseof isosurfacesfor 3D �o w
visualization.Specialcareneedsto betakenwith isovalueselection,mostlybecauseof theoftensmooth
natureof �o w data.In casesof nosharptransitionswithin thedata,any isovaluelacks(at leastpartially)
intuitive interpretation.Neverthelessthereareusefulapplicationsof isosurfacesto �o w data,e.g.,in the
visualizationof shockwaves[147] or burningfronts in simulatedcombustiondata.Furthermore,when
scalarclipping is usedwith color codingof slices,this naturallycombineswith isosurfacesaslong as
isovalueandclipping valuecoincide. Röttgeret al. presenta hardwareacceleratedvolumerendering
techniquewhich allows to usemultiple (semitransparent)isosurfacesfor visualization[126]. Treinish
appliesisosurfacingto visualize(unsteady)weatherdata[157]. Weberet al. [173] presentcrack-free
isosurfaceextractionfor (multiresolution)grids. LarameeandBergeronprovide isosurfacesfor super
adaptiveresolutiongrids[79]. In thisthesiswecombineisosurfaceswith texture-based�o w visualization
(Chapter5 [84]).

Geometric2D FlowVis Using Integral Objects

In thissubsectionweshortlydiscussgeometricFlowVis techniquesin 2D basedon integralobjectssuch
asstreamlets,streamlines,andtheir relativeswithin unsteady�o ws. Theseedingproblemis addressed,
which requiresasolutionin orderto realizebetterdistributionsof integralobjects.

Streamletsand Streamlinesin 2D – If �o w vectorsareintegratedfor a very shorttime, streamlets
aregenerated.Eventhoughshort,streamletsalreadycommunicatetemporalevolutionalongthe�o w. If
longerintegrationis performed(ascomparedto streamlets),streamlinesaregained.They area natural
extensionof glyph-basedtechniquesandoffer intuitive semantics:userseasilyunderstandthat �o ws
evolvealongintegralobjects.

Streaklines, timelines, and pathlines – Whenunsteady�o w dataare investigated,several distinct
integralobjectsareusedfor �o w visualization.A pathlineor particletraceis thetrajectorythataparticle
follows in a �uid �o w [136]. A timeline joins thepositionsof particlesreleasedat thesameinstantin
timefrom differentinsertionpoints,i.e.,joinspointsataconstanttimet [109]. A streaklineis tracedby a
setof particlesthathavepreviouslypassedthroughauniquepoint in thedomain[136]. Streaklinesrelate
to continuousinjectionof foreignmaterialinto real �o w. Sannaet al. presentanadaptive visualization
methodusingstreaklineswheretheseedingof streaklinesis a functionof local vorticity [128].
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Streamlineseedingin 2D – Oneimportantaspectof streamlines,or integral curves,whenusedfor
visualizingcontinuousvector�elds is thebestchoiceof initial conditions.Since,in general,evenly dis-
tributedseedpointsdo not resultin evenly spacedstreamlines,specialalgorithmsneedto beemployed.
Turk andBanks[159] aswell asJobardandLefer [65] developedtechniquesfor automaticallyplacing
seedpoints to achieve a uniform distribution of streamlineson a 2D vector �eld. Streamlineseeding
strategiesin 2D may alsobe topologybased.Vermaet al. [169] presenta seedplacementstrategy for
streamlinesbasedon �o w featuresin the dataset. Their goal is to capture�o w patternsnearcritical
pointsin the �o w �eld. Building on their previouswork, JobardandLefer presenteda multiresolution
(MR) methodfor visualizinglarge,2D, steady-statevector�elds [68]. TheMR hierarchy supportsen-
richmentandzooming.Theuseris ableto interactively setthedensityof streamlineswhile zoomingin
andout of the vector�eld (Figure7). The densityof streamlinescanbe computedautomaticallyasa
functionof velocityor vorticity.

Seedingof integral objectsbecomesa specialchallengewhendealingwith time-dependentdata. Jo-
bardandLefer presentedanunsteadyFlowVis algorithmby correlatinginstantaneousvisualizationsof
the vector �eld at the streamlinelevel [67]. For eachframe,a feedforward algorithmcomputesa set
of evenly-spacedstreamlinesasa function of the streamlinesgeneratedfor the previous frame. Their
methodalsoprovidesfull controlof theimagedensitysothatsmoothanimationsof arbitrarydensitycan
beproduced.

FlowVis UsingGeometricObjectson Slicesor Boundaries

After discussing2D FlowVis basedon geometricobjects,this subsectionshortlyaddressessimilar ap-
proacheson subsetsof 3D �o ws suchasboundary�o ws. Interpretationof integral curveson sectional
slicesrequiresspecialcare.

Integrated tufts – Wegenkittl et al. useintegratedtufts (similar to streamlets),seededon speci�c
equilibriumsurfaces,for thevisualizationof a complex dynamicalsystem[174], alsoover variationsof
thatsystemin a fourthdimension.

Geometric objects on slicesor boundaries – Similar to 2D FlowVis, geometricobjectssuchas
streamlinesarealsousedfor visualizingboundary�o ws or sectionalslicesthrough3D �o w [42]. How-
ever, it is importantto notethattheuseof theseobjectson slicesmaybemisleading,evenwithin steady
�o w datasets. A streamlineon a slice may depicta closedloop, even thoughno particlewould ever
traversethe loop. The reasonagain lies in the fact, that �o w componentswhich areorthogonalto the
sliceareomittedduring�o w integration.

Streamlineseedingonboundary surfaces– Maoetal. [99] extendthestreamlineseedingof Turkand
Banks[159] in orderto generateevenly distributedstreamlineson boundarysurfaceswithin curvilinear
grids.

3D FlowVis UsingGeometricObjects–

Whendealingwith 3D �o w, a rich varietyof geometricobjectsis availablefor �o w visualization.This
subsectionaddressesa seriesof objects,from streamletsto �o w volumes,primarily sortedaccordingto
their dimensionality, andwithin equaldimensionalityroughlywith respectto which techniqueextends
to another.

Streamletsin 3D – Streamletseasilyextendto 3D, althoughperceptualproblemsmay arisedueto
distortionsresultingfrom therenderingprojection.Also, seedingbecomesmoreimportantin 3D, again.
Löffelmannand Gröller usea threadof streamletsalong characteristicstructuresof 3D �o w to gain
selective, but importance-basedseedingaswell asan enhancementof abstract�o w topologythrough
directvisualizationcues[91].



CHAPTER2. FLOW VISUALIZATION, THE STATE OFTHE ART 30

Figure2.13:Examplesof �o w visualizationusinggeometricobjects(left) illuminatedstreamlines[186], (middle)
streamarrows [95], and(right) �o w volumes[104].

Streamlinesin 3D – At NASA the Flow AnalysisSoftwareToolkit (FAST) [2] is usedto visualize
CFD databasedon streamlinesin 3D. Carefulseedingis necessaryto obtainusefulresults,sincevisual
cluttercaneasilybecomea problem.IlluminatedstreamlinesZöckleret al. presentilluminatedstream-
linesto improveperceptionof streamlinesin 3D by takingadvantageof thetexturemappingcapabilities
supportedby graphicshardware[186]. Theirshadingtechniqueincreasesdepthinformation.By making
thestreamlinespartiallytransparent,they alsoaddresstheproblemof occlusion,asshown in Figure2.13,
left). For seeding,theauthorsproposeaninteractive seedingprobewhich canbemovedaroundto start
streamlinesatspeci�c placesof interest.Also,seedingnearpotentialobjectsof interestsis demonstrated.

Particle tracing in 3D – KenwrightandLanepresentanef�cient, 3D particletracingalgorithmthat
is alsoaccuratefor interactive investigationof large,unsteady, aeronauticalsimulations[70]. A perfor-
mancegain is obtainedby applyingtetrahedraldecompositionto speedup point locationandvelocity
interpolationin curvilineargrids.

Teitzel et al. analysedifferentintegrationmethodsin orderto evaluatethe trade-off betweentime and
accuracy [150, 152]. They presenta 3D particletracingalgorithmtargetedat sparsegrids that is very
ef�cient with respectto storagespaceandcomputingtime. Theauthorsrecommendusingsparsegrids
asadatacompressionmethodin orderto visualizehugedatasets.

Nielsonpresentsef�cient andaccuratemethodsfor computingtangentcurvesfor 3D �o ws [108]. The
methodsworkdirectlywith physicalcoordinates,eliminatingtheneedto switchbackandforth to compu-
tationalcoordinates.Ef�cient particletracingmethodologiesarealsoaddressedby Sarajaneetal. [127].
Sincestreamlinesareusuallyeasilycomputedin real time, they offer (togetherwith their intuitive se-
mantics)anoftenchosentool for interactive �o w analysis.BrysonandLevit [14] demonstrateseeding
of integralobjectsin avirtual 3D environmentby useof a rake.

Stream rib bons and streamtubes– A �rst extensionof streamlinesin 3D arestreamribbonsand
streamtubes.A streamribbon is basicallya streamlinewith a winglike strip added,to alsovisualize
rotationalbehavior of the 3D �o w (which is not possiblewith streamlinesalone)[160]. A streamtube
is a thick streamlinethat can be extendedto show the expansionof the �o w [160]. Streamribbons
and streamtubesoffer advantagesover streamlinesin that they can encodemore properties,suchas
divergenceand convergenceof the vector �eld, in the geometricpropertiesof the respective integral
objects.

Ueng et al. presenttechniquesfor ef�cient streamline,streamribbon, and streamtubeconstructions
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on unstructuredgrids [160]. A specializedRunge-Kutta methodis employed to speedup streamline
computation.Explicit solutionsarecalculatedfor the angularrotationratesof streamribbonsandthe
radii of streamtubes.Theresultingspeedupin overall performanceaidsin theexplorationof large�o w
�elds.

FuhrmannandGröller [47] usedashtubes,i.e.,animated,opacity-mappedstreamtubes,asavisualization
icon. An algorithmis describedwhich placesthe dashtubesevenly in 3D space.They alsoapply a
magiclensandmagicbox asinteractiontechniquesfor investigatingdensely�lled areaswithout �lling
theimagewith visualdetailandcomplexity.

Larameeintroducesthestreamrunnerasanextensionof streamtubesaninteractively controlled3D �o w
visualizationtechniquethatattemptsto minimizeocclusion,minimizevisualcomplexity, maximizedi-
rectionalcues,andmaximizedepthcuesby letting theusercontrol the lengthof thestreamtubes[77].

Stream polygons – Another extensionof streamlinesare streampolygonsusedby Schroederet
al. [134]. Streampolygonsaretoolsto visualizevectorsandtensorsusingtubeswith a polygonalcross
section.Thepropertiesof thepolygonssuchastheradius,thenumberof sides,theshapeandtherotation
re�ect propertiesof thevector�eld includingstrain,displacement,androtation.

Streamballsand streakballs– Streamballsarea useful�o w visualizationtechniqueusedby Brill et
al. [13], which visualizesdivergenceandaccelerationin �uid �o w. Streamballssplit or mergedepend-
ing on convergence/divergenceandacceleration/deceleration,respectively. Teitzel andErtl introduce
streakballswhen they presentandcomparetwo differentapproachesto accelerateparticle tracingon
sparsegridsandcurvilinearsparsegridsfor unsteady�o w data[149].

Streamsurfaces– Yet anotherextensionto streamlinesarestreamsurfaces,which aresurfacesthat
areeverywheretangentto a vector�eld. A streamsurfacecanbeapproximatedby connectinga setof
streamlinesalongtimelines(andvarying the numberof streamlinesusedaccordingto convergenceor
divergenceof the �o w) [59]. Streamsurfacesarevery goodfor texturebasedvisualizationtechniques
suchasSpotNoiseandLIC, becausethereis no cross-�ow componentnormalto thesurfaces,i.e. the
vector�eld is not projectedlike it is for 2D slicesthrougha 3D domain[91]. Streamsurfacespresent
challengesrelatedto occlusion,visualcomplexity, andinterpretation.

Hultquist presentsan interactive �o w visualizationtechniqueusing streamsurfaces[58]. Van Wijk
presentstwo follow-up techniquesfor generatingimplicit streamsurfaces[167]. Cai and Heng [18]
addresstheissuesassociatedwith theplacementandorientationof streamsurfacesin 3D.

Löffelmannetal. presentstreamarrows (seeFigure2.13,middle)asanenhancementof streamsurfaces
by separatingarrow-shapedportionsfrom astreamsurface[94, 95]. Streamarrows addresstheproblem
of occlusionassociatedwith 3D �o w visualization,but especiallywith streamsurfaces.Streamarrows
alsoprovide additionalinformationaboutthe �o w, usuallynot seenwith streamsurfaces,suchas�o w
direction,convergence/divergence,et cetera.

VanWijk simulatesstreamsurfacesby a largesetof so-calledsurfaceparticles[166]. Surfaceparticles
exhibit lessocclusionwhencomparedto streamsurfaces.Interestingly, VanWijk s approachin a way
anticipatedrecentadvancesin pixel-basedrenderingtechniques.

Time surfaces in 3D – A naturalextensionof timelines (in 2D or 3D) are time surfaces,when
constant-timeinstantsof moving particlesare assumed,which previously have beenreleasedfrom a
two-dimensionalpatch. An exampleof an applicationof this principle, are level-setsurfacesusedby
Westermannetal. [183].
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Flow volumes– The last (direct)extensionof a streamlineinto 3D describedhereare�o w volumes
(seeFigure2.13,right). A �o w volumeis aspeci�c subsetof a3D �o w domain,which is tracedoutby a
particularinitial 2D patchover timeasdescribedby Max etal. [104]. Theresultingvolumeis dividedup
into a setof semitransparenttetrahedra,which arevolumerenderedin hardwarein a way derivedfrom
the methodof Shirley andTuchmann[141]. Becker et al. extend�o w volumesto unsteady�o w [4].
Theresultingunsteady�o w volumesarethe3D analogueof streaklines.Considerationsaremadewhen
extendingthevisualizationtechniqueto unsteady�o ws sinceparticlepathsmaybecomeconvolutedin
time. The authorspresentsomesolutionsto the problemswhich occur in subdivision, rendering,and
systemdesign.Theresultingalgorithmsareappliedto avarietyof �o w typesincludingcurvilineargrids.

2.7 Comparisonsand Discussion

In thissectionwebrie�y introduceliteraturethatcomparesanddiscussesdense,texture-basedtechniques
at a meta-level. Sannaet al. alsoprovide a summaryof this areaof research,with a differentclassi�ca-
tion [129]. Themethodsareclassi�edaccordingto thedimensionalityoutlinedherein Section2.1.

Flow Textures – Erlebacheret al. [41] presenta classof �o w visualizationalgorithmscalled �ow
textures within a commonconceptualframework. Flow texturesare texturesthat encodedense,2D,
time-dependentrepresentationsof �o w. The framework allows importantingredientsof �o w texture
algorithmsto beunderstoodwith respectto spatialandtemporalcorrelation.A subsetof themorerecent
visualizationtechniquesis described.

User Studies– Laidlaw et al. [75] presentoneof the few �ndings relatedto human-computerinter-
action(HCI). They attemptto assesssomedifferentvisualizationtechniquesfrom theviewpoint of the
userin termsof searchingfor andclassifyingcritical pointsin the �o w andpredictingwherea particle
mayendafteradvection.Errorwashighestfor theLIC techniquein conjunctionwith classifyingcritical
pointsandthepredictionof particleadvection. This is probablydueto thefact thatLIC imagesdo not
distinguishbetweenupstreamanddownstream�o w. Usererrorwashigherthanexpectedfor all meth-
ods.HedgehogtechniquesandLIC werealsoassociatedwith higherrorfor locatingcritical points.The
authorspostulatethat this wasbecausein many casescritical pointsnearthebordersof thevector�eld
weredif�cult to identify.

2.8 Discussionand Futur eProspects

Texture-basedandgeometric�o w visualizationalgorithmsareeffective, versatile,andapplicableto a
wide spectrumof applications.A largenumberof techniqueshave beendevelopedandre�ned. In gen-
eral,which techniquesarebestdependsstronglyonthegoalof thevisualization,suchasfor exploration,
detailedanalysis,or presentationandon the kind of datainvolved. Therefore,we believe that a large
varietyof techniquesshouldbeavailablein orderto allow researchersto choosethemostsuitableone.

Theproblemof dense,2D, unsteady�o w visualizationis closeto beingsolved[164]. And with recent
follow-up work [83, 85, 165], unsteady�o w visualizationon surfacesis not far behind. However, the
generalizationto 3D �o w �elds is still unsolved,especiallyin thecaseof unsteady�o w. Hardware,ar-
guably, will notbetheprimarybottleneckto solvingthischallenge,but perceptualissueswill. Perceiving
threespatialandthreedatadimensionsdirectly is a dif�cult job for thevisualandcognitive system.So
far, techniquesbasedongeometricobjectsandparticleanimationgeneralizebetterto 3D �elds.

The scaleof numerical�o w simulations,andthusthe sizeof the resultingdatasets,continuesto grow
rapidly–generallyfasterthanthesizeof computermemory. For thesereasonsmoresimpli�cation strate-
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giesmustbeconceived,suchasspatialselection(slicing, regionsof interest),geometrysimpli�cation,
andfeatureextraction.

Slicing in a 3D �eld reducestheproblemto 2D, allowing theuseof good2D techniques,but caremust
be takenwith interpretation,asthe lossof the third dimensionmay leadto physically irrelevant results
andwrong interpretation.Takinga single3D time slice from a 3D time-dependentdatasethassimilar
dangers.Otherspatialselectionssuchas3D region-of-interestselectionarelessrisky, but may leadto
lossof context. Reductionof datadimension,suchasreducingvectorquantitiesto scalarswill givemore
freedomof choicein visualizationtechniques(suchasvolumerendering),but will not leadto muchdata
reduction. Geometrysimpli�cation techniquessuchaspolygonmeshdecimation,levels-of-detail,or
multiresolutiontechniqueswill beeffective in managingvery largedatasetsandinteractive exploration,
enablingusersto tradeaccuracy with responsetime. Someareasthatneedadditionalwork are:

� densevisualizationtechniquesin 3D

� multi-�eld visualizationwith scalar, vector, andtensordata,

� handlingandexploringhugetime-dependent�o w datasets,

� userstudiesfor evaluation,validation,and�eld testingof �o w visualizationtechniques,

� visualizationof inaccuracy anduncertainty[90, 124],

� morerobustfeatureextractiontechniques,especiallyin thecaseof 3D �o w.

We also note that much of the researchliteraturepresentedheredemonstratesmethodsoperatingon
structured,uniform resolutiongrids. However, thegridsusedin theprivate,commercialindustrysector
are often adaptive resolutionand unstructured,especiallyin the caseof CFD [78, 83]. Thus further
researchis necessaryin orderto integratemany of thethesemethodsinto practicalindustrialapplications.
For supplementarymaterial,includingadditional,higherresolutionimagesandanimations,pleasevisit:
http://www.VRVis.at/ar3/pr2/star/



Chapter 3

FIRST: A Flexible and Interacti ve
ResamplingTool for CFD Simulation Data

“I never thinkof thefuture - it comessoonenough.”

– Albert Einstein1 (1879–1955)

Thedemandfor analysisandvisualizationsolutionsfor CFD simulationdatahasgrown rapidly in the
lastdecade.This is due,in part,by the interestof manufacturesin minimizing the time taken for their
productioncycle. This objective is realizedwith theuseof softwaresimulationtools to analyzedesign
decisionsratherthanconstructingreal,heavyweightobjects.At theVRVis ResearchCenterwe collab-
oratewith AVL in order to provide visualizationsolutionsfor analysisof their CFD simulationresult
data.AVL (www.avl.com ) is an internationallyrecognizedleaderin providing automotive designand
CFD simulationsolutionsto its partnersin theautomotive industry. AVL workswith otherinternation-
ally recognizedcompaniessuchasToyota,DaimlerChrysler– Mercedes-Benz,andPierburg Instruments
GmbH.

3.1 Flexible Toolsfor Unstructur edGrids

Figure3.1shows two intakeports-smallvalvesin acarenginethatallow air into theengine'scylinders.
Thesourceof the�o w is thecubicalstructureontheleft. Flow travelsthroughtheconnectingpipesin the
middle,down throughtheintakeports,andis ignitedin thecombustioncylinder. Figure3.2,acloseup
imageof theintakeports,helpsrevealtheadaptive levelsof resolutioncontainedin themesh.Thesedata
setsrequire�e xible analyticandvisualizationsolutions.Ideally, thetoolsusedto analyzeandvisualize
thesedatasetsshouldbe�e xible enoughto adapttheir size, shape, orientation, andresolutionto �t the
individual componentsof the datasetseitherautomaticallyor throughuser-speci�ed parameters.The
resamplingtool wepresent,calledFIRST (aFlexible andInteractiveReSamplingTool), meetsprecisely
theserequirements.

A Wide Variety of Simulation Data Sets

Thetoolsusedtoanalyzeandvisualizethesedatasetshavetoaddressnotonly theversatilityof individual
geometriesbut also the wide range of simulationdatasetsthat undergo analysis. AVL works with a
large, varied collection of datasetsrangingfrom small geometriessuchas small �uid conduitsand

1Germanphysicist,discoveredspecialrelativity 1905andgeneralrelativity 1915-1916,explainedphotoelectriceffect and
Brownianmotion,NobelPrizein Physics1921

34
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Figure3.1: TheCFD simulationgrid of anintake port. Theimageillustratestheversatilityof a typical,unstruc-
tured,CFD simulationgrid containinga �o w sourceon the left, two connectingpipesin the middle, two intake
portsat theendsof thepipes,andacombustionchamberon theright.

cylindersto mid-rangesizegeometriessuchascooling jackets, intake manifolds,catalyticconverters,
to largegeometriessuchasautomotive cabininteriorsandautomotive exteriors.Thegeometricsizesof
thesegrids,aswell asthesizesof theunderlyingpolygons,differ by six or moreordersof magnitude.
Furthermore,wespeculatethatthisdifferencewill only increasein thefuture.

Theunpredictablenatureof both thedatasetsandthe individual componentstheengineermaychoose
to analyzeprovide strongmotivationfor toolsthatoffer many optionsand,thus,higherlevelsof control
to the user. The tools usedto visualizethe simulationresultsalso needto spanthis rangeof sizes
correspondingly. TheFIRST tool describedhereofferssix interactivedegreesof freedom(DoF)with the
goalof addressingthenatureof boththewide rangeof datasetsandtheinterestsof engineers.

PerceptualProblemsin FlowViz

Whenanalyzingthe resultsof a CFD simulation,engineersare interestedin the option of examining
planarvector �elds with normalcomponents[132]. An obvious approachto this problemis to place
glyphs(e.g. directedlines, arrows, conesetc.) orientedin the directionof the vectorcomponents,at
selectedpointsof the vector �eld. Ideally, the lengthof the glyphsshouldbe equalto the normalof
thevector, but oftena scalingconstantis addedto improve thevisualizationresult.This method(called
hedgehogvisualization)[136] is illustratedin Figure3.3.

Thereare multiple drawbacksto this approach. Perceptualproblemssuchas visual complexity and
occlusioncanresult.Figure3.3shows a 2D slicetakenthroughtheintake port datasetwith thesurface
alsoshown assemi-transparentcontext information. Here, the glyphsareeither too big, resultingin
occlusion,or too small to clearly indicatedirectionalinformation. Anotherproblemarisesdueto the
numberandplacementthe glyphs. Critical pointsmight be missedif they areeitheroccludedby too
many glyphsplacedin thewrongareasor if aninsuf�cient numberof glyphsis chosenin certainareas.
FIRST solvesboththeperceptualandplacementproblemsby (1) giving theusercontrolof theresolution
of theglyphsin theimageand(2) giving theuserprecisecontrolof where to placethevectorglyphsfor
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Figure3.2: A close-upview of thesurfaceof theintakeport(s)shown in Figure3.1.Wecanseemany components,
features,andmultiple, adaptive resolutionlevelsof unstructuredgrid cells. This versatilitymotivatesinteractive
toolsthathave theability to changetheir size,shape,orientation,andresolutionto matchthecomponent(s)of the
meshcurrentlyundergoinguseranalysis.

viewing the�o w with normalcomponents.

Therestof thechapteris organizedasfollows: Section3.2describesrelatedresearchwork. Section3.3
describesthe contribution of this work. The resamplingalgorithmand useroptionsare describedin
Section3.4.Timing andresultsarepresentedin Section3.5.Conclusionsaredrawn in Section3.6.

3.2 RelatedWork in Resampling

Sincewe did not cover literaturerelatedto resamplingin Chapter2, we brie�y outlinesomerelatedlit-
eraturehere.Whendescribinggrids,we follow theterminologyof Yagelet al. [185]. Structuredgrids,
includingcartesiangrids, regular grids, andrectilineargrids, all maintainanimplicit neighborhoodcon-
nectivity (Figure2.1(a-d)),i.e. thepositionof grid cellscanbecomputed,ratherthanstoredexplicitly.
In contrast,gridswhoseneighborsmustbeexplicitly storedarecategorizedasunstructuredgrids. This
distinction is importantin understandingour claim that the resamplingtechniqueherecanbe usedto
representanyunstructuredgrid with anystructuredgrid. We demonstratethis assertionwith implemen-
tationsof the resamplerfrom unstructuredtriangulargrids (Figure2.1(f)) to cartesianandpolar grids
(Figure2.1(a-d)).Thebasisfor thisclaimhingesonthesuppositionthatcell positionsin structuredgrids
canbecomputed.

Theliteraturededicatedto thetopicof resamplingspansmultiple,sometimesdisparate,goals.While we
designedour resamplerwith thegoalof a high level of user-control,otherresamplingtechniquesfocus
on thegoalsof volumerendering,surfacereconstruction,andaccuratesurfacenormalrepresentation.In
contrastwith theseapproaches,we concentrateon 2D slicesthrougha 3D meshfrom CFD.We contrast
otherresamplinggoalswith ours.

Resamplingtechniqueswhosegoal is to achieve fastervolumerenderingspeedsmay make useof the
hardwarecapabilitiesofferedby moderngraphicscards.Westermannpresentsa resamplingtechnique
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Figure3.3: Visualizingthedirectionof the�o w, includingthenormalcomponent,usingtheclassichedgehogvi-
sualizationtechniquecanresultin perceptualproblemssuchasvisualcomplexity andocclusion.Heretheproblems
areillustratedin aslicethroughtheintakeportdatasetwith semi-transparentcontext information.

for resamplingscalar�elds givenon unstructuredtetrahedralgrids[182]. Thegoalof this researchis to
bring directvolumerenderingtowardsinteractive framerateswith theassistanceof graphicshardware.
Determiningthevisibility orderingof grid elementsis amajorchallengein thisscenario.While thegoal
of this approachis dissimilarto ours,onesimilarity worthy of noteis thatWestermann's techniquecan
beusedto displaytime-dependentunstructuredgridswith changinggeometryandtopology.

Weiler andErtl [177] alsopresentthreeresamplingapproachesandcontrasttheresultswith thework of
Westermann[182]. Their goal is to minimizeperformancetime via balancingthecomputingworkload
betweenthenativeprocessorandthegraphicsboardprocessor.

In additionto resamplingtechniquesfor volumerendering,someresamplingapproachesaretargetedat
representingsurfaces.BotchandKobbelt[12] presenta techniqueto resamplefeatureregionsof agiven
trianglemeshwith thegoalof reducingaliasingartifactson surfaces,i.e., surfaceanti-aliasing.Similar
thework here,thereis a stronginteractioncomponentto their work. Theuserchoosestheareason the
surfaceto which the surfacenormalanti-aliasingalgorithmis applied. To re-modelthe structureof a
sampleCFDgrid cantakeaninteractivesessionlastingonehour.

Rocchinietal. [125] presentanalgorithmwhosegoalis theremoval of smalltopologicalinconsistencies
andhigh frequency detailsfrom surfaces.Oneof their goalsis thesimpli�cation of hugemeshes,i.e.,
meshescomposedof millions of faces.

It is alsoworthy of notethatsomeresamplingalgorithmsfrom theimageprocessingdomainmagnifyor
minify theoriginal imagevia samplingat regularintervals[120]. Ourapproachsamplestheoriginaldata
irregular intervalsandgeneratesanevenly-spacedrepresentation.We alsonotethat thematerialin this
chapterhasalsobeenpublishedelsewhere[78].
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case II case IIIcase I

Figure3.4: TheFIRST algorithmhandles3 cases:(I) whenseveralscalenetrianglesin�uence oneresamplercell,
(II) whenonetrianglein�uencesseveralresamplercells,and(III) whenseveral trianglesin�uence oneresampler
cell, however, the resamplercell is not rendered.The resamplercells are outlined in black while the original
unstructuredgrid is drawn colored.

3.3 Interacti veVisualization and Analysis

Thekey distinguishingfeaturesof FIRST stemfrom the fact that it wasspeci�cally developedin order
to provide the userwith a rangeof �e xible interactionsat multiple resolutions.The reasonwe focus
on a combinationof usercontrol with resamplingis becausethe engineersat AVL requireinteractive
visualizationsolutions. We speculatethat this is dueto a large amountof time engineersspendwhen
investigating the datasets. The analysisof an engineerincludestaskssuchassearchingfor areasof
extremepressure,looking for symmetriesin the�o w, searchingfor critical points,andcomparingsimu-
lation resultswith measured,experimentalresults.FIRST hasthefollowing advantages:

1. Six interactiveDoFs:threetranslational,scaling,rotation,andresolution

2. handleschangesto bothunderlyingtopologyandgeometry, i.e., canbeutilized for thedisplayof
time-dependent,unstructuredgrid sliceswheregeometryandtopologychangeover time or space
(Section3.4)

3. resamplesany unstructuredgrid (Figure2.1(f)) ontoany structuredgrid (Figure2.1(a-d))

4. handlesunstructuredgridswith holesanddiscontinuities(Figure3.10)

5. doesnot rely onany pre-processingof thedata

6. consistsof a straightforward implementation,e.g., requiresno neighbor-�nding capabilitiesor
complicateddatastructures

7. processeslargequantitiesof unstructured,scalenetrianglesef�ciently

Theresamplerwe describeprovides�e xible user-interactioncapabilitiesbeyondthoseofferedby previ-
ousmethods.Also, the algorithmoperateson a per-unstructured-polygonbasis,makingit suitablefor
parallelization.

3.4 FIRST: A Flexible and Interacti veReSamplingTool

Becausewe aredealingwith unstructured,adaptive resolutiongrids andbecausethe usersrequirethe
option of �ne resampling,the resamplingalgorithmpresentedhereis requiredto handlea minimum
of threecases(Figure 3.4): (I) the underlyingunstructuredgrid cells are generallysmaller than the
structuredresamplercells, (II) theunstructuredgrid cellsaregenerallylarger thanthe resamplercells,
and(III) someunstructuredgrid cellsareinsidea resamplercell, however, theresamplercell shouldnot
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Figure3.5: A schematicof theresamplingalgorithm.A loopof structuredgrid cellsis testedfor in�uence by the
unstructuredgrid cell.

be rendered.A resamplercell is renderedonly if its centeris coveredby the underlyingunstructured
grid. In this paperwe usethe term resamplercell to refer to a structuredgrid cell that represents,or
summarizes,theoriginaldata.

Algorithm and Implementation

It is importantto notethat,unlikemany otherapplicationswherevector�eld valuesarestoredat triangle
vertices,thevector�eld hereis associatedwith thecentersof the trianglesin theslicemesh.By slice
mesh,we meantheuser-de�ned 2D slicethroughtheoriginal 3D mesh.Engineersrequiretheoptionof
visualizingtheoriginal valuesresultingfrom thesimulationratherthaninterpolatedvaluesatthetriangle
vertices.StoringtheCFD simulationdatavaluesat thecenterof thegrid cellsmayresultfrom usinga
�nite volumemethodto solve for the�o w quantities[76].

We have,however, implementedtheoptionof viewing theinterpolatedscalarvaluesat thetrianglever-
tices. We notethat the algorithmhereis easilymodi�ed to handleunstructuredgrids wherethe scalar
�eld is storedat thevertices.

Algorithm Overview

To describethe algorithm, we introducethe notion of in�uence, similar to the notion introducedby
Rhodesetal. [122,123]. A polygonin�uencesaresamplercell if thepolygoncontributesto thesummary
(or resampled)dataof astructuredgrid cell. Thishappenswhenatriangleis in thevicinity of aresampler
cell. In short,theresamplingalgorithmtraversesmultiple loopsof resamplercells in theneighborhood
of eachunstructuredcell in orderto seeif they arein�uencedby theoriginal unstructuredgrid cells. In
themostcommoncase(Figure3.4, CaseI), we canthink of a resamplercell assummarizingmultiple
underlyingunstructuredgrid cells.

Algorithm Detail

Thefollowing high level pseudo-codesummarizestheresamplingalgorithm(Figure3.5):

resample():
FOR each scalene triangle, T

compute center point, p, of T
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compute resampler cell index, Cij (p)
int r t = 0
bool influence = FALSE
do

influence = computeInfluence( T, r t )
r t ++

while (influence == TRUE)

The resamplingalgorithmrequiresexactly onevisit to eachunstructuredgrid cell. In the resample()
method,�rst the resamplercell, Ci;j in Figure3.5, surroundingthe trianglecenteris computed.Next,
a loop of resamplercells is traversedclockwise,startingwith cell, Cs. Thesizeof theloop traversedis
determinedby atopologicalradius,r t , startingwith aloopradiusof 0,andincrementeduntil thetriangle,
T, is foundto haveno in�uence on theloopof resamplercells.

computeIn�uence(triangle T, index r t ):
compute resampler cell index, Cs(r t )
bool triangleInfluence = FALSE
FOR each resampler cell in loop

IF (testInfluenceOfTriangle( T, Cs))
triangleInfluence = TRUE

return triangleInfluence

In the computeIn�uence() method,eachresamplercell in the loop (shown as a dashedline in Fig-
ure 3.5) is testedfor in�uence by the currenttriangle,T, in the unstructuredgrid. A sampletraversal
loop is shown in Figure3.5. A trianglein�uencesa loop whenany resamplercell in theloop testsposi-
tive for in�uence.

testIn�uenceOfTriangle(triangle T, cell Cs):
bool influence = FALSE
IF center(Cs) bounded by T

influence = TRUE // Cases I & III
render Cs = TRUE
add VT to Cs

IF center(T) bounded by Cs

influence = TRUE // Case II
add VT to Cs

return influence

In thetestIn�unceOfT riangle() method,two simpletestsareperformed:(1) if theresamplercell center
is boundedby the trianglecell and,(2) if the trianglecenteris boundedby the resamplercell. If the
resamplercell centeris boundedby the triangle,the velocity vectorof the unstructured,scalenetrian-
gle, VT is addedto the resamplercell's summaryvectorandthe resamplercell is rendered(during the
renderingpass).By rendered,we meansimply thata vectorglyph is drawn at thecenterof theresam-
pler cell. If thetrianglecenteris boundedby theresamplercell, thevelocity vectorof theunstructured,
scalenetriangle,VT is addedto theresamplercell's summaryvector;however, theresamplercell is not
necessarilyrendered.Thesetwo testscover all threecasesshown in Figure3.4. It is helpful to notethat
a trianglecell, T , mayin�uence a resamplercell, CS, withoutCS beingrendered.

In the actual implementation,the test to seeif a resamplercell centerfalls within the boundsof an
unstructured,scalenetriangleincludesanexplicit testof whethertheresamplercell centerfallsprecisely
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) a rotation,(5) ascale,and(6) resolution.

structuredportionsof CFDcomponents–suchasthe�o w sourceshown in theleft of Figure3.1.

The resamplingalgorithmgeneralizesto othertypesof unstructuredgrids,not just thosecomposedof
scalenetriangles.The reasonis two-fold. First, the algorithmoperateson a per-unstructured-grid-cell
basismakingany searchfor unstructuredgrid cells unnecessary. Second,given any locationin space,
suchasthe centerpoint of an unstructuredgrid cell, it is easyto computea shell of regular grid cells
aroundthatlocation.Thepositionof regulargrid cellscanbecomputedby de�nition.

Someniceconsequencesof thealgorithmarethat(1) nospecialboundaryconditionsarecheckedduring
the computationand(2) no knowledgeof the underlyinggrid's resolutionis required. In otherwords,
FIRST doesnot have to make any distinctionbetweenthethreecasesshown in Figure3.4. This laysthe
groundwork for theclaim thatthealgorithmis characterizedby easeof implementation.

Interacti veResamplingOptions

FIRST providestheuserwith 6 interactivedegreesof freedom(Figure3.6): (1-3) translationalongthree
dimensions,(4) rotationaboutthe center, (5) scaling,and (6) the resolutionof resamplingcells, i.e.,
cells/m2.

Theresamplerfeaturesareassociatedwith a user-de�ned, 2D slice througha 3D meshfrom CFD. En-
gineerstake a sliceof thedataandslide theslice throughthegeometryin orderto �nd featuresof the
simulationdata,e.g.,areasof extremepressureandvortices. As the usermovesthe slice throughthe
3D mesh,theresamplerautomaticallyresizesitself aroundthesliceboundary, handlingchangesto both
the underlyinggeometryandtopology. This is importantwith respectto addressingthe versatility as-
pectof our CFD simulationdatasets.Furthermore,requiringtheuserto manuallyadjustthesizeof the
resamplinggrid wouldslow down thevisualizationandanalysisprocessconsiderably.

In additionto the ability to de�ne slicesparallelto the X-Y, X-Z, andY-Z coordinateplanes,the user
mayalsode�ne arbitrarycuttingplanesin 3D space.Theusermayclick on any threelocationson the
CFDgrid andthethreepointsareusedto de�ne aninteractiveslice.For thiscapability, theunstructured
grid cellsaresortedinto anoctreesocoordinatesearchingis fast. All resamplingoptionsareavailable
for arbitraryslices.

DiscretePolar Resampling

The FIRST algorithmdetailedin Section3.4 easilygeneralizesto any structuredgrid. Figure3.5 on
page39 illustratesthealgorithmappliedto a Cartesiangrid while Figure3.7 on page42 illustratesthe
samealgorithmappliedto a polar grid. The only differenceis the useof polar coordinatesinsteadof
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Figure3.7: Theresamplingalgorithmappliedto apolarresamplinggrid. Polarresamplingis anaturalapplication
for many of thecylindrical componentscommonin CFDsimulationmodels.

cartesiancoordinates.Thetraversalpathis a functionof bothradiusanddegrees.And, theresolutionof
thepolargrid is speci�edin termsof slicesandrings.

We have implementedbothCartesianandpolar versionsof thealgorithm,bothwith identicaluserop-
tions.Thereasonfor offeringpolarresamplingliesin thecylindrical structureof many of thecomponents
from commonCFD simulationmodels.Thecombustionchambershown in Figure3.1 on page35 is a
commonexampleof suchacomponent.

Interacti veVisualization Options

Multiple visualizationoptionsareassociatedwith FIRST including: (1) theability to togglewire-frame
or semi-transparentcontext information,i.e., the3D grid from which slicesarede�ned and(2) several
interactive glyph options. This includesany combinationof glyph shapes,e.g.,conesvs. arrows with
renderingoptions,e.g.,wire-framevs. solid. The useralsode�nes the glyph scalingoptionsthat may
be usedto avoid the “visualizationlie” [158]. Several otherFlowViz optionsareprovided directly on
unstructuredgrids[77, 83].

Speedvs.Accuracy

If we take a closerlook at the resamplingalgorithm,we notethat we make a trade-off betweenspeed
andaccuracy. A straightforward averagingschemeis usedto summarizethe vectorsin�uencing a re-
samplercell. Whentheresolutionof theresamplinggrid approachesor exceedsthatof theunderlying,
unstructuredgrid, our algorithmamountsto nearestneighborinterpolationscheme,or a box �lter when
describedin the frequency domain[8, 9]. Reconstructingthe �o w �eld at a higherresolutionthanthe
original simulationresultsis orthogonalto the goal of this tool. Usersmake this trade-off for interac-
tivity becauseof their tasksrelatedto searchingthe�o w �eld. Engineersspendtime visually searching
for areasof extremepressure,symmetriesin the vector �eld, and critical points. We speculatethat
usersrequiresearchingtasksto be asfastaspossible. Only after the featuresof interestarefound is
moredetail required. We offer threeoptionsto usersrequiringhigheraccuracy: (1) The usermay in-
teractively increasethe resolutionof the resamplinggrid, thus increasingits accuracy. (2) Usersmay
view the unstructuredgrid directly, displayingonly the original valuesresultingfrom the simulation.
(3) We have alsoimplementeda dynamicallyannotateduserdialog not dissimilarto that of Loughlin
andHughes[98]. This featureallows theuserto click anywhereon thesliceof interest.Thena dialog
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Figure3.8: Visualizingthedirectionof the�o w, includingthenormalcomponent,usingFIRST. (Comparewith
Figure3.3)Theresamplinggrid is outlinedin white.

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

3.5 Results

Figure3.8onpage43,Figure3.9onpage44,andFigure3.10onpage46illustrateanexampleof viewing
avector�eld with normalcomponentusingtheresampler. 2 WecancompareFigure3.8onpage43with
Figure3.3 on page37 andseethat viewing the normalcomponentsof the vector �eld is easierusing
summaryvectorsratherthanthebruteforcehedgehogtechnique.Perceptualproblemssuchasocclusion
andvisual complexity have beengreatlyreduced.Furthermore,visualizationalgorithmsoperatingon
regulargridsaregenerallyfasterthanonunstructuredgridsbecauseparticletracingalgorithmsnolonger
requireneighbor-�nding techniquesandthemorecostly�o w reconstructionmethodology.

Figure3.10on page46 illustratesour techniqueon a meshwith discontinuities.Thediscontinuitiesare
two gapsin theshapeof rings. Visualizationof �o w with normalcomponentsis shown usingboth the
hedgehogtechniqueversustheglyphsontoa resampledgrid. A close-upview of oneof thediscontinu-
ities is provided.

In orderto achieve ourgoalof implementinga �e xible andinteractive resampler, interactive framerates
mustbeachievable.Wehavetestedouralgorithmontypicalslicesof CFDsimulationdata.Somesample
performancetimes(measuredin framespersecond)areshown in Table3.1onpage45. Theperformance
timesdependon boththenumberof scalenetrianglescomposingthesliceandthenumberof resampler
cells. We can seefrom the table that this resamplingalgorithm doessupportinteractive frame rates

2Supplementaryanimationsof theresamplercanbefoundat
http://www.VRVis.at/ar3/pr2/resampler/
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Figure3.9: (left) Visualizingthedirectionof the �o w througha cylindrical slice from CFD usinga bruteforce
hedgehogtechnique.(right) Visualizingthedirectionof the�o w, includingthenormalcomponent,usingthepolar
resamplingoptionof FIRST.

with several framespersecond.We notethat in our applicationa resamplinggrid of 10,000cells is not
practicaldueto perceptualproblemsaswell aspixel resolutionlimits. In thiscasevectorglyphstypically
coveronly oneor two pixels.Also, aresamplinggrid with suchahighresolutiondefeatsonepurposefor
whichit wasintended,to provideastructuredsummaryof theunderlyingdata.Thisgrid sizeis evaluated
herein orderto show the upperlimits of the resamplingalgorithm. Grid sizesbetween10 � 10 (like
thatof Figure3.8 on page43) and50 � 50 aremuchmorelikely in our case.In practicewe �nd that
renderingthegeometryis oftentheperformancebottleneck.

Another result of the resamplingalgorithm is the ability to visualizeunsteady�o w with the normal
componentof theslicethroughwhich the�o w is passing.In our review of the�o w visualizationlitera-
ture[116,117],we seeseveral �o w visualizationsolutionsfor 2D, steady-state,vector�elds. However,
we seeno unsteadysolutionsthatincludeall threevector�eld componentsat interactiveframerates.In
thecaseof Scheuermannet.al. [132], theirsis a visualizationsolutionfor steady-state�o w, i.e., instan-
taneous�o w from onetime step.In our case,we visualizethe�o w, with normalcomponent,over time,
alsoat interactive framerates.

We have implementedananimationcontrol thatallows theuserto loadseveral time stepsof CFD sim-
ulationresultdata,and“play themback” at user-speci�ed time intervals. Theuseris allowedto pause,
rewind, forward,andstoptheanimationusingcontrolssimilar to any homemediaplayer. We combine
this animationcontrol with the resamplingfeaturefor an intuitive visualizationof unsteady�o w with
normalcomponents.

3.6 Discussionand Futur eWork

Ourexperienceshows FIRST to beavaluableassetin theengineer's pursuitof understandingtheunder-
lying �o w �eld in their CFD simulationmodels.FIRST reducesperceptualproblemssuchasocclusion
and visual complexity when visualizinga vector �eld, steadyor unsteady, with all threevector �eld
components.Searchingfor �o w featuresby slidingaslicethroughthe3D volumeis alsohastened.

Futurework cantake multiple directionsincluding the additionof moreuser-interactioncontrols,ex-
tendingthealgorithmto 3D, andportingthealgorithmto Java for inclusioninto theVisAD opensource,
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numberof resolutionof frames
polygons resamplercells 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

Table3.1: Sampleframeratesfor the resamplingalgorithm. Performancewasevaluatedon a machinerunning
RedHat Linux 7.2 with a 1 GHz PentiumIII dual processorand512 Mbytesof RAM. Note that the framerate
alsovariesasa resultof caching.

scienti�c visualizationlibrary [56].

Futurework includestheadditionof moreuser-interactiontechniques.Onesuchtechniqueinvolvesthe
additionof handlesattachedto the resamplinggrid. The usercanclick-and-draga handleandchange
the locationor sizeof the resamplinggrid. Two differentstrategiesarepossible:(1) wherethe other
cornersof theresamplinggrid areheld�x edwhile onehandleis draggedresultingin achangeof sizeor
(2) wheretheothercornersmovewith thegrid retainingaconstantsizebut specifyinganew location.

Oneof goalsis to extendthe algorithmto handle3D simulationdata. We believe that the algorithm
outlinedin Section3.4 on page38 canbe extendedto 3D in a very straightforward manner. The only
differencewould bea modi�cation to thetraversalpartof thealgorithmto includemultiple layers.We
realize,however, thatperformancetimewill bebiggestchallengein realizingthisgoal.
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Figure3.10: (top, left) A slicemeshwith discontinuities-two gapsin theshapeof rings,usinghedgehogvisu-
alization(top, right) The sameslice resampledonto a regular grid, (bottom,left) a close-upview of oneof the
ringscausingadiscontinuity, with hedgehogvisualization(bottom,right) thesameclose-upview with resampling
enabled



Chapter 4

ISA: ImageSpaceBasedVisualization of
UnsteadyFlow on Surfaces

“Speedis irrelevantif you're travelingin thewrongdirection.”

– MahandasGandhi1 (1869–1948)

Dense,texture-based,unsteady�o w visualizationonsurfaceshasremainedanelusiveproblemsincethe
introductionof texture-based�o w visualizationalgorithmsthemselves.Theclassof �uid �o w visualiza-
tion techniquesthatgeneratedenserepresentationsbasedon texturesstartedwith theSpotNoise[163]
andLIC [17]. Themainadvantageof thisclassof algorithmsis theircompletedepictionof the�o w �eld
while their primarydrawbackis, in general,thecomputationaltime requiredto generatetheresults.

Recently, two new algorithms,namelyLagrangian-EulerianAdvection (LEA) [63] and ImageBased
Flow Visualization(IBFV) [164], have beenintroducedthatovercomethecomputationtime hurdleby
generatingtwo-dimensional�o w visualizationat interactive framerates,even for unsteady�o w. This
paves the way for the introductionof new algorithmsthat overcomethe sameproblemson boundary
surfacesandin threedimensions. In this chapter(which hasalsobeenpublishedelsewhere[83]) we
presentanew algorithm,ISA (ImageSpaceAdvection),thatgeneratesdenserepresentationsof arbitrary
�uid �o w oncomplex, non-parameterizedsurfaces,morespeci�cally, surfacesfrom computational�uid
dynamics(CFD).However, thealgorithmis generalenoughto applyto othervector�eld dataassociated
with asurfacesuchasbloodvessel�o w.

Traditionalvisualizationof boundary�o w usingtexturemapping�rst mapsoneor more2D texturesto a
surfacegeometryde�ned in 3D space.Thetexturedgeometryis thenrenderedto imagespace.Here,we
altertheclassicorderof operations.Firstweprojectthesurfacegeometryto imagespaceandthenapply
texturing. In otherwords,conceptuallytexturepropertiesareadvectedonboundarysurfacesin 3D but in
factouralgorithmrealizestextureadvectionsolelyin imagespace.Theresultis aversatilevisualization
techniquewith thefollowing characteristics:

� generatesadenserepresentationof unsteady�o w onsurfaces

� visualizes�o w on complex surfacescomposedof polygonswhosenumberis on the order of
200,000or more

� visualizes�o w ondynamicmesheswith time-dependentgeometryandtopology
� visualizes�o w independentof thesurfacemesh'scomplexity andresolution

1Indianasceticandnationalistleader, assassinated

47
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Figure4.1: Visualizationof �o w on the surfaceof an intake manifold. The ideal intake manifold dis-
tributes�o w evenly to thepistonvalves.

� supportsuser-interactionsuchasrotation,translation,andzoomingalwaysmaintainingaconstant,
highspatialresolution

� thetechniqueis fast,realizingup to 20 framespersecond

Theperformanceis due,amongotherreasons,to theexploitationof graphicshardwarefeaturesanduti-
lization of frame-to-framecoherency. The restof the chapteris organizedasfollows: in Section2 we
discussedrelatedwork, Section4.2 detailsunsteady�o w visualizationon surfacesfrom CFD. Imple-
mentationdetailsaredescribedin Section4.8while resultsandconclusionsarediscussedin Section3.5.

4.1 PhysicalSpacevs.Parameter Spacevs. ImageSpace

Oneapproachto advectingtexture propertieson surfacesis via the useof a parameterization,a topic
that hasbeenstudiedad nauseam(e.g.,Levy et al. [87]). Accordingto Stalling [143], applyingLIC
to surfacesbecomesparticularly easywhen the whole surfacecan be parameterizedglobally in two
dimensions,e.g.,in the mannerof ForssellandCohen[43, 44]. However, therearedrawbacksto this
approach. Texture distortionsare introducedby the mappingbetweenparameterspaceand physical
spaceand,moreimportantly, for a largenumberof surfaces,noglobalparameterizationis availablesuch
asisosurfacesfrom marchingcubesandmostunstructuredsurfacemeshesresultingfrom CFD.Surface
meshesfrom CFDmayconsistof smoothlyjoinedparametricpatches,but canhaveacomplex topology
andtherefore,in general,cannotbeparameterizedglobally. Figures4.2and4.3areexamplesof surfaces
for whichaglobalparameterizationis noteasilyderived.

Anotherapproachto advectingtexturepropertieson surfaceswould be to immersethemeshinto a 3D
texture, then the texture propertiescould be advecteddirectly accordingto the 3D vector �eld. This
would have the advantagesof simplifying the mappingbetweentexture andphysical spaceandwould
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Figure4.2: Visualizationof �o w at thecomplex surfaceof acoolingjacket -acompositeof over250,000
polygons.

result in no distortion of the texture. However, this visualizationwould be limited to the maximum
resolutionof the 3D texture, thuscausingproblemswith zooming. Also, this approachwould not be
very ef�cient in that mostof the texels arenot used. The amountof texture memoryrequiredwould
alsoexceedthat availableon our graphicscard,e.g.,we would needapproximately500MB of texture
memoryif weuse4 bytespertexel anda5123 resolutiontexture.

Cantheproblembereducedto two dimensions?Thesurfacepatchescanbepackedinto texturespacevia
a trianglepackingalgorithmin themannerdescribedby Stalling [143]. However, thepackingproblem
becomescomplex sinceourCFDmeshesarecomposedof many scalenetrianglesasopposedto theequi-
lateralandisoscelestrianglesoften found in computationalgeometry. Theproblemof packingscalene
triangleshasbeenstudiedby Carret al. [19]. For CFD meshes,trianglesgenerallyhave very disparate
sizes.For a given texture resolution,many triangleswould have to be packed that cover lessthanone
texel. To by-passthis, the surfacescould be divided into several patcheswhich could be storedinto a
textureatlas[87]. In any case,computationtimewouldbespentgeneratingtexelswhichcoverpolygons
hiddenfrom thecurrentpoint of view. Theprecedingdiscussionleadsusto analternative solutionthat,
ideally, hasthe following characteristics:works in imagespace,ef�ciently handleslarge numbersof
surfacepolygons,spendsno extra computationtime on occludedpolygons,doesnot spendcomputation
time on polygonscoveringlessthana pixel, andsupportsuserinteractionsuchaszooming,translation,
androtation.
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Figure4.3: A wire frameview of thesurfaceof two intake portsshowing its 221,000polygonalcompo-
sition: (left) anoverview from the top, notethatmany polygonsarecover lessthanonepixel (right) a
close-upview of themeshbetweenthetwo intakeports.

4.2 Method Overview

Thealgorithmpresentedheresimpli�es theproblemby con�ning theadvectionof texturepropertiesto
imagespace.We projectthesurfacegeometryto imagespaceandthenapplya seriesof textures.This
orderof operationseliminatesportionsof the surfacehiddenfrom the viewer. In short,our proposed
methodfor visualizationof �o w onsurfacesis comprisedof thefollowing procedure:

1. associatethe3D �o w datawith thepolygonsattheboundarysurfacei.e.,avelocityvectoris stored
ateachpolygonvertex of thesurface

2. projectthesurfaceandits vector�eld ontotheimageplane
3. identify geometricdiscontinuities
4. advecttexturepropertiesaccordingto thevector�eld in imagespace
5. injectandblendnoise
6. applyadditionalblendingalongthegeometricdiscontinuitiespreviously identi�ed
7. overlay all optionalvisualizationcuessuchasshowing a semi-transparentrepresentationof the

surfacewith shading

Thesestagesaredepictedschematicallyin Figure4.4. Eachstepof the pipeline is necessaryfor the
dynamiccasesof unsteady�o w, time-dependentgeometry, rotation,translation,andscaling,andonly a
subsetis neededfor the staticcasesinvolving steady-state�o w andno changesto the view-point. We
considereachof thesestagesin moredetail in thesectionsthatfollow.

4.3 Vector Field Projection

In order to advect texture propertiesin imagespace,we mustproject the vector �eld associatedwith
the surfaceto the imageplane,taking into accountthat the velocity vectorsarestoredat the polygon
vertices. We choseto take advantageof thegraphicshardwareto projectthevector�eld to the image
plane. We assigna color whoseR, G, andB valuesencodethe x, y, andz componentsof the local
vectorsto eachvertex of theboundarysurfacerespectively. Thevelocity-coloredgeometryis rendered
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Figure4.4: Flow diagramof texture-based�o w visualizationon complex surfaces-k representstime as
a framenumber.

to theframebuffer. Weusethetermvelocityimageto describetheresultof encodingthevelocityvectors
at themeshverticesinto color values.Thevelocity imageis interpretedasthevector�eld andis used
for thetextureadvectionin imagespace.Moreprecisely, thecolorassignmentcanbedonewith asimple
scalingoperation. For eachcolorcomponent,h r gb, weassignavelocity, v xy z componentaccordingto:

h r =
vx � vmin x

vmax x � vmin x

hg =
vy � vmin y

vmax y � vmin y
(4.1)

hb =
vz � vmin z

vmax z � vmin z

Theminimumvelocity componentis subtractedfor eachcolor componentrespectively, in aneffort to
minimizelossof accuracy.

Theuseof avelocity imageyieldsthefollowing bene�ts: (1) theadvectioncomputationandnoiseblend-
ing is simplerin imagespace,thuswe inherit advantagesfrom theLEA andIBFV, (2) thevector�eld
andpolygonmesharedecoupled,therebyfreeingup expensive computationtime dedicatedto polygons
smallerthana singlepixel, (3) conceptually, this is performinghardware-acceleratedocclusionculling,
sinceall polygonshiddenfrom theviewer, areimmediatelyeliminatedfrom any furtherprocessing,and
(4) this operationis supportedby thegraphicshardware. Saving thevelocity imageto mainmemoryis
simple,fast,andeasy. A samplevelocity imageis shown in Figure4.5(top, left).

The constructionof the velocity imageallows us to take advantageof hardware-accelerated�o w �eld
reconstruction.During the constructionof the velocity image,we enableGouraudShading,alsosup-
portedby thegraphicshardware.Sinceeachvelocitycomponentis storedashueateachpolygonvertex
of thesurface,thesmoothinterpolationof hueamountsto hardware-acceleratedvector�eld reconstruc-
tion. This is importantfor aminimumof two reasons.First, thepolygonalprimitivewechooseat image
advectiontime is independentof theoriginal meshpolygons(morein Section4.4). In otherwords,the
verticesof the meshwe useto distort the imagearenot the sameverticeswherethe original velocity
vectorsarestored.Second,interpolationis essentialfor �o w �eld reconstruction.Whenthesurfaceis
renderedwith velocity encodedashue,theverticesof somepolygonsareclippedduringtheprojection
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Figure4.5: The5 componentimages,plusa 6th compositeimage,usedfor thevisualizationof surface
�o w onaring: (top,left) thevelocity image,(top,middle)thegeometricedgeboundaries,(top,right) the
advectedandblendedtextures,(bottom,left) a samplenoiseimage,(bottom,middle)animageoverlay,
(bottom,right) theresultof thecompositedimageswith anoptionalvelocity color map.Thegeometric
edgeboundariesaredrawn in blackfor illustration.

process.However, we still needto accessthe vector �eld valuesinside thosepolygons,andnot just
at the vertices,hencethe needfor reconstruction.We alsonotethat we arenot necessarilylimited to
linearinterpolationfor reconstruction.Higherorderinterpolationschemescanbesupportedby graphics
hardware[50].

Thevelocityvectorsarede-codedfrom thevelocity imageaccordingto:

vx = h r � (vmax x � vmin x ) + vmin x

vy = hg � (vmax y � vmin y) + vmin y (4.2)

vz = hb � (vmax z � vmin z) + vmin z

Thede-codedvelocityvectorsusedto computetheadvectionmesh(Sec4.4)arethenprojectedontothe
imageplane.

Themagnitudeof thevelocityvectorsat thosepartsof thesurfaceorthogonalto theimageplanemaybe
shortenedasa resultof perspective projection,i.e., if thedot productbetweenthe imageplanenormal
andthe3D surfacenormalis zeroor closeto zero.Thiscanreducethevisualclarity of thevector�eld' s
directionduringanimation.In our implementation,we addedanoption thatallows theuserto applya
biasto thevelocity vectorsthatareshortenedcloseto zerodueto theprojection.We canusethis biasto
reducethescalingeffect for curvedsurfaces.Conceptuallyit is likeapplyinga reversevelocityclamp.

Theprojectionof thevectorsto theimageplaneis doneaftervelocity imageconstructionfor 2 reasons:
(1) notall of thevectorshaveto beprojected(Sec.4.4),thussaving computationtimeand(2) weusethe
original3D vectorsfor thevelocitymask(Sec.4.8).
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4.4 AdvectionMeshComputation and Boundary Treatment

After theprojectionof thevector�eld wecomputethemeshusedto advectthetexturessimilar to IBFV.
We distorta regular, rectilinearmeshaccordingto thevelocity vectorsstoredat meshgrid intersections.
Thedistortedmeshverticescanthenbecomputedby advectingeachmeshgrid intersectionaccordingto
thediscretizedEulerapproximationof apathline,p, (thesameasastreamlinefor steady�o w) expressed
as:

pk+1 = pk + v p(pk ; t) � t (4.3)

wherev p representsa magnitudeanddirectionafterprojectionto the imageplane.Thetexturecoordi-
nateslocatedat the regular, rectilinearmeshverticesarethenmappedto the (forward) distortedmesh
positions.Thedistortedmeshpositionsarestoredfor fastadvectionof texturepropertiesfor staticscenes.

Specialattentionmustbepaidin orderto handle�o w atgeometricboundariesof thesurface.Figure4.6
shows an overview of the original IBFV process. During the visualization,eachframe is advected,
rendered,and blendedin with a backgroundimage. If we look carefully at the distort phaseof the
algorithm,we noticethatthereis nothingto stoptheimagefrom beingadvectedoutsideof thephysical
boundaryof the geometry. While this is not a problemwhen the geometrycovers the entirescreen,
this canleadto artifactsfor geometriesfrom CFD,especiallyin thecaseof boundarieswith a non-zero
outbound�o w, e.g.,�o w outlets.

To addressthisproblemweborrow anotionfrom LEA thattreatsnon-rectangular�o w domains,namely,
theuseof backwardcoordinateintegration(alsoproposedby Max andBecker [103]). Usingbackward
integration,equation4.3becomes:

pk� 1 = pk � v p(pk� 1; t) � t (4.4)

In thiscasethetexturecoordinateslocatedat the(backward)distortedmeshpositionsaremappedto the
regular, rectilinearmeshvertices. Backward integrationdoesnot allow advectionof imageproperties
pastthegeometricboundaries.
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Figure4.6: An overview of theoriginal imagebased�o w visualization

4.5 EdgeDetectionand Blending

While we gain many advantagesby decouplingthe imageadvectionprocesswith the 3D surfacege-
ometry, artifactscanresult,especiallyin thecaseof geometrieswith sharpedges.If we look carefully
at the resultof advectingtexturepropertiesin imagespace,we noticethat in somecasesa visual �o w
continuity is introducedwhereit maybeundesirable.A samplecaseis shown in Figure4.7. A portion
of the 3D geometry, shown colored,is muchlessvisible after the projectiononto the imageplane. If
the�o w texturepropertiesareadvectedacrossthisedgein imagespace,alsoshown colored,anarti�cial
continuityresults.To handlethis,we incorporatea geometricedgedetectionprocessinto thealgorithm.
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Figure4.7: Whena 3D surfacegeometry(left) is projected,continuityis createdin imagespace(right).
If the �o w alignedtexture propertiesare advectedacrossthis edge,an arti�cial �o w continuity may
result.

During theimageintegrationcomputation,we comparespatiallyadjacentdepthvaluesduringoneinte-
grationandadvectionstep.Wecomparetheassociateddepthvalues,zk� 1 andzk in world spaceof pk� 1

andpk from equation4.4,respectively. If

jzk� 1 � zk j > " � jpk� 1 � pk j (4.5)

where" is a thresholdvalue,thenwe identify anedge.All positions,p, for which equation4.5 is true,
are classi�ed as edgecrossingstart points. Specialtreatmentmust be given when advecting texture
propertiesfrom thesepoints. This processdoesnot detectall geometricedges,only thoseedgesacross
which �o w texturepropertiesshouldnotbeadvected.

Figure4.5 top, middle shows onesetof edgesfrom the detectionprocess.The geometricedgesare
identi�ed andstoredduringthedynamicvisualizationcaseandadditionalblendingis applied(depicted
schematicallyin Figure4.4). During the edgeblendingphaseof the algorithmwe introducedisconti-
nuities in the texture alignedwith the geometricdiscontinuitiesfrom the surface,i.e., gray valuesare
blendedin at theedges.This hastheeffect of addinga grayscalephaseshift to thepixel valuesalready
blended.This couldobviously behandledin differentways,e.g.,choosinga randomnoisevalueto ad-
vector invertingthenoisevaluealreadypresent.Someresultsof theedgedetectionandblendingphase
areillustratedin Figure4.8. In ourdatasetsan" of 1-2%of depthbuffer is practical.However, theusers
maysettheir own valueif �ne tuningof thevisualizationis needed.

The sameedgedetectionandblendingbene�ts incomingboundary�o w. Also an artifact of the IBFV
algorithm,geometricboundarieswith incoming�o w may appeardimmer thanthe restof the geome-
try. This is a resultof the noiseinjection andblendingprocessdescribedin Section4.6. In short,the
backgroundcolor shows throughmorein areasof incoming�o w becausenot asmuchnoisehasbeen
blendedin theseareas.Figure4.9,top,showsa2D slicethrougha3D meshfrom aCFDsimulationwith
incomingboundary�o w comingin throughthe narrow inlet from the right. Note that the edgeof the
inlet appearsdim. Figure4.9,bottom,shows thesameslicewith edgeblendingturnedon. Thebound-
ary artifactsof thenoiseinjectionandblendingprocessareno longera distraction.Edgedetectionand
blendingalsoplaysin importantrole while anobjectis rotating.Without specialtreatment,contoursin
imagespacebecomeblurredwhendifferentportionsof a surfacegeometryoverlap,suchaswhenblood
vesselsin Figure4.11overlapduringrotation.

4.6 NoiseBlending

By reducingthe imagegenerationprocessback to two dimensions,the noiseinjection and blending
phasefalls in line with theoriginal IBFV technique,namely, animage,F , is relatedto apreviousimage,
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Figure4.8: A close-upexampleof geometricedgedetection:on theleft side,geometricedgedetection
is disabled,on theright sideenabled.

Figure4.9: Herewe seea 2D slicethrougha 3D geometryfrom a CFD simulation.(top) With no edge
blending,thebackgroundcolorshows throughboundaryareaswith incoming�o w. (bottom).With edge
blending,theseartifactsareno longeradistraction.

G, by [164]:

F (p; k) = �
k� 1X

i =0

(1 � � ) i G(pk� i ; k � i ) (4.6)

wherep representsapathline,� de�nesablendingcoef�cient, andk representstimeasa framenumber.
Thusa point, pk , of an imageFk , is theresultof a convolution of a seriesof previous images,G(x; i ),
alongthepathlinethroughpk , with andecay�lter de�ned by � (1 � � ) i . Theblendednoiseimageshave
bothspatialandtemporalcharacteristics.In thespatialdomain,a singlenoiseimage,g(x), is described
asa linearly interpolatedsequenceof n randomvalues,Gi , in therange[0; n � 1], i.e.,

g(x) =
X

hs(x � is) Gi mod n (4.7)

wherethespacing,s, betweennoisesamplesis generallygreaterthanor equalto thedistancetraversed
by animagepropertyin oneadvectionstepandhs representsatriangularblackandwhitepulsefunction.
Herex representsa location in the �o w domain. In practice,we give the usercontrol of s, resulting
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in multi-frequency texture resolutionsin the spacialdomain. The backgroundtexturesusedfor blend-
ing alsovary in time. In the temporaldomain,eachpoint, Gi in the backgroundtexture, periodically
increasesanddecaysaccordingto apro�le, w(t), e.g.,

Gi ;k = w((k=M + � i ) mod1) (4.8)

where� i representsarandomphase,drawn from theinterval [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) = 1 if t < 1=2 and0 otherwise.In our application,theuserhastheoptionof varyingM . Smaller
valuesof M resultin higherfrequency noisein thetemporaldomainwhereashighervaluesM resultin a
lower temporalfrequency. Figure4.5(top,right) showsasampleblendedimageandFigure4.5(bottom,
left) showsasamplenoiseimage.

4.7 ImageOverlay Application

The renderingof the advectedimageand the noiseblendingmay be followed by an optional image
overlay. An overlay enhancesthe resultingtexture-basedrepresentationof surface�o w by applying
color, shading,or any attribute mappedto color (Fig. 4.5, bottom, middle). In implementation,we
generatethe imageoverlay following the constructionof the velocity image. This overlay may render
any CFD simulationattributemappedto hue.Theoverlay is constructedoncefor eachstaticsceneand
appliedaftertheimageadvection,edgeblending,andnoiseblendingphases.Sincetheimageadvection
exploits frame-to-framecoherency, the overlay mustbe appliedafter the advectionin orderto prevent
the surfaceitself from beingsmeared.Also worthy of mention,is that the opacityvalueof the image
overlayis a freeparameterweprovide to theuser.

4.8 Implementation

In this sectionwe considersomeaspectsof thealgorithmnot previously discussedwhich areimportant
for implementation.OurimplementationisbasedonthehighlyportableOpenGL1.1(www.opengl.org )
library.

TextureClipping

In our application,the resolutionof thequadrilateralmeshusedto warp the imagecanbespeci�ed by
theuser. Theusermayspecifyacoarseresolutionmesh,e.g.,128� 128,for fasterperformanceor a�ne
resolutionmesh,e.g.,512� 512,for higheraccuracy. However, if theresolutionof theadvectionmesh
is toocoarsein imagespace,artifactsbegin to appear. Figure4.10,left, illustratestheseartifactszoomed
in on theedgeof a surface. In orderto minimize the jaggededgescreatedby coarseresolutiontexture
quadrilaterals,we applya textureclipping function. Subsetsof texturedquadrilateralthatdo not cover
thesurfaceareclippedfrom thevisualizationasshown in Figure4.10,right. This canbe implemented
simplywith theimageoverlayby maximizingtheopacitywherever thedepthbuffer valueis maximized,
i.e.,wherever thereis agreatdepth.

Velocity Mask

In orderto dim high frequency noisein low velocity regions,theuseralsohastheoptionof applyinga
velocitymask.Weadoptthevelocitymaskof Jobardetal. [63] for ourpurposeshere,namely:

� = 1 � (1 � v )m (4.9)

where� decreasesasa function of velocity magnitude.In our case,the imageoverlay becomesmore
opaquein regionsof low velocityandmoretransparentin areasof highvelocity. With thevelocitymask
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Figure 4.10: The result of, left, a coarseresolutionadvection meshwith artifactsand, right, the ap-
plication of texture clipping. The resolutionof the advectionmeshshown on the left is 32 � 32 for
illustration.

enabled,the viewer's attentionis drawn away from areasof stagnant�o w, andtowardsareasof high
�o w velocity. We notethat in thecontext of CFD simulationdata,engineersareoftenvery concerned
aboutareasof stagnant�o w. In the caseof a cooling jacket, stagnant�o w may representa region of
thegeometrywherethetemperatureis toohigh,possiblyleadingto boiling conditionsthusreducingthe
effectivenessof thecooling jacket itself. Therefore,in our casetheengineersmaydisablethevelocity
maskor usethe velocity maskto highlight areasof �o w, e.g.,make the huebrighter in areasof low
velocity.

4.9 Performanceand Results

Our visualizationtechniqueis appliedprimarily to large, highly irregular, adaptive resolutionmeshes
commonlyresultingfromcomputational�uid dynamicssimulations.2 Theidealintakemanifold(Fig.4.1)
suppliesanequalamountof �uid �o w to eachpistonvalve. Visualizingthe�o w at thesurfacegivesthe
engineerinsight into any imbalancesbetweenthe inlet pipes,in this case,the 3 long narrow pipesof
the geometry. Figure4.12 on page60 shows our methodappliedto a surfaceof an intake port mesh
(from Figure4.3on page50)composedof 221Kpolygons.Theintake port meshis composedof highly
adaptive resolutionsurfacepolygonsandfor which no globalparameterizationis readilyavailable.The
methoddescribedhereallows the userto zoomin at arbitraryview pointsalwaysmaintaininga high
spatialresolutionvisualization.

Thealgorithmappliesequallywell to mesheswith time-dependentgeometryandtopology. Figure4.13
onpage61showsthesurfaceof apistoncylinderwith thepistonhead(notshown) de�ning thebottomof
thesurface.Themethodhereenablesthevisualizationof fuel intake asthepistonheadslidesdown the
cylinder. Theresulting�o w visualizationhasa smoothspatio-temporalcoherency. Our algorithmalso
hasapplicationsin the �eld of medicine.Figure4.11on page58 shows thecirculationof bloodat the
junctionof 3 bloodvessels.An abnormalcavity hasdevelopedthatmayhindertheoptimaldistribution
of blood.

Performancewasevaluatedon an HP Visualizeworkstationwith an HP fx graphicscard,runningRed
Hat Linux 7.2 with a 1 GHz PentiumIII dual processorand1 GB of RAM. The performancetimes
reportedin Table4.1 on page59 supportinteractive explorationof unsteady�o w on surfaces.The�rst

2Supplementaryvideoavailableat: http://www.VRVis.at/ar3/pr2/vis03/
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Figure4.11:Visualizationof blood�o w at thesurfaceof thejunctionof 3 bloodvessels.Stagnantblood
�o w mayoccurwithin theabnormalpocketat thejunction.

time reportedin theFPScolumnis for thestaticcasesof steady-statevisualizationandtheabsenceof
changesto theview point. Thetimesshown in parenthesisindicatethedynamiccasesof unsteady�o w
andinteractive zoomingandrotation.More speci�cally, thedynamiccasesrequiretheconstructionof a
velocity image,imageoverlay, aswell asgeometricedgedetection.Weincludegeometricedgedetection
in theframeratesreportedin Table4.1on page59. It doesnot introducesigni�cant overheadsinceit is
easilybuilt into theadvectionprocessitself.

Theperformancetime of our algorithmdependson the resolutionof themeshusedto performthead-
vectionandthe numberof polygonsin the original surfacemesh. In the caseof steady-state�o w, the
algorithmno longerdependson thenumberof polygonsin thesurfacemesh,but on theareacoveredin
imagespace.Thedatasetshown in Figure4.1, left, on page48, doesnot cover asmuchimagespace,
so its performancetimesaresomewhat higher in the staticcase.A full discussionof advectionmesh
resolutionandimagequality is givenin acomparisonof ISA andIBFVS [85].

4.10 Discussionand Futur eWork

We have presenteda novel techniquefor denserepresentationsof unsteady�o w on boundarysurfaces
from CFD. The algorithmsupportsvisualizationof �o w on arbitrarysurfacesat up to 20 FPSvia the
carefuluseof graphicshardware.It supportsexplorationandvisualizationof �o w on large,unstructured
polygonalmeshes,andon time-dependentmesheswith dynamicgeometryandtopology. The method
generatesdenserepresentationsof time-dependentvector �elds building on both the LEA and IBFV
algorithms. It alsodoesnot wastecomputationtime on occludedpolygonsor polygonscovering less
thanonepixel. While thevector�elds arede�ned in 3D andassociatedwith arbitrarytriangularsurface
meshes,thegenerationandadvectionof texturepropertiesis con�ned to imagespace.
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data numberof advectionmesh frames
set polygons resolution persecond

ring 10K 128� 128 18 (5)
(Fig 4.5) 256� 256 9 (3)

512� 512 3 (1)
intake 48K 128� 128 22 (2)

manifold 256� 256 14 (2)
(Fig 4.1) 512� 512 6 (1)

combustion 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)

(Fig 4.12) 512� 512 2 (0.3)

Table4.1: Sampleframeratesfor thevisualizationalgorithm.

Futurework cangoin many directionsincludingvisualizationof unsteady3D �o w, somethingweexpect
to seesoon. Challengeswill includeboth interactive performancetime andperceptualissues.Future
work also includesthe applicationof morespecializedgraphicshardwarefeatureslike programmable
per-pixel operationsin themannerof Weiskopf etal. [179,181]andtheuseof pixel textureslikeHeidrich
etal. [52].
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Figure4.12: (top) A view of thesurfaceof an221K polygonalintake port meshshow in Figure4.3 on
page50. Texture-based�o w visualizationis appliedto the surface. (bottom)A close-upview of the
surfaceof the intake port mesh. Herewe illustrateuser-supportedzoomingwith automatic,on the �y
recalculationof the�o w texture.
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Figure4.13: Snapshotsfrom the visualizationof a time-dependentsurfacemeshcomposedof a 79K
polygonswith dynamicgeometryandtopology. This intake valve andpistoncylinder canalsobeused
to analysetheformationof wall �lm , thetermusedto describetheliquid builduponsurfaces.



Chapter 5

Texture-BasedFlow Visualization on
Isosurfacesfr om Computational Fluid
Dynamics

“Men occasionallystumbleover thetruth, but mostof thempick themselvesupandhurry
off asif nothingeverhappened.”

– Sir WinstonChurchill 1 (1874–1965)

At theVRVis ResearchCenterwe collaboratewith AVL (www.avl.com ) in orderto provide visualiza-
tion solutionsfor analysisof theirCFDsimulationresultdata.AVL'sown engineersaswell asengineers
at industryaf�liates usevisualizationsoftwareto analyzeandevaluatethe resultsof their automotive
designandsimulation.

For many of the automotive componentsthat undergo evaluation,thereis an ideal patternof �o w the
engineersare trying to create. Figure 5.1 illustratesthe swirl motion of �uid �o w in a combustion
chamberfrom a dieselengine. In orderto generateswirl motion, �uid entersthecombustionchamber
from theintake ports.Lateron in theenginecycle, thekinetic energy associatedwith this swirl motion
is usedto generateturbulencefor mixing of freshoxygeninto the�uid. Themoreturbulencegenerated,
the betterthe mixture of air anddieselfuel, andthusthe betterthe combustionitself. Ideally, enough
turbulentmixing is generatedsuchthat100%of thefuel is burned.

Sinceit is theswirling �o w that is usedto generateturbulence,theswirl shouldbemaximizedin order
to maximizeturbulence.Fromthepoint of view of themechanicalengineersdesigningtheintake ports,
increasedswirl �o w leadstosomebene�cialconditions:(1) improvedmixturepreparation,i.e.,morefuel
contactwith oxygen,(2) ahigherEGR(ExhaustGasRatio)whichmeansadecreasein fuel consumption,
and(3) loweremissions.However, toomuchswirl displacesthe�ame usedto ignite thefuel. As such,a
balancemustbeachievedbetween(1) generatingenoughswirl �o w in orderto createturbulenceand(2)
notdisplacingthe�ame usedto ignite the�o w.

Someroutinequestionsthata mechanicalengineermayaskwheninvestigatingswirl �o w are: (1) Can
visualizationprovide insight into or verify thecharacteristicshape(s)or behavior of the�o w? (2) What

1British politician,British �rst lord of theadmiralty1911–1915,1939–1940,British primeminister1940–1945,1951–1955,
NobelPrizein literature1953,madehonoraryUScitizen1963
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Intake Ports

Figure5.1: The swirling motionof �o w in the combustionchamberof a dieselengine(sideview). The intake
portsat thetopprovide thetangentialcomponentof the�o w necessaryfor swirl.

tool(s)canhelpto visualizetheswirl �o w pattern?and(3) Wherein thecombustionchamberis theswirl
�o w patternnot beingmet?

5.1 Isosurfaces

Engineersoften startan analysisof CFD simulationdatausingtechniquesto visualizethe �o w at the
surfacein orderto geta �rst impressionof thesimulationresults.Thenext logical stepis to investigate
thepropertiesof the�o w insidethevolume.Slicesarecommonlyused,but visualizing3D characteristics
of the�o w likeswirl canbedif�cult with 2D slices.Engineersareinterestedin visualizationtechniques
thatprovide insightinto thespatialdimensionorthogonalto thesliceaswell.

Isosurfacesarea visualizationtool usedroutinelyby mechanicalengineersto investigatetheproperties
of the �o w insidea 3D volume. The shapeof an isosurfacecangive the engineerinsight into its 3D
characteristics.Onereasonengineersuseisosurfaces,asopposedto saystreamsurfaces,is becausethey
are so ubiquitous. They feel very comfortablewith isosurfacesbecause,like isolines, they are very
familiar. The mechanicalengineerswe spoke to arenot asfamiliar with the notion of a streamsurface
andevenlessits interpretation.

Figure5.2 shows a velocity isosurfacein the combustionchamberof the dataset in Figure5.1. The
engineercanseethat the �o w hassomeof theswirling orientationthat they arelooking for. However,
whatis missingfrom Figure5.2is aclearindicationof �o w direction,e.g.,theupstreamanddownstream
natureof the�o w. In particular, it is not obviouswherethe�o w doesnot follow the idealswirl pattern
thatthecombustionchambershouldencapsulate.

5.2 Applying Texture-BasedFlow Visualization

Applying texture-based�o w visualizationtechniquesto suchisosurfacesprovidesengineersevenmore
insight into thecharacteristicsof 3D vector�elds. And this hasbecomea feasibleoptiononly recently.
WeapplytheISA method[83] from Chapter4 for producingdense,texture-basedrepresentationsof �o w
onisosurfaces.Theresultis acombinationof two well known scienti�c visualizationtechniques,namely
iso-surfacingandtexture-based�o w visualization,into a usefulhybrid approach.Our applicationis a
versatilevisualizationtechniquewith thefollowing characteristics:(1) generatesa denserepresentation
of �o w onadaptiveresolutionisosurfaces,(2) visualizes�o w oncomplex isosurfacescomposedof poly-
gonswhosenumberis on theorderof 200,000or more,(3) visualizes�o w independentof theisosurface
mesh's complexity andresolution,(4) supportsuser-interactionsuchasrotation,translation,andzoom-
ing alwaysmaintainingaconstant,highspatialresolution,and(5) producesfastanimations,realizingup
to 60 framespersecond.
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Figure5.2: Theswirling motionof �o w in thecombustionchamberof a dieselengine(sideview) asillustrated
by an isosurfaceof velocity. This is a velocity isosurfacewith an isovalueof 5.0 m/s. Any CFD attributecanbe
mappedto hue.

We notethat the methodmustbe applicableto adaptive resolutionisosurfaceslike that of Figure5.3.
Note thatmany of thepolygonsin Figure5.3 cover lessthanonepixel. The isosurfacealgorithmused
hereis an extensionof the MarchingCubes[97] andMarchingTetrahedra[156] algorithmsthat takes
into accountmorecell types. It handlesadaptive resolutionmeshesin the samespirit asLarameeand
Bergeron[79].

The restof the chapteris organizedas follows: in Chapter2 we discussedrelatedwork, Section5.3
reviews theresearchthatthework hereis built upon.Section5.4detailstexture-based�o w visualization
on isosurfacesfrom CFD. Resultsand conclusions,including a discussionof the userquestions,are
presentedin Section5.5.Wenotethatthischapterhasalsobeenpublishedelsewhere[84].

5.3 Method Background

In orderto understandhow andwhy weapplytexture-based�o w visualizationto isosurfaces,webrie�y
outline themethodbackground.In brief, thealgorithmpresentedby Larameeet al. [83] simpli�es the
problemby con�ning theadvectionof texturepropertiesto imagespace.Thesurfacegeometryis pro-
jectedto imagespaceandthena seriesof texturesaremapped,blended,andadvected. This orderof
operationseliminatesportionsof thesurfacehiddenfrom theviewer. Thepreviousmethodfor visualiza-
tion of �o w onsurfacesis comprisedof thefollowing procedure:(1) projectthevector�eld to theimage
plane,(2) detectgeometricedgediscontinuities,(3) computeadvectedtexturecoordinates,(4) advectthe
image,(5) injectandblendin noise,(6) blendadditionalnoisealonggeometricedgediscontinuities,and
(7) applyshadingandotheradditionalgraphics.Steps1-7 of thepipelinearenecessaryfor thedynamic
casesof changesto theisovalue,time-dependentgeometry, rotation,translation,andscaling,andonly a
subsetis neededfor thestaticcases(Steps4-7) involving nochangesto theview-pointor isovalue.Each
stageis describedin moredetail in previousresearch[83] andin chapter4.

5.4 Texture-BasedFlow Visualization on Isosurfaces

Herewedescribetheway in whichweapplythemethoddescribedin Section5.3to isosurfaces.Speci�-
cally, wedescribewaysto address:(1) thenormalcomponentof the�o w to theisosurface,(2) perceptual
challengesassociatedwith viewing �o w on isosurfaces,(3) issuesrelatedto resamplingthevector�eld,
and(4) someimplementationdetails.
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Figure5.3: A close-up,wire-frameview of the isosurfacefrom Figure5.2. Thealgorithmwe describemustbe
applicableto adaptive resolutionisosurfacemeshes.

Applying a Normal Mask

Whenvisualizing�o w on normalboundarysurfacesthedirectionof the �o w generallycoincideswith
thesurfaceitself. As the�o w approachestheboundary, it is notallowedto passthroughandis pushedin
atangentialdirection,i.e.,it canbedescribedassurfacealigned�o w. However, in thecaseof isosurfaces
this is no longertrue.The�o w atanisosurfacecansometimesexhibit astrong�o w thatis normalto the
surface,e.g.,cross-surface�o w. Thesamealsoholdstruefor thecaseof arbitraryclipping geometries.
Simply advecting texture propertiesaccordingto the vector �eld projectedonto the isosurfacecould
be consideredmisleading. Is therea way in which this cross-surfacecomponentof the �o w can be
incorporatedinto theresultvisualization?

Battke et al [3], who appliedLIC to surfaces,addressthis problemby varying the lengthof the con-
volution �lter accordingto the magnitudeof the vectorcomponenttangentialto the surface. In areas
wherethe vector �eld is orientedalmostperpendicularto the surfaceonly very little smearingof the
texture occurs,i.e., the input noiseis visible insteadof a convolved texture. Our approachis required
to beconsistentwith thevisualizationof �o w on boundarysurfaces.Whenwe applytexture-based�o w
visualizationto boundarysurfaces,the amountof texture-smearingindicatesvelocity magnitude,i.e.,
texture is smearedinto longerstreaksin areasof highervelocity magnitude.We don't want to change
thesemanticinterpretationof smearingfor isosurfaces.
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Figure5.4: Theresultof applyingahighercontrastnormalmaskto aring dataset.Thetextureis nolongervisible
at the inlet of the ring wherethe texture re�ects the �o w orthogonalto thesurface.Comparewith Figure4.5 on
page52.

We proposean ideainspiredby the velocity mask[63], namely, a normal mask. A velocity maskcan
beusedto dim or highlight high frequency noisein low velocity regions. Whereas,a normalmaskcan
beusedto dim regionsof thevector�eld thathave strongcross-�ow componentto the isosurface.We
de�ne thenormalmaskas:

� = (v � n)m (5.1)

where� increasesasa function of the productof the velocity, v , andnormalvectorto the surface,n,
at thatpoint. Here,m is anarbitrarynumber. In practice,it is typically aroundunity giving theopacity
a nearlylinearbehavior. In our case,the imageoverlaybecomesmoreopaquein regionswith a strong
cross-�ow componentandmoretransparentin areasof highly tangentialvelocity. With thenormalmask
enabled,theviewer's attentionis drawn away from areasof strongcross-�ow component,andtowards
areasof hightangentialvelocity. However, thetexturepropertiesarestill advectedaccordingthevelocity
vectorsprojectedontotheisosurface.

The resultof applyinga normalmaskto a ring surfaceis shown in Figure5.4. The inlet areawhere
the�o w is generallyorthogonalto thesurfacehasa high opacitycoveringup thehigh spatialfrequency
texture. Notethat if we encodethenormalmaskasopacity, anothersimulationattributecanbemapped
to hue.In ourapplicationthis is a requirementfor consistency.

Normal Mask Implementation

We canintegratethe implementationof thenormalmaskwith very little overheadby takingadvantage
of thegraphicshardware. If we look closelyat theconstructionof thevelocity image,we notethat the
the R, G, andB imagechannelsareusedto encodethe x, y, andz valuesof the vectorcomponents
at eachvertex de�ning the surface. This leaves the alphachannelasa free parameterin the velocity
imageconstruction.In orderto implementthenormalmask,wesimplystore� into thealphachannelof
theframebuffer at thesametime we arestoringthex, y, andz vectorcomponents–whenrenderingthe
velocity image.And whenreadingbacktheimagebuffer, readingthealphacomponentin additionto the
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Figure 5.5: (left) a velocity isosurfaceof value 5.0 m/s with a CFD simulationattribute mappedto hue and
(middle)texture-based�o w visualization(right) texture-based�o w visualizationon theisosurfacecombinedwith
anormalmask.A close-upis shown in Figure5.8.

R, G, andB componentcomesatvery little overhead.

Someresultsof applyingthisnormalmaskto anisosurfaceareshown in Figure5.5.Wecanseethatthe
�o w at theisosurfacejustbelow theintakeport in theforeground(with astrongspecularhighlight)hasa
strongnormalcomponentto theisosurface.Thehigherfrequency texturein this region is dif�cult to see.
Figure5.8shows a close-upfor increasedclarity of exposition.Notealsothatwe have chosena simpler
color scalein this caseto reducethevisualcomplexity of the result. We �nd thatusinga full rangeof
huefor thecolor mapping(like in Figure5.2) in combinationwith variableopacityfor thenormalmask
is visually complex. So we provide the option of tradingoff somecomplexity in the color mapwhile
applyingthenormalmask.

Perceptual Issues

Figure5.8shows a close-upview of a velocity isosurfacewith texture-based�o w visualizationapplied.
Oneperceptualproblemwith the result is that of occlusion. Thereis morestructureto this isosurface
thanwecansee.Perceptualproblemssuchasocclusionandvisualcomplexity arecommonto generally
all 3D visualizations. One way we addressedthis is by implementingan interactive clipping plane.
The clipping planeallows the userto seeoccludedpartsof the isosurfaceby removing sub-setsof the
geometryon onesideof the plane,in this example,the sidecloserto the viewer. Again, the usersare
interestedin cuttingplanesbecauseof their familiarity. Figure5.6shows anotherview of theisosurface
with a clipping planebeingused. New structuresin the isosurfacearerevealed,namelythe structure
resultingfrom �o w aroundanintakeport valve.

Of courseanotheralternativeis for theengineerto takea2Dslicethroughthevolume,ratherthancreating
an isosurface.This is essentiallytradingoff dimensionalityin orderto reduceperceptualproblems.In
our application,the userhasboth options. Anotheroption for the userin our applicationis the useof
arbitraryclipping geometries.For example,the usercande�ne a clipping geometryin the shapeof a
sphereor cylinderandapplythetexture-based�o w visualization.Againhowever, this is a trade-off. We
maygainby loweringvisualcomplexity andocclusion,but welosesomeinformationaboutthebehavior
of the�o w, namely, thatvisualizedby theisosurface.
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Figure5.6: A closeup view of the sameisosurfaceshown in Figure5.5 usinga clipping planetangentto the
view-point in orderto revealoccludedisosurfacestructures.

A ResamplingPoint of View

The reasonthis texture-advectionmethodis fasterthanprevious texture-basedmethodson surfacesis
becausethe injection, blending,and advection of noisetexturesis donein imagespace. The key to
transformingthe three-dimensionalnatureof textureson surfacesto a two-dimensionalproblemis via
theprojectionof thevector�eld to imagespace.

The vector�eld from the isosurfaceis projectedonto imagespacevia the velocity imagedescribedin
Section5.3. Then,theimageis warpedaccordingto a regular, rectilinearmesh.By distortingtheimage
accordingthe projectedvelocity vectorslocatedat the grid intersections,we areimplicitly resampling
thevector�eld. This resamplingimpliessomeconsequences.Unlike thenatureof boundarysurfaces,
isosurfacesmaycontainvery small,disconnectedpieces.In somecasesthesepiecesmayonly cover a
few pixels. This impliesthatwe needa high vector�eld resamplingratewhenadvectingthetexturesin
imagespace.In otherwords,thesampling-to-pixel ratioshouldnotbetoosmall,e.g.,samplingatevery
pixel or every otherpixel. In orderto handlethis,we give theusertheoptionof differentadvectiongrid
resolutions.In our implementation,the highestgrid resolutionsamplesthe vector�eld at every pixel,
while thesecondhighestadvectiongrid resolutionsamplesthevector�eld ateveryotherpixel.

Anotherreasonwe give theusercontrolover theresolutionof theadvectiongrid is becausewe wantto
retaintheadvantagesobtainedby decouplingtheoriginalsurfacemeshwith themeshusedto advectthe
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Figure5.7: (left) theintersectionof threebloodvessels.An abnormalpockethasformedat thejunction.(right) a
velocity isosurfaceof value0.04m/swith texture-based�o w visualizationapplied.Therecirculationzonewhere
blood�o ws in theopposingdirectionbecomesclear.

textures.Thisdecouplingpreventscomputationonthosepolygonswhoseareacoverslessthanonepixel.
And in thecaseof Figure5.3 therearethousandsof suchpolygons.We notealsothatzoomingin on a
surfaceimplicitly increasesthesamplingrateof thevector�eld becausemoreof theimageis spreadout
while theresolutionof theadvectiongrid at thesametime remainsthesame.

Thefactthatanisosurfacemaycontainmany small,disconnectedpiecesalsoimpliesthatweneedahigh
frequency texturein thespatialdomain.In our implementation,we give theusercontrolover thespatial
frequency of thenoiseinjection. Usinga high spatialfrequency allows for thevisualizationof �o w on
evenverysmall,disconnectedpiecesof anisosurface.

5.5 Resultsand Discussion

If we take a closerlook at Figures5.5 and 5.6, we can seethat the texture-based�o w visualization
providesadditionalinsightinto thebehavior of the�o w. Oneof thequestionsthattheengineerposesis:
Wherein thevolumeis the idealswirl �o w patternnot beingmet? Within the texture,we canseethat
the idealswirl �o w patternis not beingmet in just below the intake portsthemselves. Namely, we can
seethat two areasof the �o w areworking againsteachotherjust beneaththeactualboundarysurface
of thecombustionchamber. This is shown moreclearly in a close-upin Figure5.8. Thenormalmask
in Figure5.8highlightstheboundarybetweenthis destructive �o w pattern.This is contrastedwith only
theisosurfaceitself (Figure5.2)whereareadestructive �o w is notobvious.Thedestructive �o w pattern
is madeevenmoreobviousin ananimationof the�o w 2.

Figure5.7,shows the intersectionof threebloodvessels.Thelargervesselon theright bringsin blood
anddistributesit to two smallvesselson theleft. An abnormalpocket,e.g.,ananeurysm,hasdeveloped
at thejunctionof thethreevessels.Theobservermaybeinterestedto investigatetheinsideof thepocket
to seethe resultingblood �o w pattern. If we look at the blood �o w at the surface,as in 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, shows a velocity isosurface(of 0.04m/s) inside
thevolumewith texture-based�o w visualizationapplied.Shown clearly is therecirculationzonein the
pocket with blood�o wing upstream(in theopposingdirection).This secondexamplewaschosenin an
effort to supportour claim that the hybrid approachof texture-based�o w visualizationon isosurfaces
canbeuseful,notonly in theautomotivedomain.

2SupplementaryMPEGanimationsandimagesof theresultscanbefoundat:
http://www.vrvis.at/ar3/pr2/VisSym04/
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5.6 Performance

PerformancewasevaluatedonaPCwith anNvidia 980XGLQuadrographicscard,with a2.8GHzdual-
processorand1 GB of RAM. Theperformancetimesreportedin Table1 supportinteractiveexploration
of �o w on isosurfaces.This is importantfor thecaseof changingisovalues.Whentheuserchangesthe
isovalue,texture updatesonly requirea fraction of a second.And the transitionis generallycoherent
becauseeachframeis blendedwith thepreviousframe[83].

num. advectionmesh
polygons resolution FPS

10K 642 64 (35)
1282 64 (18)
2562 32 (8)
5122 15 (2.3)

48K 642 64 (13)
1282 64 (10)
2562 32 (6)
5122 15 (2)

221K 642 64 (4)
1282 64 (4)
2562 32 (2.9)
5122 13 (1.5)

Table5.1: Sampleframeratesfor theISA visualizationalgorithmappliedto isosurfaces.

The �rst time reportedin the FPScolumn is for the static case,i.e., the absenceof changesto the
view point. Thetimesshown in parenthesisindicatethedynamiccasesof interactive zooming,rotation,
andtranslationof theview point. Thereportedtimesareaboutthreetimesfasterthanthosereportedin
chapter4 (andby Larameeetal. [83]). Thisis mainlydueto theupdatedhardwareusedfor theevaluation
andimprovementsto theimplementation.

Normal maskconstructiondoesnot introducesigni�cant overheadsinceit is easilybuilt into the ad-
vectionprocessitself. For example,theisosurfaceshown in Figure5.8 is composedof 243K polygons.
In the staticcase,the normalmaskhasno effect on framerates. They arethe sameasthoselisted in
Table1. In thedynamiccaseusinga1282 advectionmesh,theframeratedropsfrom 3.3to 3.0FPSwith
theadditionof thenormalmask.

5.7 Discussionand Futur eWork

We have shown how the imagespacebasedtexture-advectiontechniqueof Larameeet al. [83] canbe
appliedto isosurfaces.Isosurfacesprovide informationinto the3D characteristicsof �o w that2D slices
andboundarysurfacesalonecannot.Wehaveshown thataddingthetexture-basedrepresentationof �o w
to isosurfacescangive theengineernew insight into thebehaviour of swirl �o w whenexaminingCFD
simulationdata. We have alsoappliedthemethodto thevisualizationof blood �o w. Furthermore,the
methodis fastandsupportsuserinteractionsuchaszooming,rotation,andtranslation.

Futurework cango in many directionsincluding visualizationof texture-based�o w visualizationon
time-dependentisosurfaces,streamsurfaces,and unsteady3D �o w. Challengeswill include both in-
teractive performancetime andperceptualissues. Futurework also includesthe applicationof more
specializedprogrammablegraphicshardwarefeaturesin themannerof Weiskopf etal. [179]
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Figure 5.8: A close-upof a velocity isosurfacefrom Figure 5.5: with texture-based�o w visualizationand a
normalmaskapplied.With thetextureadvectionontheisosurface,it is clearthattheidealswirl �o w patternis not
exhibitedin this region.



Chapter 6

GeometricFlow Visualization Techniques
for CFD Simulation Data

“The strengthof theUnitedStatesis not thegoldat Fort Knoxor theweaponsof mass
destructionthatwehave, but thesumtotal of theeducationandthecharacterof our

people.”

– PellClaiborne1 (1918–)

AVL'sown engineersaswell asengineersat industryaf�liates use�o w visualizationsoftwareto analyze
andevaluatethe resultsof their automotive designandsimulationon a daily basis.Theanalysisof an
engineerincludestaskssuchassearchingfor areasof extremepressure,looking for symmetriesin the
�o w, searchingfor critical points,andcomparingsimulationresultswith measured,experimentalresults.
Onepervadingmessagewe hearconsistentlyis: usersareinterestedin moreinteractive control of the
�o w visualizationresults–aclassicthemein therealmof scienti�c visualization[57]. Engineersaswell
asusersfrom otherdisciplinesareinterestedin having a collectionof user-optionsandparametersthat
allow themto ful�ll their individualgoals,whethertheir goalsareexploration,analysis,or presentation.
Interactive tools facilitate an iterative visual analysisand exploration processi.e., an environmentin
which theuseris ableto make rapiddecisionsandre�nementbasedonvisualizationresults.

6.1 The Versatility of CFD Grids

Anotherreasontheusersrequestmoreinteractioncontrolover thevisualizationresultsis dueto thefact
thatCFDmeshesembraceawidevarietyof components,features,andlevelsof resolution.To illustrate,
we look at Figure6.1showing two intake ports.By looking at anoverview, we observe whatappearto
befour adaptive levelsof resolution:(1) for the�o w sourceon theleft andthecombustionchamberon
the lower, right, (2) anotherlevel of resolutionfor the connectingpipesin the middle, andtwo levels
of resolutionfor the intake port componentsthemselves. Whenwe zoomin (Figure6.2) we �nd � ve
adaptive levels of resolutionusedto evaluatethe intake portsthemselves: (a) two levels for the top of
the ports, (b) approximatelythe sametwo levels of detail plus an addedlayer of �ner resolutiongrid
cells for theringsaroundthebaseof theports. Thefacetsin the �o w source(on the left in Figure6.1)
are approximately1000–2000times larger than the �nest resolutionfacetsat the baseof the intake

1Pell,ClaibornedeBorda,U.S.Democraticpolitician;Senatorfrom RhodeIsland1961–;sponsor& eponym of Pellgrants;
chairmanof SenateForeignRelationsCommittee1987–;great-great-greatnephew of GeorgeDallas
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Figure6.1: TheCFD simulationgrid of anintake port. This imageillustratestheversatilityof a typical,unstruc-
tured,CFD simulationgrid containinga �o w sourcefrom theleft, two connectingpipesin themiddle,two intake
portsat theendsof thepipes,andacombustionchambercylinderon theright.

ports. Thesegridsarea daily experiencein theindustrialCFD community. Our goal is to provide �o w
visualizationsolutionsthatareequallyasversatileandadaptiveasthegridsthemselves.

6.2 PerceptualChallenges

A largeamountof �o w visualizationresearchliteratureaddresses2D visualizationtechniques.This is
partly because�o w visualizationon boundarysurfacesandin 3D presentsadditionalperceptualchal-
lengessuchasocclusion,lack of directionalcues,lack of depthcues,andvisual complexity. Most of
theCFD simulationgridsat AVL areunstructuredandthreedimensional.Althoughengineersoftenuse
2D slicesthroughthe3D meshesduringanalysis,thereis a stronginterestin 3D andboundarysurface
visualizationtechniquesthataddresstheperceptualproblemsmentionedabove. Wealsoknow thatthere
is strongevidenceto supportthenotion thatusersacquirea betterunderstandingof 3D datasetsusing
3D visualizationtechniquesasopposedto 2D visualizationtechniques[171].

Therestof this chapteris organizedasfollows: In chapter2 we discussedrelatedresearchin �o w visu-
alizationwith a sectionon geometricapproaches.Section6.3 describesour approachof usingoriented
streamlinesandstreamlets.Section6.4 introducesa novel animatedstreamlinetechnique.Section6.5
outlinesthe streamrunnerandstreamcometconceptsandresultingimplementations.Finally, we con-
cludewith someinitial resultsandideasfor futurework. We notealsothatportionsof this chapterhave
beenpublishedpreviously [77, 80].
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Figure6.2: A close-upview of theintakeportsin thesameCFDsimulationgrid asshown in �gure 6.1.Themesh
containsmultiple,adaptive resolutionlevelsof unstructuredgrid cells.

6.3 Oriented Streamlinesand Streamlets

Oneof the drawbacksof conventionalstreamlinesis the lack of �o w orientation(upstreamvs. down-
streamdirection)depictedin a still image. Our systemincorporatesan orientedstreamlineimplemen-
tation. Orientedstreamlinesconvey the downstreamdirectionof the �o w by varying the opacityasa
functionof particletraceevolution. In otherwords,thefurtherdownstreamanintegrationpathis traced,
the higher the opacityof the streamline. This canbe implementedby giving the streamlinesa �nite
width, eitherautomaticallyor throughuser-de�ned parameters,andusingsemi-transparentpolygonsin
orderto depictanorientedstreamline(Figure6.3,middle). Arrow headscouldalsobeusedto achieve
thesameeffect. However, arrow headglyphscanleadto visualclutterwithoutcarefultreatment.

Carefulattentionmustbe paid whenrenderingorientedstreamlineson boundarysurfacesin order to
preventartifactsresultingfrom overlappingstreamlineandboundarysurfacepolygons.Theseartifacts
canbeavoidedthroughtheuseof OpenGL's polygonoffsetfunctionality. Theresultis similar to thatof
OLIC (OrientedLine Integral Convolution) [176,175]. Oneimportantdifferenceis thatOLIC is based
on a traditionallyslower approachderived from LIC. Also, OLIC is moresuitablefor thevisualization
of 2D vector�elds.

For thecaseof unsteady�o w, drawing a continuousparticlepathusingonly a singletime-stepfrom the
datasetcanbeconsideredmisleading.This is becauseno particleactuallytracessucha path. For the
caseof slicesandsurfaces,the visualizationbecomeseven moreproblematicbecausea componentof
thevector�eld is takenaway, namelythatcomponentorthogonalto thesliceor surface,absentaftera
projectionontothesliceor surface.Oneapproachto handlingthis is throughtheuseof streamlets(short
streamlines).Figure6.3,left-to-right,shows theuseof streamlines,orientedstreamlines,andstreamlets
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Figure6.3: The visualizationof blood �o w at the surfaceof an aneurysm:(left) geometric�o w visualization
usingstreamlines(middle)orientedstreamlinesand(right) streamlets.
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Figure6.4: The16-bit stipplepatternseriesusedfor animatingstreamlinesin real-time,basedonOpenGL1.1.

all appliedto the samedataset. The dataset in this caseis simulationdatacomingfrom blood �o w
throughananeurysm.

6.4 Animated Streamlines

Here, we usea stippling approachto animatestreamlinessuchthat the downstreamdirection of the
�o w is depicted.The advantagehereis that the stippling approachis supportedby OpenGL1.2. and
commoditygraphicshardware. Thusreal-timeframeratescanbe achieved even for large numbersof
streamlines.Anti-aliasing,alsosupportedby the graphicshardware,canbe addedto visually enhance
theresultsat very little overhead.

We applya line stipplepatternto streamlinepaths.Eachstreamlineis renderedusingoneof 16 stipple
patternsshown in Figure6.4. In orderto addanimation,we simply shift the stipplepatternappliedto
theintegralpathsat renderingtime 2. Thisapproachis reminiscentof thatusedby JobardandLefer [66]
or BergerandGröller [7] wherea color-tablelook-upapproachis usedto animatethestreamlines.One
importantdifferenceis thatthetechniquehereapplieswell to 3D �o w.

Without specialhandling,geometrictechniquescanalsosuffer from someof thesameperceptualprob-
lems that direct �o w visualizationcan. Onemeansby which to focuson a particularsubset,areaof

2For supplementaryimagesandMPEGanimations,pleasevisit:
http://www.VRVis.at/ar3/pr2/geometricApproach/
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Figure6.5: Our seedingplaneimplementationhassix interactive DoFs: (1-3) threetranslational,(4) scaling,(5)
rotation,(6) resolution.

Figure6.6: The visualizationof tumblemotion usinganimated,dashedstreamlines.Two seedingplanesare
used:oneseedingcolormappedstreamlines,theotheremanatingredstreamlines.A blackandwhite-mappedslice
servesascontext information.

interest,or featureof a �o w �eld is via a streamlineseedingstrategy. In general,threepopularstream-
line seedingstrategiesareoftenused:(1) image-basedseedingstrategiessuchasthatdescribedby Turk
andBanks[159] or the evenly spaced-streamlineseedingstrategy presentedby JobardandLefer [65],
(2) topological or feature-based,seedingstrategies suchas thosepresentedby and Löffelman and

Gröller [91], Sannaet al. [128], or Vermaet al. [169] and (3) interactive seedingstrategies using a
streamlineseedingrake usedby BrysonandLevit [14] or Schultzet al. [137]. Our approachfalls into
the third category–aninteractive streamlineseedingstrategy. Userswould like full control over which
subsetsof thevector�eld to highlight in orderto highlightbothdesirableandundesirablecharacteristics
of the�o w.

A schematicof our interactivestreamlineseedingtool is shown in Figure6.5.This tool providestheuser
with six interactive degreesof freedom(DoF): (1-3) threetranslational,(4) scaling,(5) rotational,and
(6) resolutioncontrol. Theseinteractive DoFsarerequiredto investigatetheresultsof CFD simulations
becausethemeshesfrom CFDembraceawidevarietyof components,features,andlevelsof resolution.
Ideally, the toolsusedto analyzeandvisualizethesedatasetsshouldbe �e xible enoughto adapttheir
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Figure6.7: This imageshowsstreamseedsasshortpipesegmentsincludingawire-framecontext of theconnect-
ing pipesin theintakeportsdataset.In thiswayocclusionandimagecomplexity areminimized.

size,orientation,andresolutionto �t thefeaturesof interesteitherautomaticallyor throughuser-speci�ed
parameters.

Figure6.6showsanimated-dashedstreamlinesusedtovisualizetumblemotion[86]. Thesparseranimated-
dashedstreamlinesallow theuserto seethroughthevolume.Furthermore,theimplementationis simpler
thanthedashtubetechniqueof FuhrmannandGröller [47].

6.5 Streamcomets

Streamcometsarean extensionof the streamrunner[77]. The streamrunneraddressesthe problemsof
occlusionandscenecomplexity by giving theusercontrolovertheevolutionof streamlinesfrom seeding
time until they terminate. A streamlinemay terminatewhen it reachesa boundaryin the geometry,
reachesaregionof zerovelocity, or reachesamaximumlengthsetby theuser. Thetwo interactiveDoFs
affordedby thestreamrunnerare:(1) thepositionof thestream'sheadalongtheintegralpathand(2) the
diameterof thetheintegralobject,in this casethetubediameter.

Usingthestreamrunner, theuseris ableto setthestreamevolution to its origin asshown in Figure6.7.
In this �gure, only theseedsareshown. Individualstreamlinesareeasilydistinguishedandfocusedupon
early in their evolution becauseocclusionhasbeenalmosteliminatedwhile visual complexity is at a
minimum.Thestreamrunnercanthenbeusedto changethecurrentgeometriclengthof theshadedtubes
suchthattheusercanwatchthestreamlinesgrow, or run, in thedirectionof the�o w. This givesa clear,
unequivocal indicationof �o w direction. Theuseris ableto focuson anindividual streamline,a group
of streamlines,or aparticularareaof the�o w asusersadjustthecurrentgeometriclength.Watchingthe
streams�o w in 3D combinedwith shading,givesaddeddepthcues.Thestreamrunneralsoallows the
userto tracetheevolutionof thestreamlinesbackwardsin orderto seewhereapathoriginated.

Streamcometsfollow a very intuitive metaphor. They offer four interactive DoFsasshown in Figure
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Figure6.8: Thestreamcometpromotes4 interactivedegreesof freedom:(1) thepositionof thecometheadalong
thepathof integration,(2) thediameterof thecometheadandtail, (3) thelengthof thecomettail, andoptionally
(4) theanimationspeedof thecomets

Figure6.9: Herestreamcometsarerenderedin the context of a semi-transparentring geometry. We addsemi-
transparency anda glowing impressionto thestreamcomettails, whosetransparency increaseswith thedistance
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-transparentcomettail,
andoptionally (4) the animationspeedof the cometalongthe pathof integration. Coupledwith more
interactive degreesof freedom,streamcometsoffer the advantageof showing local �o w directionand
curvaturefor staticimages.Thereis strongevidenceto supportthenotionthat�o w visualizationobjects
thatshow thedirectionof the local vector�eld improve theuser's ability to identify critical pointsand
understandparticleadvectionpaths[75].

Figure6.9 givesus an impressionof what it is like to usethe streamcometsfor 3D �o w visualization.
Weincludethesemi-transparentring geometryascontext information.Wealsoapplyasemi-transparent
function to the comettails andgive thema glowing effect. Thealphavaluealongeachcomettail is a
functionof thedistanceto thecometheadi.e., thefurtheraway from thehead,themoretransparentthe
tail.

Anotherusefulfeatureis theoptionof animatingthestreamcomets.Conceptually, animatingthestream-
cometssuchthatthecometheadpositionis automaticallyincrementedalongthepathof integration,acts
asa visual searchfunction. The viewer is ableto usethe animationto searchfor optimal comethead
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Figure6.10:Theuseof thestreamrunnerandstreamcometsfor unsteady�o w visualization.Cometheadsshrink
over time. i.e., the older the comet,the smallerthe comethead. The interactive equivalentof a streaklineis a
streakrunner, which interactively controlsthe numberof discretetime stepsalongthe streaklinede�ned by the
seriesof cometheads.

positions.This is veryusefulwhentheuseris:

� not surewhereto positionthehead,
� searchingfor interestingfeaturesin the�o w �eld, or
� optimizingtheotherinteractivedegreesof freedom.
� Wealsogive theusertheoptionof interactively adjustingtheanimationspeed.

We do not proposethe streamrunnerandstreamcometasstand-alonefeatures.They aremeantto be
combinedwith otherclassic,3D interactiontechniquessuchasrotation,scaling,andtranslation.Addi-
tional importantfeatureswe have includedare: theoptionof choosinga non-uniformcoloringscheme
so colliding geometricobjectscanbe moreeasilydistinguished,turning on or off semi-transparentor
wire-framecontext information,andadjustingthestreamlineseedingdensityin the�o w �eld.

The cometglyph canintuitively encodetime attributesfor unsteady�o w visualization. At the top of
Figure6.10,weseeasampleseedpointwhosegeometriclocationis constantover timeandfrom which
streamcometsare injectedinto the �o w, similar to a streakline– the line tracedby a set of particles
thathave previously passedthrougha uniquepoint in thedomain[136]. As thecometages(afterbeing
injectedinto the�o w), thesizeof theheaddecreasesasdoesa realcometwhentraveling throughspace.
Also the lengthof thetail encodesthe local instantaneousvelocity at thecomet's currentposition. The
color of the cometheadencodesthe local temperatureandthe color of the comettail re�ects another
scalarattribute of the �o w suchaspressure.If we representcomettails usingstreamtubes[160],, the
local convergenceand divergenceof the �o w may be encoded. If comettails are representedusing
streamribbons[160], local vorticity is encoded. Ideally, the user is able to toggle betweenthe two
representations.We claim that the useof streamcometglyphs for encodingattributesof the �o w is
moreintuitive thanusingotherglyphssuchassuperquadricshapes[38]. The interactive analogueof a
streaklineis a streakrunner. Thestreakrunneris aninteractive controlthatde�nesthegeometriclength
of thestreakline.Sucha line is shown in Figure6.10connectingthecometheads.

6.6 Results

Performancetimesdependonthenumberof streamlines.Performancetimesfor theanimatedstreamlines
aregivenin Table6.1.PerformancewasevaluatedonamachinerunningRedHatLinux 7.2with a1 GHz
PentiumIII dualprocessor, 1GBof RAM, andanHPfxgraphicscard.Notethattheframeratealsovaries
asaresultof caching.Anti-aliasingaddsvery little overheadsinceit is built into OpenGL1.2andhence
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Figure6.11: Two seedingplanesin the combustionchamberof a pistonvalve: oneseedingstreamcomets,the
otherseedingshadedstreamlines.

is supportedby mostgraphicscards.As wesee,thestipplingapproachallowsanimationof thousandsof
streamlinesin real-time.Furthermore,wehavenotemployedthemoremoderngraphicscardsor display
lists to increasethe framerates.Figure6.11shows two seedingplanesinsidethecombustionchamber

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 theanimatedstreamlines(in framespersecond).

of a pistonvalve. Theseedingplanein the top (foreground)hasstreamcometsemanatingfrom it. The
seedingplanein the middle (background)seedsordinarystreamlines.We emphasizethe importance
of the user's ability to resizethe streamcometsalongarbitrarydimensionswhenzoomingin andout
of the datasets. It is importantto note that changesto the diameterof the cometheadsapply to the
entirecollectionof streamcomets,andarenot appliedon a per-cometbasis.Applying sizechangesto
individual cometswould leadto misleadingvisualizationresults,e.g., the usermay interpretdifferent
cometheadsizesto bea re�ection of scalarpropertiesinherentin the�o w �eld.

Figure6.12givesusanotherimpressionof whatit is like to usethestreamcometsfor �o w visualization
in 3D.Here,bothstreamlinesandstreamcometsareusedto visualizeavortex. Giving theuserinteractive
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Figure6.12: The visualizationof a vortex using(top) streamlinesand(bottom)animatedstreamcomets.The
streamcometsreduceocclusionandprovide thesamecoveragewhenanimated.

control over the placementof the cometheads,the diameterof the cometheadsandtails, the seeding
density, andthe lengthof semi-transparentcomettails, affords theusera very goodopportunityto see
thecharacteristicsof the�o w �eld.

6.7 Discussionand Futur eWork

The addedinteractionprovided by our geometric�o w visualizationtechniquesis very useful for �o w
visualizationin 3D and within the domainof versatilegrids associatedwith CFD simulations. This
is becausethey are basedon geometricprimitives that are more suitablefor the visualizationof 3D
�o w thanapproachesbasedoncolor-mapping,glyphs,or texturesonly. Theusercontrolaffordedby the
streamcometsaswell astheintuitivemetaphoronwhichthey arebasedmakesthemmoreversatilefor 3D
�o w visualizationthanprevioustechniques.Furthermore,thesimplicity of our approachesmakesthem
strongcandidatesfor inclusionin other�o w visualizationsoftwarepackages.Theapproachesdescribed
herehave beenincludedin a cross-platform,industry-level visualizationapplicationfor theanalysisof
CFD simulationdata.Thesegeometricobjectsgive a new level of controlover to usersinvestigatinga
vector�eld. Weencouragethereaderto view theanimationsat thegivenURL. 3

Futurework couldgo in severaldirectionsincluding: (1) animplementationprototypeof thestreamrun-
nerandthestreamcometfor unsteady�o w visualizationincludingtheintroductionof apathrunner– the
unsteadyequivalentof a streamrunner, a streakrunner– theinteractive equivalentof a streaklineor (2) a
formal HCI evaluationof the perceptualeffectivenessof the streamrunnerand streamcometsfor 3D
�o w visualization– anextensionof thework by Laidlaw et al. [75] to includemore�o w visualization
techniques.

3http://www.VRVis.at/ar3/pr2/geometricApproach/



Chapter 7

InvestigatingSwirl and Tumble Flow with
a Comparisonof Visualization Techniques

“The onlystablestateis theonein which all menareequalbefore thelaw.”

–Aristotle1 (384BC–322BC)

Previously, AVL engineersusedaseriesof severalcolor-mappedslicesto assessandvisualizetheresults
of their CFD simulations. Recently, new solutionsfor the visualizationof CFD simulationdatahave
beenintroducedin orderto overcomesomeof the limitations outlinedin Chapter2. We reporton the
applicationof thesetechniquesin additionto themoretraditionalapproaches.In thischapterwedescribe:
(a) theapplicationof differentvisualizationtechniquesto speci�c applicationcases,(b) advantagesand
disadvantagesof whatthesetechniquesoffer, and(c) acomparisonwhichmayapplyto otherapplication
cases.We alsoto give recommendationson whento usespeci�c techniquesandin which application
scenario.

7.1 Evaluating Swirl and Tumble Motion

For many of the automotive componentsthat undergo evaluation,thereis an ideal patternof �o w 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 bothcases,rotationalmotionoccursaboutan axis, thoughthe positionof the respective axis is dif-
ferent. In thecaseof swirl �o w, theaxis is moreor lesscoincidentwith thecylinder axis,asshown in
Figure7.1,left. In thecaseof tumble(Figure7.1,right), therotationaxisis perpendicularto thecylinder
axisandmorecomplex, thusmakingtumble�o w moredif�cult to control thanswirl �o w. We refer to
therotationalaxisassociatedwith tumblemotionasthez axis that, in this case,pointsout of thepaper
towardsthereader.

In orderto generateswirl or tumblemotion,�uid entersthecombustionchamberfrom theintake ports.
Lateronin theenginecycle,thekineticenergy associatedwith thismotionis usedto generateturbulence
for mixing of freshoxygenwith evaporatedfuel. Themoreturbulencegenerated,thebetterthemixture
of air andfuel, andthusthemorestablethecombustionitself. By stablewe meanachieving thesame
conditionsfor eachenginecycle. Ideally, enoughturbulentmixing is generatedsuchthat100%of the
fuel is burned.Theswirl or tumblemotionshouldbemaximizedto maximizeturbulence.Fromthepoint

1Greekcritic, logician,naturalist,philosopher, physicist,andzoologist,fatherof logic, fatherof dramaticcriticism,founder
of Lyceum,wrote”Physics”, ”NicomacheanEthics”, ”Politics”, ”Poetics”
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Figure7.1: (left) The swirling motion of �o w in the combustionchamberof a dieselengine. Swirl is usedto
describecirculationaboutthe cylinder axis. The intake portsat the top provide the tangentialcomponentof the
�o w necessaryfor swirl. Thedatasetconsistsof 776,000unstructured,adaptiveresolutiongrid cells. (right) Some
gasenginecomponentsrequireatumblemotion�o w pattern(right) in orderto mix �uid with oxygen.Tumble�o w
circulatesaroundanaxisperpendicularto thecylinder axis,orthogonalto swirl �o w. Thedatasetis composedof
61,700unstructured,adaptive resolutioncells.

of view of themechanicalengineersdesigningtheintake ports,theideal�o w patternleadsto bene�cial
conditionsincluding: improvedmixturepreparation,a higherEGR(ExhaustGasRatio)which meansa
decreasein fuel consumption,andlower emissions.However, too muchswirl (or tumble)candisplace
the�ame usedto ignite thefuel, causeirregular�ame propagation,or resultin lessfuel combustion.

As such,a balancemustbeachievedbetweengeneratingenoughswirl or tumble�o w andnot displac-
ing the �ame usedto ignite the �o w. A controlled�o w motion is usedto get stableandreproducible
conditionsateachenginecycle.

InvestigatingFlow Patternswith Visualization

Centralto this studyaresomeroutinequestionsthat engineersmay askwhen investigating swirl and
tumble�o w:

1. Canvisualizationprovide insightinto or verify thecharacteristicshapeandbehavior of the�o w?
2. Whattoolscanhelpto visualizetheswirl andtumble�o w patterns?
3. Wherein thecombustionchamberaretheidealswirl andtumble�o w patternnot beingrealized?

Hereweseekanswersto someof thesefundamentalquestionsusingdirect,geometric,andtexture-based
�o w visualizationtechniques.Weproceedwith avisualanalysisof thesimulationdatafrom AVL'sCFD
solver. In particular, weanalyzethesimulationdatafrom two importantin-cylinder�o w motionpatterns,
typical of a mechanicalengineer's analysis.Our investigationalsocarriesforth acrossmultiple spatial
dimensions,namelyin 2D, 2.5D,and3D. By 2.5D we meansurfacesthrough3D space.We notethat
thelargesizeof thedatasetshown in Figure5.1,776,000unstructured,adaptive resolutioncells,makes
unsteady�o w visualizationverydif�cult with ourhardware.

Dir ect,Geometric,and Texture-BasedFlow Visualization

Our �o w visualizationclassi�cation is describedin Section1.2. In this chapterwe use advection
approachesaccordingto ImageBasedFlow Visualization(IBFV) [164] and ImageSpaceAdvection
(ISA) [83], which cangeneratebothSpotNoise[163] andLIC-lik e [17] imagery. Theseapproachesare
relatedto Lagrangian-EulerianAdvection(LEA) [64]. We notethata full comparisonof texture-based
�o w visualizationtechniques[82] is givenin Chapter2.
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Figure7.2: Thevisualizationof swirl �o w on a slice throughthecombustionchamberof a dieselengine:(left)
directvisualizationusingcolor mapping,(middle-left)directvisualizationusingglyphs,(middle-right)geometric
�o w visualizationusingstreamlets,and(right) texture-based�o w visualization.

We focusonly on interactive visualizationtechniquesbecausean interactive explorationof parameter
spaceis essentialfor improving thedesignof intake portsandvalve cylinders(e.g.,changingisovalues
or placingseedpointsof particles).Hencefeature-based�ow visualization, anotherclassof techniques
including featureextractionandtracking is not a focusof ours. Anotherproblemis that eachengine
componenthasits own characteristic�o w motion. Implementinga featureextractionalgorithmfor each
�o w patternis simply not practical.Furthercomplicatingthematteris thattheideal�o w motionis only
approximated.Postetal. [117] cover feature-based�o w visualizationin detail.

The restof the chapteris organizedasfollows: Sections7.2, 7.3, and7.4 investigatepropertiesof the
�o w patternsusing2D slices,surfaces(referredto as2.5D),and3D andhybrid techniquesrespectively.
Eachspatialdomainis analyzedusingdirect, geometric,andtexture-basedvisualizationtools. These
approachesarethencomparedto oneanother. Section7.5presentsa discussionandofferssomeoverall
perspectiveswith respectto this investigationandSection7.6outlinesourconclusions.Wenotethatthe
materialin thischapterhasalsobeenpublishedelsewhere[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 knowledgeandexperienceregardingthe datasetand(2) sometrial
anderror. Theaverageuserin this caseis amechanicalengineerwith astrongbackgroundandprevious
training in theareaof CFD. Theseusersgenerallyhave a priori knowledgeaboutthedatathey arein-
vestigating. In otherwords,they alreadyhave an ideaandassociatedexpectationsof thebehavior they
would like to see.Nevertheless,afteraninitial sliceis generated,furtherre�nementof thevisualization
parametersmightbeneededfor thedesiredresults.

Dir ectFlow Visualization

Figure7.2 shows a 2D slice throughthecylindrical combustionchamberfrom Figure7.1 left, within a
planeperpendicularto theaxisof rotation. In this particularcase,eachapproachindicatesthat the�o w
hasdesirableproperties,namely, a rotationalpatternaboutthe axis parallel to the cylinder, consistent
with swirl motion.

Figure7.2 left shows velocity magnitudemappedto hue.Thecolorshelpto differentiateregionsof the
�o w andgive anoverview of thedata.However, thepathof the�o w is not conveyedclearly. Figure7.2
middle-left shows shows the samedatavisualizedwith 3D glyphsplacedon a 2D slice. In this case,
thedatahasbeenresampledontoaregulargrid with auser-speci�edresolution.A brute-forcehedgehog
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Figure7.3: Thevisualizationof tumble�o w on a slice: (left) directvisualizationusingcolor mapping,(middle-
left) direct visualizationusingglyphs,(middle-right) �o w visualizationusingdye injection, and(right) texture-
based�o w visualization.

techniqueresultsin visualclutterandovercomplexity. Wehaveusedtheresamplingtool to createapolar
grid andinteractively positionthecenterof thegrid suchthatit alignswith thevortex associatedwith the
swirl �o w. Theglyphsgiveanoverview of thevector�eld, show thedirectionof the�o w, andalsoafford
thevisualizationof thenormalcomponentof the �o w with respectto theslice,anability importantfor
applicationsfrom theautomotive industry[132]. This third componentis missingfrom two of theother
visualizations.However, whattheglyphslack is spatialcontinuity. Thereis alwaysa trade-off between
theresolutionof resamplinggrid andcoverageof the �o w. Higher resolutionresamplingdecreasesthe
likelihoodof overlookinga featureof thevector�eld, but increasesperceptualproblems.

Figure7.3middle-left,showsdirectvisualizationtechniquesappliedtoaslicein ordertovisualizetumble
�o w. Theglyphssuggestthat the�o w patternon theslice is generallyconsistentwith tumble�o w. We
seeanoverall circular, counter-clockwise�o w aboutanaxispointingout of theplane.However, some
of the featuresof the �o w are higher in spatial frequency that the glyph placementprovided by the
resampler. If we increasetheresamplingresolution,theresultis dif�cult to interpretbecausetheglyphs
collide in visualspace.Color coding,asin Figure7.3 left, is muchlesssuitablefor tumble�o w thanfor
swirl �o w becausethestructureof the�o w is morecomplex andcannotbevisualizedby themagnitude
of thevelocity.

GeometricFlow Visualization

In general,geometrictechniqueslikestreamlinesprovidemorespatialcontinuitythanglyphsor texture-
based�o w visualization.Texture-basedmethodsrequirea longconvolution �lter lengthto achievesimi-
lar spatialcontinuity. For thecaseof swirl �o w, we �nd 2D streamlinesrestrictedto theslicemisleading
becausethereis a strong�o w componentorthogonalto the slice, i.e., theselong streamlineshave less
correspondenceto physical motion. Hence,Figure7.2 middle-rightshows the vector �eld visualized
with 3D streamlets,namely, shortstreamlines.Thesestreamletsshow thestrongcomponentof the�o w
orthogonalto thesliceandintroducemorespatialcontinuitythantheglyphs.However, while streamlets
do increasespatialcontinuity they sharethe samedisadvantageasthe glyphsin termsof seedingand
perceptualchallenges.

Figure7.3middle-rightshows tumble�o w on slicevisualizedusingdyeinjection.Theresultresembles
streaklineswhicharethesameasstreamlinesfor thecaseof steady-state�o w. Thisparticularimplemen-
tation is donevia dye injection in a mannersimilar to IBFV. The resulthassomecharacteristicsfrom
boththegeometricandtexture-basedclassesof techniques.Theborderlinesbetweendyecolorandwhite
aregeometricin thesensethat they meetthede�nition of a streamline:a geometrythat is everywhere
tangentto the �o w. On theotherhand,the implementationis realizedusingtextureswhich introduces
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diffusioninto theresult.Hencethis techniquecouldalsobeclassi�edastexture-based.

The advantageshereare that theseobjectsshow the downstreamand upstreamdirection of the �o w
especiallyclear in an animationand the usermay interactively selectthe seedpoints and dye color.
Hence,the usermay usethesedye sourcesto highlight certainareasof the �o w suchas the vortex
associatedwith the swirl �o w. In this case,the �o w componentnormal to the slice is not as strong
comparedwith Figure 7.2. The disadvantagehere,and with geometrictechniquesin generalis that
placementis crucial. Importantfeaturesmaybeoverlooked dependingon the spatialposition of the
objects.Also we mustusecautionwheninterpretingtheseresultsbecauseno particleactuallytraverses
a pathshown in Figure7.3. Theoriginal CFD simulationdatais 3D andtime-dependent.We notethat
in this study, we focuson steady-state�o w. Thedatasetusedto studyswirl motionis too largefor our
old hardware.

Texture-BasedFlow Visualization

Figure7.2 right shows theswirl motionwith texture-based�o w visualizationapplied. Theadvantages
of this approachinclude: (1) completecoverageof the �o w �eld, (2) spatialcontinuity, (3) velocity
magnitudemaybeencodedin the texture, leaving hueavailableto includeanotherCFD simulationat-
tributesuchastemperature,and(4) �o w orientation(upstreamanddownstreamdirection)is clearin an
animatedsequence.In general,computationtime is a disadvantagewith many texture-based�o w visu-
alizationtechniques.Recently, this hurdlehasbeenovercomewith sometechniques[83, 84,164,178].
However, thisapproachdoesnotgenerallyprovideasmuchspatialcontinuityasgeometrictechniques.

In Figure7.3 both the dye injectionandthe texture-based�o w visualizationtechniquesreveal that the
vector�eld haspropertiesthatdeviatefrom theidealtumble�o w pattern.Thesetechniquesindicatethe
presenceof asaddlepointin the�o w nearthetop,centerof thegeometry(seeHelmanandHesselink[54]
or Postetal. [117] for amorethoroughdescriptionof �o w topology).Thedeviancefrom theidealtumble
motionis aresultof a trade-off madein thedesignof theintakeport,asits shapemustalsoallow enough
incomingfreshair to mix with fuel. Thusair is let in from bothsidesof theintake port (left andright in
thisslice).Theidealtumble�o w correspondsmorecloselyto onecentralvortex in the�o w. Theorange
andgreendyesourcescanhelpusto highlight thesaddlepointwhile thetexture-basedapproachensures
that thefeatureis not overlookedby providing a resultwith a denserepresentationacrossthecomplete
slice.

We also note that the geometricand texture-basedvisualizationshighlight the importantasymmetric
natureof the�o w. Thereis acounter-clockwiseloopingpatternneartheboundaryof thegeometry. This
is especiallyclearin ananimation.If the�o w weretoo symmetric,theloopingpatternmight disappear
leadingto toomuchdestructive �o w motion.

7.3 Swirl and Tumble Flow Visualizedon Surfaces

Examiningthepropertiesof the �o w on boundarysurfaces(referredto alsoas2.5D) is usefulbecause
we sometimesstartour investigationat thesurfacein orderto getanoverview of thevector�eld before
looking insidethevolume.

Dir ectFlow Visualization

Figure7.4shows the�o w at thesurfacefrom thedieselenginecomponentfrom Figure7.1, left. In this
case,color mappingalonealreadyrevealsthatthe�o w hasswirl motioncharacteristicsat this instantin
time. Weseeregionsof color forminga loosespiralpatternconsistentwith Figure7.1,left.
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Figure 7.4: The visualizationof swirl �o w at the boundarysurfaceof the combustion chamber: (left) direct
visualizationusingcolormapping,(middle-left)geometric�o w visualizationusingstreamlines,(middle-right)spot
noise-like texture-based�o w visualization,and(right) LIC-lik e texture-based�o w visualizationin combination
with avelocityclamp.

Figure7.5 shows thevisualizationof tumble�o w at thesurface.Fromcolor-mappingalone,it is dif�-
cult to answerour questionsfrom Section7.1. Thepatternof �o w is morecomplicatedthanin thecase
of swirl. However, color-mappingis still usefulin orderto identify extremalpropertiesof the simula-
tion data,suchasvery low velocity magnitude,characteristicsthat we aregenerallyvery interestedin
avoiding.

GeometricFlow Visualization

Figure7.4middle-leftillustratestheuseof streamlinesin orderto visualizethepropertiesat thesurface.
In thiscase,theimplementationcomputesexplicit integralpathsaccordingto aparticletracingalgorithm.
Wehaveaddedagrayscalephaseshift to thehueof eachstreamlineto distinguishindividualstreamlines
thatcollide. Thestreamlinesareusefulin illustrating theswirl behavior at thesurfaceexplicitly. Plus,
they help the userto discover an importantareawherethe ideal swirl �o w patternis not beingmet,
namelyin the top-centerof thegeometryjust below the intake ports. Here,destructive �o w is evident:
two regionsof �o w workingagainstoneanother. However, cautionmustbeusedin theinterpretationof
thisapproach.Technically, thevelocityhaszeromagnitudeat thesurface.Whatis shown is thevelocity
justunderthesurface,extrapolatedandprojected.No particleactuallytraversesanentirepathshown by
astreamlinein thiscase.

Figure7.5 illustratesstreamlinesandtimelines,usedto investigatethe behavior of tumble�o w at the
surface. Thestreamlines(Figure7.5 middle-left),again implementedvia dye injectionasdescribedin
Section7.2, have beenseededin order to selectively highlight a subsetof the vector �eld topology,
namely, a separatrix–astreamlinebetweentwo critical pointsin thevector�eld [53] or a line thatsepa-
ratestwo distinctbasinsof attraction.A saddle,anothertopologicalfeature,is especiallyvisiblebetween
thegreenandreddyesources.Unfortunately, this is anundesirablefeatureof the �o w for thecaseof
tumble�o w.

Timelinesarethelinesjoinedby a setof masslessparticlesreleasedinto the�o w at thesametime. The
dye-injectedemulationof timelinesshown in Figure7.5 middle-rightarereleasedfrom user-speci�ed
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Figure7.5: Thevisualizationof tumble�o w at theboundarysurface:(left) directvisualizationusingcolor map-
ping, (middle-left) visualizationusingdye injection, (middle-right)geometric�o w visualizationusingtimelines,
and(right) texture-based�o w visualization.

locationsandorientations.In our implementation,theusermayslide,scale,androtatethereleasemech-
anismin additionto specifyingcolor. Allowing theuserto specifycolor is importantin orderto match
correlatedtimelines. This particularsetof timelinesis helpful in visualizingconvergent(indicatedby
theyellow andgreentimelines)anddivergent(indicatedby thebluetimeline)areasof thesurface�o w.
Ideally, the�o w emerging from anintakeportexhibitsdivergentbehavior.

Texture-BasedFlow Visualization

Texture-basedvisualizationis veryusefulfor generatinganoverview of the�o w behavior at thesurface.
Theadvantageis thatweobtaincompletecoverageof the�o w andmaintainspatialcoherency according
to the �o w simultaneously. Plus,�o w orientation(upstreamvs. downstream�o w) may be visible in a
still imagewhena spotnoise-like texture is used,althoughthe �o w orientationis muchclearerin an
animatedsequence.If we indicatevelocity magnitudeby the amountof smearingin the texture,asin
Figure7.4 middle-right,thanwe canencodeanotherCFD attributeashuesuchastemperature.On the
otherhand,it is moredif�cult to seethepropertiesof the �o w in areasof low velocity magnitude.We
canaddressthis by applyinga velocity clampasshown in Figure7.4 right. The resultresemblesLIC.
Again, thedestructive �o w patternis very noticeablewith a texture-basedapproach.This is especially
clearin a close-upview of thesurface.We alsonotethat the interpretationof theresultsshown in this
casemaybeconsideredlessmisleadingsincelong,explicit particletracingpathsarenotdepicted.

In Figure7.5 right, we canseethatthevortex thatcharacterizestheidealtumblemotionis off-centerin
thelower-left of thegeometrywhereastheidealtumblemotionis characterizedby avortex in thecenter
aboutthez axispointingtowardstheviewer. In thenext section,weshow how to visualizethisvortex in
3D.

7.4 3D and Hybrid Approaches

Slicesarecommonlyusedto investigatethepropertiesof the�o w insidethevolumebut visualizing3D
characteristicsof the �o w like swirl canbe dif�cult with 2D slices. We areinterestedin visualization
techniquesthatprovide insight into thespatialdimensionorthogonalto thesliceaswell. In this section
we discuss3D andhybrid approaches.In this case,hybrid approachesarebotha mixtureof spatialdi-
mensions,e.g.,2.5Dand3D aswell wasamixtureof �o w visualizationclassi�cationssuchasgeometric
andtexture-based�o w visualization.
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Figure7.6: Thevisualizationof swirl �o w in thevolumeof thethecombustionchamber:(left) directvisualization
usingcolor-mappedglyphs, (middle-left) geometric�o w visualizationusingcolor-mappedshadedstreamlines,
(middle-right) texture-based�o w visualizationon a velocity isosurface,and(right) isosurfacingcombinedwith
3D streamlines.

Dir ectFlow Visualization

Direct �o w visualizationtechniquesaregenerallydif�cult to applyin 3D. Figure7.6left shows3D swirl
�o w visualizedusingcolor-mappedvectorglyphs. This imagesuffers from perceptualproblemssuch
asocclusion,visualcomplexity, andlack of depthcues.Furthermore,this is not a brute-forcehedgehog
approach.A subsetof the 3D combustionchamberdatahasbeenresampledonto a regular polar grid
similar to Figure7.2. Evenwith the resamplingapproach,many of the individual glyphsareoccluded
by largerglyphsor toosmallto seeclearly. Theconsequenceis thatweusuallyview only asubsetof the
3D data.

GeometricFlow Visualization

Without specialhandling,geometrictechniquescanalsosuffer from someof thesameperceptualprob-
lems that direct �o w visualizationcan. Onemeansby which to focuson a particularsubset,areaof
interest,or featureof a �o w �eld is via a streamlineseedingstrategy. In general,threepopularstream-
line seedingstrategiesareoftenused:(1) image-basedseedingstrategiessuchasthatdescribedby Turk
andBanks[159] or theevenlyspaced-streamlineseedingstrategy presentedby JobardandLefer[65], (2)
topological or feature-based,seedingstrategiessuchasthosepresentedby Vermaet al. [169] or Sanna
et al. [128], or (3) interactiveseedingstrategiesusinga streamlineseedingrake usedby Brysonand
Levit [14] or Schultzet al. [137]. Our approachfalls into the third category–aninteractive streamline
seedingstrategy.

A schematicof our interactivestreamlineseedingtool is shown in Figure6.5.This tool providestheuser
with six interactive degreesof freedom(DoF): (1-3) threetranslational,(4) scaling,(5) rotational,and
(6) resolutioncontrol. Theseinteractive DoFsarerequiredto investigatetheresultsof CFD simulations
becausethemeshesfrom CFDembraceawidevarietyof components,features,andlevelsof resolution.
Ideally, the toolsusedto analyzeandvisualizethesedatasetsshouldbe �e xible enoughto adapttheir
size,orientation,andresolutionto �t thefeaturesof interesteitherautomaticallyor throughuser-speci�ed
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Figure7.7: Thevisualizationof 3D tumble�o w: (top-left) geometricvisualizationusingstreamlines,(top-right)
geometricvisualizationstreamlinesaccompaniedby texture-based�o w visualizationon a 2D slice,(bottom-left)
geometric�o w visualizationusingtimelines,combinedwith texture-based�o w visualizationon a velocity iso-
surface,and(bottom-right)geometric�o w visualizationwith streamlinesanda pressureisosurfacecolor-mapped
with velocitymagnitude.

parameters.Figure7.6 middle-left, shows streamlinescolor-mappedwith velocity magnitude,placed
accordingto seedingplanein order to visualizethe 3D swirl �o w. We have employed an approach
wherea semi-transparent,velocity color-mappedsurfaceservesascontext information.In this case,the
streamlinesshow theswirling behavior of the�o w ratherclearly. Themainbehavior of the�o w appears
to matchthesoughtafterswirl �o w pattern.

Swirl �o w is morestablethantumble�o w, onereasonbeingthat the axis of rotationandthe cylinder
axisarealignedwith swirl motion. In tumblemotion,thesetwo axesareorthogonalmakingit moredif-
�cult to realizeandvisualize.Figure7.7top-leftshowsthevisualizationof tumble�o w with streamlines
seededby two seedingplanes.A 2D slicewith agray-scalevelocitymagnitudecolormapis usedfor con-
text. Thetop-centerseedingplaneusesstreamlinescolor-mappedaccordingto velocity magnitude.The
bottom-leftseedingplaneusesred streamlinesonly in orderto help distinguishseedingplane-speci�c
streamlines.The bottom-leftseedingplanealsousesa tool that lets the userinteractively control the
lengthof thestreamlines.In thiscase,thetool hasbeenusedto truncatethegeometryin orderto reduce
occlusionandvisualcomplexity.
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Texture-BasedFlow Visualization

In a hybrid visualizationapproach,we apply ISA for producingdense,texture-basedrepresentationsof
�o w on isosurfaces. Isosurfacesarea visualizationtool routinelyusedto investigatethepropertiesof
the�o w insidea3D volume.Theshapeof anisosurfacecangiveusinsightinto its 3D characteristics.

Figure7.6on page89 right shows two geometricapproachescombined,namely, color-mappedstream-
linesanda velocity isosurface.Applying texture-based�o w visualizationtechniquesto isosurfacespro-
videseven more insight into the characteristicsof 3D vector �elds. This hasonly recentlybecomea
feasibleoption. Figure7.6on page89 middle-right,shows a velocity isosurfaceof 5.0m=s in thecom-
bustionchamberof thedatasetin Figure5.1 on page63 with texture-based�o w visualizationapplied.
We canseethatthe�o w hassomeof theswirling orientationthatwe arelooking for. Theapplicationof
textureadvectionprovidesa clearindicationof theupstreamanddownstreamnatureof the �o w that is
not visible with anisosurfacealone.In particular, thetexture-basedapproacheshelpto point wherethe
�o w doesnot follow theidealswirl patternthatthecombustionchambershouldencapsulate,in thiscase
in thetop-middlebetweenthetwo intakeports.

We alsonotethatcautionis advisedwheninterpretingtheresultof texture-based�o w visualizationon
isosurfacesbecausethedirectionof the�o w doesnotnecessarilyalignwith theisosurfaceitself. Differ-
entapproachesto incorporatingthis normalcomponentof the�o w with respectto the isosurfacein the
visualizationinclude:(1) varyingthetextureconvolution �lter [3] or thesurfacecoloropacityaccording
to thecross�o w [84] or thepossibilityof not projectingthevelocity vectorsontothesurface[165]. For
amoredetaileddiscussionon this topicwe referto previousliterature[84].

Figure7.9 top-left shows a hybrid visualizationusingdirectcolor-mapping,streamlines,a velocity iso-
surface,andtexture-based�o w visualization.We notethat in orderto combinetheISA implementation
with streamlines,we must ensurea properrenderingorder to the objects. All other objectssuchas
streamlinesmustberenderedbeforeapplyingtexturesynthesissothattheimageoverlayfrom ISA does
not cover theseother objects[83]. One perceptualproblemwith the result in Figure 7.9 top-left on
page94 is occlusion. Figure7.9 top-right on page94 illustratesthe useof a clipping planeto reveal
occluded�o w structuressuchastheisosurfacesurroundingtheintakeports.

Figure7.7 top-right on page90 shows a similar visualizationwith the additionof texture-based�o w
visualizationappliedto theslice. In this case,we canseethata subsetof the3D �o w doesre�ect the
characteristicsof the tumble �o w pattern. However, we canseethat the axis of �o w rotation is off-
center. Insteadof theaxispointingstraightout alongthez axis, it is at ananglepointingdown andto
the left. It looks like a hybrid of theswirl andtumble�o w patterns.Figure7.7 bottom-lefton page90
shows a texture-based�o w visualizationappliedto a velocity isosurfaceof 7.5 m=s combinedwith
3D streamlines.In this casewe have chosena view from the backin orderto reduceocclusion. The
streamlinesalsoverify that the�o w exhibits a spatialcomponentnormalto theisosurfacebecausethey
passthroughtheisosurfacenearthebottom.

Thechoiceof isovalueis importantwhenusingisosurfacesto visualizethe�o w motion. Theusersrely
on a priori knowledgeof thedatasetfrom CFD experiencein additionto sometrial anderror in order
to obtaininsightful results.The isosurfacein Figure7.7 bottom-righton page90 is in factnot optimal
becauseof its shape.Thecomplexity of theisosurfacedoesnot lendtheuseranintuitive interpretation.
Thatis why wechoseanotherapproachin Figure7.7bottom-rightwhichshowsanisosurfaceof uniform
pressure–80,500Pa (pascals).This resultcombinestwo geometric�o w visualizationmethodsnamely
isosurfacesandstreamlines.This isosurfacehelpsusto visualizethetumble�o w's axisof rotationeven
moreclearly thanthestreamlinesalone. We maychooseotherCFD attributesfrom which to compute
isosurfacesusefulfor visualization.Anotherpopularattributechoiceis thatof spray equivalenceratio.
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The sprayequivalenceratio is madeof massof air over massof fuel. Thirteenpartsof air for each
part of fuel equalsa sprayequivalenceratio of unity. A ratio in the rangeof 0.7-1.4representsan
ignitablemixture. We useisovaluesin this rangeto help track wherethe ignitablemixture is located.
Figure7.9 bottom-righton page94 combinesthreetools into a hybrid visualization:(a) texture-based
�o w visualizationon a slice,(b) thepressureisosurfacecolor-mappedaccordingto velocity magnitude
and,(c) 3D streamlines.

We have alsolookedat 3D texture-based�o w visualizationbasedon a 3D IBFV implementation[153]
anda programmablegraphicshardwareimplementation[180] in thecontext of investigatingswirl and
tumble�o w. Wegenerally�nd perceptualproblemsto beagreatchallengewith thisapproach.Similarto
theresamplingapproach,atrade-off mustbemadebetweencoverageof the�o w domainandvisibility of
the�o w. This is onereasonwhy ahybrid of geometricandtexture-basedtechniquesis useful.Additional
challengesfor 3D texture-basedapproachesstill remainimplementationandef�ciency issuesbecauseall
thesimulationresultswepresentareonunstructured,adaptive resolutiongrids.

7.5 Trade-Offs

We have investigatedtwo typical �o w patternsfrom CFD usingthreeclassesof �o w visualizationtech-
niquescommonlyavailablein 2D, 2.5D,and3D. 2 Our side-by-sidecomparisonof each�o w visualiza-
tion category illustratesthateachhasits respectiveadvantagesanddisadvantages.Direct �o w visualiza-
tion techniquesareintuitive, easyto implement,common,andinsightful. Thedirect �o w visualization
techniquesareusefulin highlightingextremalCFD simulationdatavalueson surfaces.However, direct
approachesmaynotcommunicate�o w evolutionveryclearlyandareoftenmoredif�cult to applyin 3D.
And importantfeaturescanbemissedif thesamplingratefor a glyph-basedrepresentationis not high
enough.

Geometricmethodsarealsointuitive, provide insight, andcanbe appliedto 2D, 2.5D, and3D vector
data.They alsosometimesindicate�o w directionincludingtheupstreamanddownstreamdirectionof
the�o w. Geometrictechniquesareusefulfor gaininginsight into thelocationof theaxisof rotationfor
boththeswirl andtumble�o w patternswhile texture-basedtechniquesprovidedusefulenhancementsto
theseresults( Figure7.6 on page89 andFigure7.7 on page90 ). However, the drawbackwith these
approachesis generallythat of placement.Importantfeaturesmay be overlooked becausethey do not
providecompletecoverageof the�o w domain.

Texture-basedapproachesshareadvantageswith bothdirectandgeometrictechniquesby providing com-
pletecoverageandshowing the directionof the �o w everywhere.However, they aredif�cult to apply
in 3D. The geometricandtexture-basedtechniquesappliedto surfaceswerevery goodat pointingout
wherethe ideal swirl �o w patternwasnot beingmet (Figure7.4 on page87 ) in the CFD simulation
model.Thegeometrictechniquesappliedto slicesandsurfaceswerealsosuitablefor highlightingspe-
ci�c topologicalfeaturesof the �o w (Figure7.3 on page85 andFigure7.5 on page88 ) whereasthe
texture-basedapproacheswerevery helpful by insuringthatthesetopologicalfeatureswerenot initially
overlooked. Figure7.8 summarizessomeof the trade-offs thataremadewhenvisualizingswirl and
tumblemotion.For example,Themoredensethevisualization,generallythemoredif�cult is to perceive
theresult. Thusa trade-off is oftenmadebetweenthesetwo factors.Also a trade-off may is madebe-
tweenspatialcoherenceandspatialdimensionalitybecauseresultsin 3D oftencontainmany overlapping
parts.As a resultof thesetrade-offs, the�e xible combinationsof approachesofferedby our systemare
goodalternatives.

2For supplementarymaterialincludinghigh resolutionimagesandMPEGanimations,pleasevisit:

http://www.vrvis.at/ar3/pr2/swirl-tumble/



CHAPTER7. INVESTIGATING SWIRL AND TUMBLE MOTION 93

Coverage

Density

Spatial Dimensionality

Perceptual Clarity,
Visual Complexity

Spatial Coherence

Figure 7.8: In general,trade-offs are madebetweenthe density, coverage,and spatialdimensionalityof the
visualizationwith thatof perceptualclarity, visualcomplexity, andspatialcoherence.

7.6 Discussionand Futur eWork

In general,theoptimal �o w visualizationtechniquedependson theneedsof theuserandthenatureof
vector�eld. For example,visualizingswirl �o w using3D streamlinesis easierthanfor thecaseof tumble
motion. We areableto emphasizeandcommunicatedifferentcharacteristicsof the �o w with different
tools. Also, somemethodsarebetterfor visualizing2D �o w ratherthan3D �o w. Hence,a rangeof
toolsis requiredto helpusanalyzeCFDsimulationdata.Althoughwehavefocusedontwo speci�c �o w
patternsfrom CFD,webelievewhatwepresenthereto beapplicableto moregeneralcases.

Futurework includesthe applicationof thesethreeclassesof �o w visualizationtechniquesto the in-
vestigationof motionassociatedwith cooling jackets. Thegeometryand�o w patternsassociatedwith
cooling jacketsaregenerallyevenmorecomplicatedthanthatof swirl andtumble�o w within a cylin-
der. We suspectthat techniqueswhich apply to thesurfacemaybeespeciallyimportantsincethis type
of geometryhasa very high surfacearea.Also, sincecooling jacketsmaycontainmany thin piecesin
their geometry, visualizationvia slicing doesnot show asmuchspatialcoherency asvia surfaces.Three
dimensionaltechniquesmayalsoprove to beveryusefulbecausecoolingjacketsareoftencharacterized
by componentswith thin volumes. Hence,texture-based�o w visualizationtechniquesappliedin 3D
mayresultin fewerperceptualissues.
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Figure7.9: Visualizationof swirl and tumble �o w usinga combinationof direct color-mapping,streamlines,
isosurfaces,texture-based�o w visualizationandslicing. (top-left)visualizingswirl �o w using3D streamlinesand
texture-based�o w visualizationon an isosurface,(top-right) a clipping planeis appliedto reveal occluded�o w
structures,(bottom-left)anisosurfaceand3D streamlinesvisualizetumblemotion,and(bottom-right)theaddition
of texture-based�o w visualizationonacolor-mappedslice.



Chapter 8

Designand Implementation of Geometric
and Texture-BasedFlow Visualization
Techniques

“All progressis precarious,andthesolutionof oneproblembringsusfaceto facewith
anotherproblem.”

– Martin LutherKing Jr. 1 (1929–1968)

Demandfor visualizationsolutionsfor CFDsimulationdatahasgrown rapidly in thelastdecade.This is
due,in part,by theinterestof manufacturesin minimizingthetimetakenfor theirproductioncycle. This
objective is realizedwith the useof CFD softwaretools to analyzedesigndecisionsbeforeconstruct-
ing real, heavy-weight objects. In our experience,CFD softwarecanbe structuredaccordingto three
principlestagestypicalof enginecomponentdesign:

1. modeling: startingwith a modelgeneratedby computeraideddesign(CAD) software,a 3D un-
structuredmeshis generatedconsistingof smallvolumetriccells

2. simulation: given the 3D meshanda setof initial conditions,a simulationof �o w throughthe
modelis computed

3. visualization: theresultsof thesimulationarepresented,explored,andanalyzedwith a varietyof
visualizationtools

The processis iterative, as illustratedin Figure8.1. The visualizationprocessoften eitherveri�es or
con�icts theresultsexpectedby theengineerandmayinstigatechangesto themodeldesign.

We performedthe researchandimplementedresearchsoftwareinsideof a large commercialsoftware
packagewhosejob is to performthosetasksconveyed in Figure8.1. The result is a systemwhich is
further integratedthan typical researchprototypes. Typical researchsoftwareconsistsof stand-alone
prototypesfor proof-of-conceptonly. As a result of our integratedsystem,we enablethe possibility
to combinemultiple visualizationoptionswith oneanother. Incorporatingresearchfeaturesinto larger
systemshasbothbene�cial andnon-bene�cialconsequences.We discussboth theadvantagesanddis-
advantagesof suchanapproach.

We focuson the designandimplementationof the visualizationsubsystemshown on the right of Fig-

1USblackcivil rightsleaderandclergyman,NobelPrizein Peace1964,assassinated
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Figure8.1: TheCFDprocessis iterativeandcanbepipelinedinto modeling,simulation,andvisualizationstages.
Roundedboxesrepresentinput/outputdatawhile processingstagesaredepictedasrectangles.

ure8.1. More speci�cally, we focuson thosesoftwarecomponentsthatprovide geometricandtexture-
based�o w visualizationresults.Wedescribeseveralaspectsrelatedto thedesignandimplementationof
our �o w visualizationsoftwaremodulesaswell asthosefactorsthatmotivatedourdecisions.

Therestof thischapteris organizedasfollows: Chapter1 describesthefour classesof �o w visualization
techniquesthatform thebasisof design.Section8.1outlinestheuserrequirementsandgoalsof thevisu-
alizationsoftware.Section8.2presentstheoverall designof thevisualizationsystemwhile Section8.2
detailstheimplementationanddesignof our �o w visualizationsoftwaremodules.Section8.4evaluates
someaspectsof ourdesignandimplementationanddiscussessomeadvantagesanddisadvantagesof our
work.

Our �o w visualizationclassi�cationis describedin theintroductorychapterSection1.2on page5. The
focusof this paperis on thedesignandimplementationof softwarefor thegeometricandtexture-based
categoryof visualizationoptionsprovidedby oursoftware.

8.1 SystemRequirementsand Goals

TheVRVis researchcentercollaborateswith AVL (www.avl.com ) in orderto provide�o w visualization
solutionsfor analysisof their CFD simulationresultdata.AVL's own engineersaswell asengineersat
industryaf�liates use�o w visualizationsoftwareto analyzeandevaluatetheresultsof their automotive
designandsimulationon a daily basis. The analysisof an engineerincludestaskssuchassearching
for areasof extremepressure,looking for symmetriesin the �o w, searchingfor critical points, and
comparingsimulationresultswith previoussimulationresultsandwith measured,experimentalresults.
As such,AVL engineer'shave thefollowing requirements:

Interaction: Onepervadingmessagewe hearconsistentlyis thatusersareinterestedin moreinterac-
tivecontrolof the�o w visualizationresults– aclassicthemein therealmof scienti�c visualization[57].
Usersgenerallywantfeedbackassoonaspossibleaftermodifyingvisualizationparameters.Interaction
is essentialin the engineer's designprocess.Engineersaswell asusersfrom otherdisciplinesarein-
terestedin having a collectionof user-optionsandparametersthatallow themto ful�ll their individual
goals,whethertheir goalsareexploration,analysis,or presentation.Interactive tools facilitatean itera-
tive visualanalysisandexplorationprocessi.e., anenvironmentin which theuseris ableto make rapid
decisionsandre�nementbasedonvisualizationresults.

Platform Independence: Despitethepopularityof researchrelatingto programmablegraphicshard-
ware, our software designand implementationmust maintainplatform independence.Our software
mustfunctionfor differentuserson a wide varietyof operatingsystemsincluding: Linux, HP-UX, SGI,
IBM AIX, UNIX, andothers. Thus,algorithmsor softwareboundto a speci�c graphicscardarenot



CHAPTER8. SOFTWARE DESIGNAND IMPLEMENTATION 97

welcomecandidatesfor inclusion in this system. Platform independenceincludesnot only hardware
independence,but softwareindependenceaswell. That is why all of our softwareusesonly platform
independentsoftwarelibrariessuchasthewell establishedOpenGL1.1standard.

Support for a Wide Rangeof Simulation Data Sets: AVL analyzesa large,variedcollectionof data
setsrangingfrom small geometriessuchassmall �uid conduitsto mid-rangesizegeometriessuchas
cooling jackets, to large geometriessuchasautomotive exteriors. The geometricsizesof thesegrids
differ by six or moreordersof magnitudeaswell asthe sizesof the underlyingpolygons. Hence,the
toolsusedto visualizethesimulationresultsalsoneedto spanthis rangeof sizes.

Support for VersatileCFD Grids: Anotherreasontheusersrequestmoreinteractioncontrolover the
visualizationresultsis becauseCFD meshesembracea widevarietyof components,features,andlevels
of resolution.To illustratethis idea,we look at Figure3.1on page35 showing two intake ports.Again,
looking at an overview, we observe multiple adaptive 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 � veadaptive levelsof resolution:(a) two levelsfor thetopof theports,(b) approxi-
matelythesametwo levelsof detailplusanaddedlayerof �ner resolutiongrid cellsfor afew of therings
aroundthe baseof the ports. Facetsin the �o w source(Figure3.1 left) areapproximately1000–2000
timeslargerthanthe�nest resolutionfacetsat thebaseof theintakeports.

Tools that Addr essthe Perceptual Challengesin 3D Flow Visualization: Flow visualizationon
boundarysurfacesandin 3D presentsadditionalperceptualchallengessuchasocclusion,lack of direc-
tional cues,lackof depthcues,andvisualcomplexity. Almostall of theCFD simulationmodelsatAVL
areunstructuredandthreedimensional.Althoughengineersoftenuse2D cutsthroughthe3D meshes
duringtheir analysis,thereis a stronginterestin 3D andboundarysurfacevisualizationtechniquesthat
addresstheperceptualproblemsmentionedabove. Wealsoknow thatthereis strongevidenceto support
thenotionthatusersacquirea betterunderstandingof 3D datasetsusing3D visualizationtechniquesas
opposedto 2D visualizationtechniques[171].

8.2 Visualization SystemDesign

Thevisualizationsoftwaremoduleswe developareincludedin a productcalledIMPRESS. IMPRESS is
partof a largerpackagecalledCFDWM (TheCFD Work�o w Manager)that includesthemodelingand
simulationmodules.In this section,our focusis on thevisualizationsystemshown in greatercontext in
Figure8.1andin moredetail in Figure8.2.

CFDWM is a large project,currentlyover 4,000�les. Thus,we rely on object-orientedmethodology
in orderto designandincorporateour �o w visualizationfeatures.In modern,object-orientedsoftware
development,moretime is spenton softwaredesign[184] in orderto make softwaremorerobust, in-
creasecodere-use,facilitatemaintenance,andmake it easierto extend. Thedesignof our softwareis
basedon object-orientedmethodology. The designof our visualizationsystem,using the notationof
Wirfs-Brock et al. [184] is shown in Figure8.2. A semicirclewith anarrow pointingto it representsa
contract.A contractis a subsystemor classinterfacewith otherclassesor subsystems.It representsthe
setof servicesthata subsystemor classprovides.Figure8.2 illustratesthedifferentsubsystemsandthe
relationshipsthey havewith oneanother.

The Graphical User Interface subsystemis responsiblefor presentingall of the useroptionsandas-
sociatedeventstriggeredby theuser. The3D Viewer subsystemis responsiblefor all of therendering,
includingpoint,polyline,triangle,quad,andpolygonalprimitives.Theimplementationof the3D viewer
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Figure8.2: A schematicof thedesignof thevisualizationsysteminto whichweincorporatedour researchrelated
software.Only themajorsubsystemsareillustrated.

is basedonOpenGLfor its platformindependence.TheMeshManager containstheunstructuredCFD
mesh. It is responsiblefor generatingslices,surfacerepresentations,andvolumerepresentations.The
Mesh Manager hasa closerelationshipwith the Simulation Result Manager which storesthe CFD
simulationdataattributessuchastemperature,pressure,�o w velocityetc.

In the next section,we describetwo subsystemsin more detail: the Geometric Flow Visualization
Subsystemandthe Texture-BasedFlow Visualization Subsystem. This is werethe majority of our
researchrelateddevelopmentwasdone.Thesetwo subsystems,like theothers,arecomposedof a fairly
complex setof classesandassociatedresponsibilities.

SubSystemDesignand Implementation

Herewe detailhow our researchsoftwarewasintegratedinto a largervisualizationsystem.Our imple-
mentationinheritsbothbene�ts andnon-bene�cialaspectsof the largervisualizationsystem.It is here
weputourdesignprinciplesinto actualpractice.

The GeometricFlow Visualization SubSystem

Figure8.3illustratesthemainprocessingpipelineof thegeometric�o w visualizationsubsystem.Again,
input/outputdatais shown in rectangleswith roundedcornersandprocessesareshown in boxes. Note
that this designandimplementationsubsystemfocuseson geometricobjectssuchasstreamlineswhich
requireintegration.Othergeometricobjectssuchasisosurfacesarehandledby anothersubsystem.

The main input to this processis the CFD meshandassociatedvector �eld data. Sincethe meshis
unstructuredandadaptive resolution,the meshadjacency informationis computedasa preprocessing
step.After theuserspeci�estheir input requirements,suchasthepositionof theseedingrake or plane
andcolor-mappingparameters,thepipelinefollows thatof thestandardstreamlinegenerationprocess.
The 3D seedingprocessis interactive. This relatesbackto our requirementof interaction. Engineers



CHAPTER8. SOFTWARE DESIGNAND IMPLEMENTATION 99

User Specified 

Integration
Streamline 

Rendering

Mesh Topology
Computation

Generation
Seed

CFD Mesh 

Simulation
Data

Positions
Initial

Object
Geometry

Parameters

Streamline

Streamline
Renderer

Solid
Streamline

Dashed
Streamline

Animated
Streamline

Shaded
Streamline

Oriented
Streamline

StreamComet

Animated
StreamComet

Figure 8.3: (left) The processingpipeline for the geometric�o w visualizationsubsystem.(right) The class
hierarchy of streamlineandgeometric�o w visualizationoptions.UML notationis used.

requireexplicit seedingcontrol in orderto visualizeor highlight speci�c subsetsof the �o w. And the
subsetsof the�o w in whichtheengineersareinterestedcannotalwaysbefoundbeforehandanddetected
automatically.

Theseedingprocessinvolvesa grid cell searchingphase.Thestreamlinesarethenintegratedusingan
Euler integratorwith small stepsizesfor smallergrid cells asthe default. The resultingintegral paths
arestoredandhandedoff to thestreamlinerenderer. Notethatanobjectorienteddesignlike thatshown
in Figure8.3allowshigherorderintegratorssuchasasecondorderRunge-Kutta[22] to beincorporated
into thepipelinewith little to noalterationof theotherclasses.Theability to swapfunctionalcomponents
with oneanotheris animportantpartof big systemdesign.

Figure8.3 right shows our streamlinerenderingoptionsdisplayedin theclasshierarchy in which they
weredesignedandimplemented.Thehierarchy, following UML notation[45], illustratestheis-kind-of
relationshipbetweenrenderingclasses.At thetopof thehierarchy wehaveanabstractbase,Streamline
Renderer that describesthe behavior and containsthe interfacethat all streamlinerenderingobjects
implement.

Theclasshierarchy containsseveralchildclasses.Solid StreamlinesarerenderedassolidOpenGLpoly-
lines. DashedStreamlinearerenderedasdashedlines for reducedocclusionin 3D �o w visualization.
Animated Streamlinesarea typeof dashedstreamline,animatedin orderto show �o w orientation,i.e.,
upstreamanddownstream�o w direction. ShadedStreamlines: arecomposedof polygonsof a �nite
width in orderto facilitatedepthperceptionin 3D.Oriented Streamlinesareakind of shadedstreamline
usingsemi-transparentpolygonsin orderto convey �o w orientationin a still image.A Streamcometis
a kind of orientedstreamlinerepresentedasa glyph with anstreamlineforming thetail. An Animated
Streamcometshows thedownstreamdirectionof the�o w. Animated,shaded,orientedstreamlines,and
streamcometsall relatebacktoourrequirementof developingtoolsthataddresstheperceptualchallenges
in 3D �o w visualizationsincethey areall targetedat3D �o w.
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Of courseoneadvantageto this typeof designis thatbehavior addedto theparentclassesareinherited
by all of thechildren. Thusaddingfeaturessucha streamrunner[77], color-mapping,andanti-aliasing
canbeinheritedby child classeswho, in many cases,mayautomaticallypick up thenew features.Also,
addingnew renderingfeaturesonly requiresa few linesof new codeto beaddedsincewe only have to
overridetherendermethodof a parentclass.We notealso,that thestreamlinecomputation,e.g.,Euler
andRunge-Kuttaintegratorson 2D slices,2.5Dsurfaces,and3D meshes,arecompletelyseparatefrom
therenderingsubsystem.Henceany renderingoptioncanbeassociatedwith any integrationresult.

The Texture-BasedFlow Visualization SubSystem

Thetexture-based�o w visualizationsubsystemis wherethemostresearchrelatedsoftwaredevelopment
took place. Threenew, closely relatedalgorithmswere implemented,namelyImage-BasedFlow Vi-
sualization(IBFV) [164], ImageSpaceAdvection(ISA) [83], andImageBasedFlow Visualizationfor
CurvedSurfaces(IBFVS) [85, 165]. TheISA andIBFVS algorithmswereimplementedwithin thesame
softwarepackagein orderto comparethemwith oneanother.

A side-by-sideillustrationof theprocessingpipelinesof bothalgorithmsis shown in Figure8.4. In brief,
the ISA and IBFVS algorithmssimplify the problemof advecting textureson surfacesby con�ning
the advectionof texture propertiesto imagespace.After a projectionto imagespacephase,a series
of texturesaremapped,blended,andadvected. The ISA methodfor visualizationof �o w on surfaces
is comprisedof the following procedure(Figure 8.4, left): (1) project the vector �eld to the image
plane,(2) detectgeometricedgediscontinuities,(3) computeadvectedtexture coordinates,(4) advect
theimage,(5) injectandblendin noise,(6) blendadditionalnoisealonggeometricedgediscontinuities,
and(7) apply shadingandotheradditionalgraphics.The IBFVS methodis very similar, the essential
differencebeingthatadvectedtexturecoordinatesarecomputedin objectspaceratherthanimagespace.
Steps1–7 of the pipeline are necessaryfor the dynamiccasesof time-dependentgeometry, rotation,
translation,andscaling,andonly asubsetis neededfor thestaticcases(steps4–7)involving nochanges
to the view-point and steady-state�o w. Eachstageis describedin more detail in Chapter4 and in
previousresearch[85].
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In order to speedup the computationtime of advecting textureson surfaces,texture coordinatesare
computedin imagespaceratherthan3D. The resultis that someportionsof thealgorithmstake place
in imagespaceandsomein objectspace.Thoseoperationswhich take placein imagespacearenotated
with ani in Figure8.4,similarly ano for thoseoperationstakingplacein objectspace.In somepipeline
modules,like the ISA vector�eld projection,a transitiontakesbetweenobjectspaceandimagespace.
This is notatedwith o � ! i . Which stagesof the respective pipelinestake placein imagespaceand
object spaceidentify the essentialdifferencesbetweenthe algorithms,sinceconceptuallythey share
many overlappingcomponents.

Anotherpropertythatmakesthesealgorithmsfasterthanpreviousrelatedwork is that thestagesof the
pipelineshown in Figure8.4mapwell to graphicscardhardware.However, ratherthandependingon a
speci�c typegraphicscard,thesealgorithmsexploit only standardfeaturesofferedby graphicscardsthat
supportOpenGL1.1,thusmakingthemfastacrossavarietyof platforms.

Figure8.5shows theclassrelationshipbetweenthemajorcomponentsof thetexture-based�o w visual-
izationsubsystem,again usingUML notation.However, ratherthanshowing is-kind-of relationshipsas
in Figure8.3 right we show composition, a variationof aggregation. With composition,thepartobject
maybelongto only onewhole,further, thepartsareusuallyexpectedto liveanddiewith thewhole[45].
For example,the Texture Stack object is part of the Texture-BasedFlow Visualizer objectand the
relationshipis one-to-one.Furthermore,aninstanceof TextureStackmaybein aninstanceof Texture-
BasedFlow Visualizer but not the otherway around. This is indicatedby the black diamondshape
arrow.

Here we outline the major componentsthat make up the texture-based�o w visualizationsubsystem
shown in Figure 8.5. The Texture-BasedFlow Visualizer is the classwith the most responsibility,
namelythat of coordinatingpipelinesin Figure8.4 of both the ISA andIBFVS algorithms[85]. The
OpenGL 3D Viewer classis responsiblefor generalrenderingof primitivessuchaspoints,lines,and
polygons.The Texture Stack is responsiblefor managinga stackof textures. This stackcanbe used
to implementthe injection andblendingof noisefor the IBFV [164], ISA [83], andIBFVS [85, 165]
algorithms.The Texture Stack is composedof individual Textures. It is worthy to notethat textures
arealsoanobjectin OpenGL1.1. A Velocity Image is responsiblefor thevector�eld projection,the
�rst stepin theISA pipelineof Figure8.4which simpli�es thecomputationfrom 3D to 2D. TheDepth
Buffer objectstoresa copy of theOpenGLdepthbuffer. This informationis usedin theedgedetection
andblendingprocessin the ISA algorithm(Chapter4 [83]). IBFV, ISA, and IBFVS canall include
Dye Injector functionality. Therepresentationof thedye injectiondesignhasbeensimpli�ed here. In
factit is its own subsystemincludinga hierarchy of Dye Sourceobjects.TheImage OverLay includes
perceptualinformationsuchasshadinganddepthcuesandis the �nal stageof both ISA andIBFVS.
Here,weuseaseparateobjectfor this job.

Laying out the responsibilitiesin this way facilitatesimprovement. Immediatelywe canseeonearea
of improvementwould be to split up the responsibilitiesof the Texture-BasedFlow Visualizer into
two separateclasses,one for only the ISA pipelineandanotherfor IBFVS, perhapswith a common
baseclass.Figures8.3 and8.5 aresimpli�ed representationsof theoverall design.They leave out the
classesresponsiblefor theuserinterfaceandit' sassociatedeventhandlers.A designprocessis essential
for producingstablesoftware that is robust enoughto meetthe requirementsof a commercialgrade
application.

8.3 User Interface Design

User interface(UI) designis a classictopic in the �eld of human-computerinteraction. UI Design
professionalsareconstantlyseekingwaysto ensurethatsoftwareproductsaredevelopedwith theend-
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user's goalsin mind. The goal being to make them more powerful, to facilitate the users' job, and
to make the softwareenjoyable for the peoplewho useit. Our applicationtargetsthe communityof
engineersthatusethesoftwarefor CFD.Onekey ideathis GUI designstemsfrom theneedof theusers
to comparedifferentdatasetsto oneanother. In the�eld of CFD,engineers�rst alterdesignparameters
of their modelsor initial conditions,then run a simulation,and �nish by comparingthe resultswith
previous trials (Figure8.1). This cycle is carriedout in orderto judgewhetheror not the resultshave
improved.Thus,from auser-standpoint,theUI is requiredto explicitly supportthiscomparativeanalysis
andvisualizationscenario.

Althoughourapplicationis fairly specialized,webelievetheprinciplesoutlinedcanbeappliedto abroad
spectrumof applicationssuchassoftwaretoolsfor powertraindesign(themechanismby whichpoweris
transmittedfrom anengineto a propelleror axle),acousticsimulation,hydraulicsystems,pistondesign
andsimulation,aswell asvariousapplicationsrelatedto thermodynamics.

The amountof literaturededicatedto the subjectof UI designis vast [23, 133, 155]. An exhaustive
review of thetopic is beyondthescopeof this chapterhowever, we mentionsomein�uential work here.
In general,the work of CooperandReimann[23], Nielson[107], andShneiderman[133] is certainly
very in�uential. Theguidelinesthey provideareinvaluablein termsof ourdaily work.

We alsonoterecent,specialized,relatedliterature.BeierandVaughanpresentimportantUI guidelines
for web applications[6], a very popularareaof focus in recentyears. EpsteinandBeu describean-
otherindustry-level userinterfacedesignfor processcontrol [40]. We alsoseeUI designguidelinesfor
commonhouse-holdappliancessuchastelevisions[20].

The UserCommunity

The designof the UI (discussedin detail in the following section)is a resultof continuousfeedback
from ourusers.In thiscase,theusercommunityis a ratherfocusedgroupof engineers.Theeducational
and professionalbackgroundof the usersspansmultiple disciplinesincluding electricalengineering,
automotive engineering,applicationengineering,andeven business.But the majority of the usersare
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Figure8.6: Herewe seea snapshotof a UI dialog thatprovidesexplicit supportfor texture-based�o w
visualizationandcomparativeanalysisof CFDsimulationdata.

mechanicalengineers.They thereforehaveahigherlevel of trainingandbackgroundknowledgethanthe
averageuser. This canbeconsidereda requirementin this context. Working in closecontactwith this
groupof usersallows us to incorporatefeedbackdirectly from thesameindividualsusingthesoftware
onadaily basisaspartof their full-time or part-timeoccupation.

Graphical User Interface

Beforegoinginto a detaileddiscussiontheindividual featuresin theUI, we describesomeof thehigher
level componentsthatwhosepurposeis to explicitly facilitateandsupport�o w visualizationandcom-
parative analysis.Figure8.6shows a snapshotfrom thedesign.Theappearanceis simpleandthecom-
ponentsconsistof familiar widgetsincluding check-boxes,drop-down menus,sliders,text-boxes,and
buttons. The applicationscenariois the visualizationof CFD simulationdata,speci�cally the texture-
based�o w visualizationmoduledescribedin Section8.2. We show a speci�c visualizationexamplein
Figure4.13.Figure4.13shows thevisualizationof �o w at thesurfaceof anintakeportandpistonvalve
(moredetailsin thenext section).This datasetis theresultof runninga CFD simulationon themodel
of a pistonvalve. Theengineersareinterestedto seehow closelythecharacteristicsof the �o w match
theidealtumble[86] �o w patternthey aretrying to achieve.

In summary, thebasicUI dialogcomponentsfrom Figure8.6are:

� check-boxes: The check-boxes at the top are thereto supportbooleanoptionsthat enableand
disabledifferent�o w visualizationoptionssuchtexture-based�o w visualization,animation,and
velocityvectorclamping.
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� drop-downmenus: Thesesupplyarangeof �x ed-valuedoptionsto theuser. Not all theparameters
aregoodcandidatesfor acontinuousrangeof values.

� sliders: Theslidersenabletheuserto interactively searcha wide rangeof valuesrelevant to the
analysisandvisualization

� text-boxes: Thetext-boxesareautomaticallyupdatedto re�ect theirneighboringslidervalues(and
vice-versa).Also importantis thattheusermayenterprecisevaluesinto thetext boxes,necessary
for comparingdifferentdatasets.

� buttons: Standardbuttonsareusedto enableanddisablethedialogaswell asimport andexport
usersettings.

TheImport andExportbuttonsat thebottom,left of thedialogareanimportantfeatureof thedesign.A
usermayspendhours�ne tuningtheparameterscontainedin adialogto suit theresultingdatasetandto
suit their individual needs.Therefore,they needto save eachof thesedialogsettings(usingtheExport
settingsbutton) for a minimumof two reasons.Firstly theusersmustbeableto stopandre-starttheir
analysisandvisualizationsessions.Sincethesesessionsmaylastseveralhours,they arenot necessarily
completedin onesitting. And secondly(the more importantreason),the usersmustbe able to save
their settings,off-load thecurrentCFDsimulationdata,re-loadanew setof simulationresults,andthen
returnto theexactsamesetof userspeci�edparameters,in thiscase,by usingtheImportsettingsbutton.
As mentionedpreviously, engineersalterthedesignparametersof their modelsor initial conditionsand
thenrun anothersimulation.A completeCFD cycle startingwith modelcreation,runninga simulation,
andinspectingtheresultscantakeseveralweeks.Persistentstorageof dialogsettingsis requiredfor the
comparativeanalysisof theCFDsimulationresults.

If theuserchoosesto export thedialogsettingsto a text �le, thenthesettingscanalsobeeasilyshared
with otherusers. For example,if an engineerdiscoverssomethingimportantthat they think another
remoteusershouldsee,they canexport their dialogsettingsandsimply sendthemvia email to another
user. Theotherusersimplyneedsto startup theapplicationandimport thesettings.

DetailedFeatureDescription

Wecontinueourdiscussionwith adescriptionof theindividualfeaturescontainedin theprototypedialog
shown in Figure8.6on page103. In this example,a preliminaryanalysisis donevia �o w visualization
asshown in Figure4.13on page61. Visualizationcanbe usedto convey importantcharacteristicsof
�o w througha modelandcanhelp the engineersseeif the behavior follows the soughtafter pattern.
Texture-based�o w visualizationtechniqueslike the oneshown herehave the advantageof providing
completecoverageof the�o w �eld. Only recentlyhave thesetechniquesbecomefastenoughto support
interactiveexploration.

The�rst checkbox (Figure8.6top, left) enablesanddisablesthetexturesthatproducethevisualization.
In this case,texture patternsaresmearedin the directionof the vector �eld. Longerstreaksindicate
highervelocity, while shorterstreaksindicatelower velocity. Theanimationcheck-boxallows theuser
to freezethe currentimagery(stop the animation)in order to gain a staticpictureof the vector �eld.
This is usefulfor takingsnapshotsfor presentations.Thevelocity clampcheck-boxallows theuserto
clampthe velocity vectorswith a high magnitudeto a �x ed maximum. Whenthis option is used,the
texture-streakstendto convergeto a uniform length. This optioncanhelp in visualizingcritical points,
e.g.,sourcesandsinks,in the�o w.

The SpatialFrequency drop-down menuallows the userto changethe spatialfrequency of the noise
patternsusedto generatethe smearedtextures. A higher spatial frequency shows more detail while
lower frequenciesaremoresuitedfor generatinglongerstreakpatterns.
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Figure 8.7: Visualizationof tumble motion using a combinationof several visualizationoptions including:
texture-based�o w visualization,isosurfacing,streamlines,andcolor-mapping.

TheAnimationSpeedslider controlsthe framerateof theanimation.TheAlpha Valueslider controls
the opacity level of the textures. A higheropacitymakes the texture patternmoreperceivable to the
eye while a lower opacity increasesthe visibility of the underlyingshadedandcoloredsurface. The
Advection Time Stepslider in�uences the distancethat a texture propertycan be transportedin one
animatedframe.Thetermadvectionrefersto themovementof a massof �uid or thetransportresulting
from suchmovement.A shorteradvectiontime slows down the �o w of textureproperties(asa global
setting)while a longeradvectiontime increasesthedistancethey maytravel from oneanimatedframeto
another.

Theslidercontrolling thenumberof texturesis tailoredfor thewide varietyof graphicscardscoupled
with theusersdesktopPCs.Someuseshave oldermachines,with oldergraphicscardscontainingless
texturememory. For thesemachines,thenumberof texturesusedshouldbesmaller. Userswith modern
machinescanusea largernumberof texturesandthusgeneratehigherquality imagery.

TheAdvectionResolutiondrop-down menualsoin�uencesthequalityof theresults.A higherresolution
generateshigherquality imagery, but requireslongercomputationtime thusreducingtheframerate.A
lowerresolutionresultsin higherframerates,but is lessslightly lessaccurate.Therefore,werecommend
theuserdo their initial explorationwith a lower advectionresolution,andusethehighestresolutionfor
presentationor whenthehighestaccuracy is required.

Finally, someadvancedoptionssuchasdyeinjectioncanbebroughtup in anotherdialogwith thesame
design. Although theseuseroptionsmay seemrathercomplicatedat �rst sight, their effectsbecome
moreobvious in an interactive settingwherethe usermodi�es a parameterand immediatelyseesthe
consequencesin the resultingvisualization. Recallalso that the target usersin this casearetypically
engineerswith experiencein CFD.Notethatthisdescriptionof theGUI pre-datestheimplementationof
theIBFVS algorithm.
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8.4 Discussionand Evaluation

After presentingthe designandimplementationof our geometricandtexture-based�o w visualization
sub-systems,wenow discusstheadvantagesanddisadvantagesof implementingtheminto anintegrated
systemandevaluatethemodulesagainsttherequirementsandgoalsspeci�edin Section8.1.

A big advantageof integratingthe researchrelatedsubsystemsinto a larger commercialsystemis the
ability to combinevisualizationoptions. Figure 8.7 on page105 shows the visualizationof tumble
�o w [86] usinga combinationof texture-based�o w visualization,color-mapping,streamlinesseeded
with two seedingplanes,anda color-mappedpressureisosurface2. Figure8.8 on page108shows our
applicationincludingtheuserinterfacecomponents.It is unusualto havethismany visualizationoptions
combinedinto a commercialsoftwarepackage,andevenmorerarein a researchprototype.Providing
engineersandotheruserswith awidevarietyof optionsishelpfulbecauseeachtechniquehasauniqueset
of advantagesanddisadvantages,e.g.,sometechniquesarebettersuitedfor 3D visualizationthanothers.
Anotheradvantageof a big project is that muchfunctionality hasalreadyimplemented,especiallythe
routineengineeringtaskssuchas�le I/O, saving andloadingdatasets,settingupageneralpurposeGUI
(Figure8.8),acquiringCFDgridsandsimulationdataetc.Theseareoftentaskswhicharesearchermust
dedicatetime towardsin orderto build agoodprototype.

Naturallytherearealsodisadvantagesto integratingresearchrelatedsoftwareinto a largeindustrylevel
system.Sincelargesystemscanbecomposedof thousandsof �les andclasses,the time takento learn
andunderstandthesoftwarewell enoughto addnew modulesis longer. Common,daily developertasks
alsorequiremoretimefor thedeveloperof a largesystem.CompilingtheentireCFDwork�o w manager
requiresmorethanonehour. Simply loadingtheprojectsourceinto mainmemoryover a network can
take � ve to tenminutes.

Plusthereis alsooverheadfrom testing.Thesoftwareis usedby morepeople,henceit shouldbemore
stable. Featuresmust be robust enoughto analyzea very wide variety of datasets,not just two or
threedatasetscarefullyselectedby theresearcher. However, coupleddirectly with this is anadvantage:
the largenumberof datasetsthat requireexplorationandanalysisforce thesoftwareengineerto write
algorithmswhicharerobustandef�cient.

With respectto interaction,many of our visualizationfeaturesare interactive. Our animatedstream-
lines achieve real-timeframerates. In texture-based�o w visualization,ISA andIBFVS areamongst
the �rst texture-based�o w visualizationalgorithmsto achieve interactive frameratesfor surfaces.Of
course,whenthedatasetsizesgrow big enough,interactivity becomesproblematic.Also,ourstreamline
integrationprocessis not interactive for large numbersof streamlines,only the renderingphase.Plat-
form independenceis achieved throughthe useof platform independentlibraries. To our knowledge,
OpenGLis theonly widely supported,platformindependentgraphicslibrary. Most of our featuresrely
on OpenGL1.1. Also, we usetheFOX windowing toolkit (www.fox-toolkit.org) in orderto achieve plat-
form independencewith respectto theuserinterface. FOX is aneasy-to-learnGUI library suitablefor
CFD applications.In termsof versatility, our tools,having beenincorporatedinto commercialsoftware,
mustundergo moretestingthantypical researchprototypes.Our featureshave beenusedto exploreand
visualizeon a wide rangeof datasetswith both staticanddynamicgeometry. Our researchmodules
have alsobeentestedby moreusersthantypicalprototypesoftware.Oneimportantaspectof thedesign
is acompleterangeof usercontrol. It is importantto provide theuserwith controlover thevisualization
parametersin orderto meettheversatilityandrangeof datasets.Thedevelopersimply cannotpredict
all of themodelsandtheir respective featuresto which thevisualizationtechniqueswill beapplied.

2For supplementary, high resolutionimages,pleasevisit:
http://www.VRVis.at/ar3/pr2/design/
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Our rangeof toolsalsoincludesthosethataddresstheperceptualchallengesin 3D visualization.These
toolsincludethestreamrunner[77], streamcomets,andvariableresolutionstreamlineseedingplane[86].
However, applyingtexture-based�o w visualizationtechniquesto true3D �o w still remainsanunsolved
problemin thiscontext.

We have introduceda GUI designprototypewith explicit supportfor geometricandtexture-based�o w
visualizationandcomparative analysis.Thedesignis drivenby theusers'needto performa specialized
setof operationsin orderto carefullycomparemultiple datasetsresultingfrom CFD simulations.We
believe this UI designto be a valuableassetin helpinga broaderusercommunityperformtheir daily
tasksoptimizetheir results.

Wehavepresentedthedesignandimplementationof researchbasedsoftwaremodulesintegratedwithin
a larger, industrylevel visualizationsystem.We have discussedour designdecisionsandtheassociated
motivation for thosedecisions.And althoughwe have focusedon �o w visualizationspeci�c software,
we believe theprinciplesoutlinedherecanbeappliedin a moregeneralway to othersimilar projects.
Theresultof incorporatingresearchrelatedsoftwareinto a largesystembringsbothadvantagesanddis-
advantages.Bene�ts includea rich visualizationfeaturesetandrobustnesswhile disadvantagesinclude
all thosetasksinherentin commercialsoftwaredevelopmentsuchasa steeplearningcurve, andlarge
projectmaintenance.
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Figure8.8: A screenshotof our industrylevel applicationbeingusedto visualizethevector�eld at thesurface
of two intakeports.



Chapter 9

Summary

“It' sa job that'sneverstartedthat takesthelongestto �nish.”

– J.R. R. Tolkien1 (1892–1973)

Visualizationis an importantpartof exploring, analyzing,andpresentingthe resultsof a CFD simula-
tion. As thesizeof CFD simulationdatasetsincreases,theutility of scienti�c visualizationfor gaining
insightinto thedatasetsalsoincreases.Visualizationoffersonewayto managesuchlargecollectionsof
simulationdatasinceit bringsthedatato ahigherlevel of abstraction.Simply readingtheraw datadoes
not meetall of thedemandssetforth by theuserandmaynot evenbefeasible.Furthermore,no single
visualizationsolutioncanspantherangeof eachengineer's needs.Hencea rangeof solutionsmustbe
at theuser'sdisposal.

We presenta selectionof recentadvancesin �o w visualizationthataddressesthegrowing demandfor
solutionsthat offer insight into the continuouslyexpandingCFD simulationdatasets. Our presenta-
tion draws upon �o w visualizationtechniquesbeing classi�ed into four main categories: (1) direct,
(2) texture-based,(3) geometric,and(4) feature-based[82, 116]. This classi�cationprovidesa frame-
work useful for placingour techniquesin a larger context. The resamplingtool we implementedand
presentfalls into the direct �o w visualizationcategory (Chapter3 [78]). The ImageSpaceAdvection
(ISA) algorithmwe implementedfall into the texture-basedcategory (Chapter4 [85]). ISA appliedto
isosurfacescontainselementsfrom both texture-basedandgeometric�o w visualizationmethodology
(Chapter5 [84]). And our implementationanddiscussionof geometrictechniquesincludes,oriented
streamlines,animated-dashedstreamlines,streamlets,andstreamcomets(Chapter6 [80]). Theserecent
advancesareappliedto real-world applicationsin the�eld of CFD includingtheinvestigationandvisu-
alizationof patternsof �o w motionspeci�c to automotive engineering.We discussthebene�tsof these
techniquesalongthewayusingreal-world results.

The rest of this chapteris organizedas follows: Section9.1 summarizesa resamplingtool for CFD
simulationdata.Section9.2summarizesrecentalgorithmsfor thefastadvectionof texturesonsurfaces.
Section9.3 outlineshow texture-based�o w visualizationcan be appliedto isosurfaces. Section9.4
summarizesa collectionof geometric�o w visualizationtechniquesapplicableto CFD simulationdata
andSection9.5 mentionshow direct,geometricandtexture-based�o w visualizationtechniquescanbe
usedto solve real-world problemsfrom theautomotive industry. We notethatmuchof this materialhas
alsobeenpublishedelsewhere[81].

1British (SouthAfrican-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 interactive resamplingof computational
�uid dynamics(CFD)simulationdataonunstructuredgrids.Thetool andcoupledalgorithmafford users
precisecontrolof glyphplacementduringvector�eld visualizationviasix interactivedegreesof freedom.
Theresamplingtool, calledFIRST (a Flexible andInteractive ReSamplingTool), is a valuableassetin
the engineer's pursuit of understandingand visualizing the underlying�o w �eld in CFD simulation
results.

FIRST solvesboththeperceptualproblemsresultingfrom abruteforcehedgehogvisualizationapproach,
whereavectorglyph is renderedateveryCFDgrid cell, andglyphplacementproblemsby (1) giving the
usercontrolof theresolutionof theglyphsin theimageand(2) giving theuserprecisecontrolof where
to placethevectorglyphsfor viewing the�o w with normalcomponents.

Interacti veVisualization and Analysis

Thekey distinguishingfeaturesof FIRST stemfrom thefactthatit wasspeci�cally developedin orderto
provide theuserwith a rangeof �e xible interactionsat multiple resolutions.Thereasonwe focuson a
combinationof usercontrolwith resamplingis becauseengineersrequireinteractive visualizationsolu-
tions. This is partly dueto a largeamountof time engineersspendsearchingthedatasets.Theanalysis
of anengineerincludestaskssuchassearchingfor areasof extremepressure,looking for symmetriesin
the�o w, searchingfor critical points,andcomparingsimulationresultsprevioussimulationresultsand
with measured,experimentalresults.

FIRST providesthefollowing features:(1) severalinteractiveDoFs:threetranslational,scaling,rotation,
andresolution(Figure3.6),(2) handleschangesto bothunderlyingtopologyandgeometry, i.e., canbe
utilized for thedisplayof time-dependent,unstructuredgrid sliceswheregeometryandtopologychange
overtimeor space,(3) resamplesany unstructuredgrid ontoany structuredgrid, (4) handlesunstructured
gridswith holesanddiscontinuities,(5) doesnot rely onany pre-processingof thedata,(6) consistsof a
straightforwardimplementation,e.g.,requiresnoneighbor-�nding capabilitiesor complicateddatastruc-
tures,(7) processeslargequantitiesof unstructured,scalenetrianglesef�ciently . Theresamplerprovides
�e xible user-interactioncapabilitiesbeyondthoseofferedby othermethods.Also, theunderlyingalgo-
rithm operatesonaper-unstructured-polygonbasis,makingit suitablefor parallelization.

ResamplingOptions

Theresamplerfeaturesareassociatedwith a user-de�ned, 2D slice througha 3D meshfrom CFD. En-
gineerstake a sliceof thedataandslide theslice throughthegeometryin orderto �nd featuresof the
simulationdata,e.g.,areasof extremepressureandvortices. As the usermovesthe slice throughthe
3D mesh,theresamplerautomaticallyresizesitself aroundthesliceboundary, handlingchangesto both
theunderlyinggeometryandtopology. This is importantwith respectto addressingtheversatilityof our
CFD simulationdatasets.Furthermore,requiringtheuserto manuallyadjustthesizeof theresampling
grid wouldslow down thevisualizationandanalysisprocessconsiderably.

Figure3.10on page46 illustratesour techniqueon a meshwith discontinuities.Thediscontinuitiesare
two gapsin theshapeof rings. Visualizationof �o w with normalcomponentsis shown usingboth the
hedgehogtechniqueversustheglyphsontoa resampledgrid. 2 Figure3.10on page46 illustrateshow
FIRST reducesocclusionandvisualcomplexity thusmakingtheresultsmoresuitablefor presentation.
Also, renderingtimesareacceleratedbecausethenumbervectorglyphsis reduced.

2For supplementaryimagesandMPEGanimationsof theresampler, pleasevisit:
http://www.VRVis.at/ar3/pr2/resampler/
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9.2 ISA: ImageSpaceBasedVisualization of UnsteadyFlow on Surfaces

Dense,texture-based,unsteady�o w visualizationonsurfaceshasremainedanelusiveproblemsincethe
introductionof texture-based�o w visualizationalgorithmsthemselves.Theclassof �uid �o w visualiza-
tion techniquesthatgeneratedenserepresentationsbasedon texturesstartedwith theSpotNoise[163]
andLIC [17]. Themainadvantageof thisclassof algorithmsis theircompletedepictionof the�o w �eld
while their primarydrawbackis, in general,thecomputationaltime requiredto generatetheresults.

Herewe summarizea new algorithm,ISA (ImageSpaceAdvection),that generatesdenserepresenta-
tions of arbitrary �uid �o w on complex, non-parameterizedsurfaces,morespeci�cally, surfacesfrom
computational�uid dynamics(CFD).However, thealgorithmis generalenoughto applyto othervector
�eld dataassociatedwith asurfacesuchasbloodvessel�o w.

Traditionalvisualizationof boundary�o w usingtexturemapping�rst mapsoneor more2D texturesto a
surfacegeometryde�ned in 3D space.Thetexturedgeometryis thenrenderedto imagespace.Here,we
altertheclassicorderof operations.Firstweprojectthesurfacegeometryto imagespaceandthenapply
texturing. In otherwords,conceptuallytexturepropertiesareadvectedonboundarysurfacesin 3D but in
factouralgorithmrealizestextureadvectionsolelyin imagespace.Theresultis aversatilevisualization
techniquewith thefollowing characteristics:

� generatesadenserepresentationof unsteady�o w onsurfaces

� visualizes�o w on complex surfacescomposedof polygonswhosenumberis on the order of
200,000or more

� visualizes�o w ondynamicmesheswith time-dependentgeometryandtopology
� visualizes�o w independentof thesurfacemesh'scomplexity andresolution
� supportsuser-interactionsuchasrotation,translation,andzoomingalwaysmaintainingaconstant,

highspatialresolution
� thetechniqueis fast,realizingup to 20 framespersecond

The performanceis due, amongother reasons,to the exploitation of graphicshardware featuresand
utilizationof frame-to-framecoherency.

PhysicalSpacevs.Parameter Spacevs. ImageSpace

Oneapproachto advectingtexture propertieson surfacesis via the useof a parameterization,a topic
that hasbeenstudiedad nauseam(e.g.,Levy et al. [87]). Accordingto Stalling [143], applyingLIC
to surfacesbecomesparticularly easywhen the whole surfacecan be parameterizedglobally in two
dimensions,e.g.,in the mannerof ForssellandCohen[43, 44]. However, therearedrawbacksto this
approach. Texture distortionsare introducedby the mappingbetweenparameterspaceand physical
spaceand,moreimportantly, for a largenumberof surfaces,noglobalparameterizationis availablesuch
asisosurfacesfrom marchingcubesandmostunstructuredsurfacemeshesresultingfrom CFD.Surface
meshesfrom CFDmayconsistof smoothlyjoinedparametricpatches,but canhaveacomplex topology
andtherefore,in general,cannotbeparameterizedglobally. Figures4.2on page49 and4.3on page50
areexamplesof surfacesfor whichaglobalparameterizationis noteasilyderived.

Anotherapproachto advectingtexturepropertieson surfaceswould be to immersethemeshinto a 3D
texture, then the texture propertiescould be advecteddirectly accordingto the 3D vector �eld. This
would have the advantagesof simplifying the mappingbetweentexture andphysical spaceandwould
result in no distortion of the texture. However, this visualizationwould be limited to the maximum
resolutionof the 3D texture, thuscausingproblemswith zooming. Also, this approachwould not be
very ef�cient in that mostof the texels arenot used. The amountof texture memoryrequiredwould
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alsoexceedthat availableon our graphicscard,e.g.,we would needapproximately500MB of texture
memoryif weuse4 bytespertexel anda5123 resolutiontexture.

Cantheproblembereducedto two dimensions?Thesurfacepatchescanbepackedinto texturespacevia
a trianglepackingalgorithmin themannerdescribedby Stalling [143]. However, thepackingproblem
becomescomplex sinceourCFDmeshesarecomposedof many scalenetrianglesasopposedto theequi-
lateralandisoscelestrianglesoften found in computationalgeometry. Theproblemof packingscalene
triangleshasbeenstudiedby Carret al. [19]. For CFD meshes,trianglesgenerallyhave very disparate
sizes.For a given texture resolution,many triangleswould have to be packed that cover lessthanone
texel. To by-passthis, the surfacescould be divided into several patcheswhich could be storedinto a
textureatlas[87]. In any case,computationtimewouldbespentgeneratingtexelswhichcoverpolygons
hiddenfrom thecurrentpoint of view. Theprecedingdiscussionleadus to analternative solutionthat,
ideally, hasthe following characteristics:works in imagespace,ef�ciently handleslarge numbersof
surfacepolygons,spendsno extra computationtime on occludedpolygons,doesnot spendcomputation
time on polygonscoveringlessthana pixel, andsupportsuserinteractionsuchaszooming,translation,
androtation.

Method Overview

Thealgorithmsummarizedheresimpli�es theproblemby con�ning theadvectionof textureproperties
to imagespace.Weprojectthesurfacegeometryto imagespaceandthenapplyaseriesof textures.This
orderof operationseliminatesportionsof the surfacehiddenfrom the viewer. In short,our proposed
methodfor visualizationof �o w onsurfacesis comprisedof thefollowing procedure:

1. associatethe3D �o w datawith thepolygonsattheboundarysurfacei.e.,avelocityvectoris stored
ateachpolygonvertex of thesurface

2. projectthesurfaceandits vector�eld ontotheimageplane
3. identify geometricdiscontinuities
4. advecttexturepropertiesaccordingto thevector�eld in imagespace
5. injectandblendnoise
6. applyadditionalblendingalongthegeometricdiscontinuitiespreviously identi�ed
7. overlay all optionalvisualizationcuessuchasshowing a semi-transparentrepresentationof the

surfacewith shading

Thesestagesaredepictedschematicallyin Figure4.4on page51. Eachstepof thepipelineis necessary
for thedynamiccasesof unsteady�o w, time-dependentgeometry, rotation,translation,andscaling,and
only asubsetis neededfor thestaticcasesinvolving steady-state�o w andnochangesto theview-point.
Weconsidereachof thesestagesin moredetail in Chapter4.

Discussion

TheISA algorithmsupportsvisualizationof �o w onarbitrarysurfacesatupto 60FPSvia thecarefuluse
of graphicshardware.It supportsexplorationandvisualizationof �o w on large,unstructuredpolygonal
meshes,andon time-dependentmesheswith dynamicgeometryandtopology. The methodgenerates
denserepresentationsof time-dependentvector�elds building on both the LEA andIBFV algorithms.
It alsodoesnot wastecomputationtime on occludedpolygonsor polygonscoveringlessthanonepixel.
While the vector �elds arede�ned in 3D andassociatedwith arbitrary triangularsurfacemeshes,the
generationandadvectionof texturepropertiesis con�ned to imagespace.

Futurework cangoin many directionsincludingvisualizationof unsteady3D �o w, somethingweexpect
to seesoon. Challengeswill includeboth interactive performancetime andperceptualissues.Future
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work also includesthe applicationof morespecializedgraphicshardwarefeatureslike programmable
per-pixel operationsin themannerof Weiskopf etal. [179,181]andtheuseof pixel textureslikeHeidrich
etal. [52]. Wealsonotethatwehavedonea thoroughcomparisonof ISA andIBFVS [85].

9.3 TextureBasedVisualization of Flow on Isosurfaces

For many of the automotive componentsthat undergo evaluation,thereis an ideal patternof �o w that
engineerstry to create.Figure5.1 on page63 illustratestheswirl motionof �uid �o w in a combustion
chamberfrom a dieselengine. In orderto generateswirl motion, �uid entersthecombustionchamber
from theintake ports.Lateron in theenginecycle, thekinetic energy associatedwith this swirl motion
is usedto generateturbulencefor mixing of freshoxygeninto the�uid. Themoreturbulencegenerated,
the betterthe mixture of air anddieselfuel, andthusthe betterthe combustionitself. Ideally, enough
turbulentmixing is generatedsuchthat100%of thefuel is burned.

Sinceit is theswirling �o w that is usedto generateturbulence,theswirl shouldbemaximizedin order
to maximizeturbulence.Fromthepoint of view of themechanicalengineersdesigningtheintake ports,
increasedswirl �o w leadsto bene�cial conditions: (1) improved mixture preparation,i.e., more fuel
contactwith oxygen,(2) ahigherEGR(ExhaustGasRatio)whichmeansadecreasein fuel consumption,
and(3) lower emissions.However, too muchswirl displacesthe�ame usedto ignite thefuel. As such,
a balancemustbeachievedbetweengeneratingenoughswirl �o w in orderto createturbulenceandnot
displacingthe�ame usedto ignite the�o w.

Someroutine questionsthat a mechanicalengineermay ask when investigating swirl �o w are: Can
visualizationprovide insight into or verify the characteristicshape(s)or behavior of the �o w? What
tool(s)canhelp to visualizetheswirl �o w pattern?andWherein thecombustionchamberis theswirl
�o w patternnot beingmet?

Isosurfacesarea visualizationtool usedroutinelyby mechanicalengineersto investigatetheproperties
of the �o w insidea 3D volume. The shapeof an isosurfacecangive the engineerinsight into its 3D
characteristics.Figure5.5onpage67, left showsavelocity isosurfacein thecombustionchamberof the
datasetin Figure5.1onpage63. Theengineercanseethatthe�o w hassomeof theswirling orientation
that they arelooking for. However, what is missingfrom Figure5.5, left, is a clearindicationof �o w
direction,e.g.,theupstreamanddownstreamnatureof the�o w. In particular, it is notobviouswherethe
�o w doesnot follow theidealswirl patternthatthecombustionchambershouldencapsulate.

Applying Texture-BasedFlow Visualization

Applying texture-based�o w visualizationtechniquesto suchisosurfacesprovidesengineersevenmore
insight into thecharacteristicsof 3D vector�elds. And this hasbecomea feasibleoptiononly recently.
We appliedthe ISA methoddescribedin Chapter4 [83] for producingdense,texture-basedrepresen-
tationsof �o w on isosurfaces. The result is a combinationof two well known scienti�c visualization
techniques,namelyiso-surfacingand texture-based�o w visualization,into a usefulhybrid approach.
Our applicationis a versatilevisualizationtechniquewith the following characteristics:(1) generates
a denserepresentationof �o w on adaptive resolutionisosurfaces,(2) visualizes�o w on complex iso-
surfacescomposedof polygonswhosenumberis on the orderof 200,000or more,(3) visualizes�o w
independentof theisosurfacemesh'scomplexity andresolution,(4) supportsuser-interactionsuchasro-
tation,translation,andzoomingalwaysmaintainingaconstant,highspatialresolution,and(5) produces
fastanimations,realizingup to 60 framespersecond.
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Applying a Normal Mask

Whenvisualizing�o w on normalboundarysurfacesthedirectionof the �o w generallycoincideswith
thesurfaceitself. As the�o w approachestheboundary, it is notallowedto passthroughandis pushedin
atangentialdirection,i.e.,it canbedescribedassurfacealigned�o w. However, in thecaseof isosurfaces
this is no longertrue.The�o w atanisosurfacecansometimesexhibit astrong�o w thatis normalto the
surface,e.g.,cross-surface�o w. Thesamealsoholdstruefor thecaseof arbitraryclipping geometries.
Simply advectingtexturepropertiesaccordingto thevector�eld projectedontotheisosurfacecouldbe
consideredmisleading.

Battke et al [3], who appliedLIC to surfaces,addressthis problemby varying the lengthof the con-
volution �lter accordingto the magnitudeof the vectorcomponenttangentialto the surface. In areas
wherethe vector �eld is orientedalmostperpendicularto the surfaceonly very little smearingof the
texture occurs,i.e., the input noiseis visible insteadof a convolved texture. Our approachis required
to beconsistentwith thevisualizationof �o w on boundarysurfaces.Whenwe applytexture-based�o w
visualizationto boundarysurfaces,the amountof texture-smearingindicatesvelocity magnitude,i.e.,
texture is smearedinto longerstreaksin areasof highervelocity magnitude.We don't want to change
thesemanticinterpretationof smearingfor isosurfaces.

We proposeanideainspiredby thewell known velocity mask[64], namely, a normalmask. A velocity
maskcanbe usedto dim or highlight high frequency noisein low velocity regions. Whereas,a nor-
mal maskcanbe usedto dim regionsof the vector�eld that have strongcross-�ow componentto the
isosurface.Wede�ne thenormalmaskas:

� = (v � n)m (9.1)

where� increasesasa 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
behavior. In our case,the imageoverlay becomesmore opaquein regions with a strongcross-�ow
componentandmoretransparentin areasof highly tangentialvelocity. With thenormalmaskenabled,
theviewer's attentionis drawn away from areasof strongcross-�ow component,andtowardsareasof
high tangentialvelocity. However, thetexturepropertiesarestill advectedaccordingthevelocityvectors
projectedontotheisosurface.

Someresultsof applyingthis normalmaskto an isosurfaceareshown in Figure5.5, right. We cansee
thatthe�o w at theisosurfacejustbelow theintakeport in theforeground(in white)hasastrongnormal
componentto theisosurface.Thehigherfrequency texturein this region is dif�cult to see.Notealsothat
we have chosena simplercolor scalein this caseto reducethevisualcomplexity of theresult. We �nd
thatusinga full rangeof huefor thecolor mappingin combinationwith variableopacityfor thenormal
maskis visually complex. So we provide the option of tradingoff somecomplexity in the color map
while applyingthenormalmask3.

9.4 GeometricFlow Visualization Techniques

This sectionturnsour attentionto a collectionof geometric�o w visualizationtechniquesincludingori-
entedstreamlines,streamlets,a streamrunnertool, streamcomets,anda real-timeanimatedstreamline
technique.Weplacespecialemphasisonnecessarymeasuresrequiredin orderfor geometrictechniques
to beapplicableto real-world datasets.Therehasbeena lot of work donein this area.And while some
of thegeometrictechniquesherehavebeenpresentedin previousliterature,they areoftennot illustrated

3For supplementaryimagesandanimationsof texture-based�o w visualizationon isosurfaces,pleasevisit:
http://www.VRVis.at/ar3/pr2/VisSym04/
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Figure9.1: The visualizationof blood �o w at the surfaceof an aneurysm:(left) geometric�o w visualization
usingstreamlines(middle-left)orientedstreamlinesand(middle-right)streamlets,and(right) streamcomets.

in the context of real-world datasets. For full overview of relatedresearch,seethe work by Postet
al. [116].

Oriented Streamlines,Streamlets,and Streamcomets

Oneof the drawbacksof conventionalstreamlinesis the lack of �o w orientation(upstreamvs. down-
streamdirection)depictedin a still image. Our systemincorporatesan orientedstreamlineimplemen-
tation. Orientedstreamlinesconvey the downstreamdirectionof the �o w by varying the opacityasa
functionof particletraceevolution. In otherwords,thefurtherdownstreamanintegrationpathis traced,
thehighertheopacityof thestreamline.Thiscanbeimplementedby giving thestreamlinesa�nite width,
eitherautomaticallyor throughuser-de�nedparameters,andusingsemi-transparentpolygonsin orderto
depictanorientedstreamline(Figure9.1, middle-left). Arrow headscouldalsobeusedto achieve the
sameeffect. However, arrow headglyphscanmoreeasilyleadto visualclutterwithoutcarefultreatment.
Theresultis similar to thatof OLIC (OrientedLine IntegralConvolution) [175, 176]. Oneimportantdif-
ferenceis that OLIC is basedon a traditionally slower approachderived from LIC andOLIC is more
applicableto 2D �o w ratherthan3D. Anothermethodfor addressingthespeedissuewasintroducedby
Löffelmannetal. however it wasappliedto 2D �o w only [92].

For the caseof unsteady�o w, drawing a continuousparticlepathusingonly a singletime stepcanbe
consideredmisleading.This is becausenoparticleactuallytracessucha path.For thecaseof slicesand
surfaces,the visualizationbecomeseven moreproblematicbecausea componentof the vector�eld is
takenaway, namelythatcomponentorthogonalto thesliceor surface,absentaftera projectionontothe
slice or surface. Oneapproachto handlingthis is throughthe useof streamlets(shortstreamlines)as
illustratedin Figure9.1middle-right.

Streamcometsarean extensionof the streamrunner[77]. The streamrunneraddressesthe problemsof
occlusionand scenecomplexity directly by giving the usercontrol over the evolution of streamlines
from seedingtime until they terminate.A streamlinemay terminatewhenit reachesa boundaryin the
geometry, reachesa regionof zerovelocity, or reachesamaximumlengthsetby theuser. Streamcomets
follow a very intuitive metaphor. They offer four interactive degreesof freedomasshown in Figure6.8
on page78. Coupledwith more interactive degreesof freedom,streamcometsoffer the advantageof
showing local �o w directionandcurvaturefor static images. Thereis strongevidenceto supportthe
notionthat �o w visualizationobjectsthatshow thedirectionof thelocal vector�eld improve theuser's
ability to identify critical pointsandunderstandparticleadvectionpaths[75].

Anotherusefulfeatureis theoptionof animatingthestreamcomets.Conceptually, animatingthestream-
cometssuchthatthecometheadpositionis automaticallyincrementedalongthestreamlinepath,actsas
a visualsearchfunction. Theviewer is ableto usetheanimationto searchfor optimalcometheadposi-
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tions. This is very usefulwhentheuseris not surewhereto positionthehead,searchingfor interesting
featuresin the�o w �eld, or optimizingtheotherinteractive DoFs.We emphasizetheimportanceof the
user'sability to resizethestreamcometsalongarbitrarydimensionswhenzoomingin andoutof thedata
sets.Changesto thediameterof thecometheadsapplyto theentirecollectionof streamcomets,andare
not appliedon a per-cometbasis.Applying sizechangesto individual cometswould leadto misleading
visualizationresults,e.g.,the usermay interpretdifferentcometheadsizesto be a re�ection of scalar
propertiesinherentin the�o w �eld.

Figure9.1,left-to-right,showstheuseof streamlines,orientedstreamlines,streamletsandstreamcomets
all appliedto the samedataset. The dataset in this caseis simulationdatacomingfrom blood �o w
throughan aneurysm.Note that thesetechniqueshighlight �o w characteristicssuchasareasof diver-
genceandconvergence.Furthermore,they arewell suitedfor 3D �o w visualizationof whichwewill see
morein Section9.4.

Animated Streamlines

We usea stippling approachto animatestreamlinessuchthat the downstreamdirectionof the �o w is
depicted.Theadvantagehereis thatthestipplingapproachis supportedby OpenGL1.1andcommodity
graphicshardware. Thusreal-timeframeratescanbeachievedeven for largenumbersof streamlines.
Anti-aliasing,alsosupportedby thegraphicshardware,canbeaddedto visually enhancetheresultsat
very little overhead.Our approachis reminiscentof that usedby JobardandLefer [66] or Berger and
Gröller al. [7] wherea color-tablelook-upapproachis usedto animatethestreamlines.Oneimportant
differenceis thatthetechniquehereapplieswell to 3D �o w.

Figure 6.6 on page76 shows shadedstreamlinesand animated–dashedstreamlinesusedto visualize
tumblemotion[86]. 4 Thesparseranimated–dashedstreamlinesallow theuserto seethroughthevolume
and line stipplepatternscanbe renderedat fast framerates. SeeChapter6 [80] for moredetailson
real-timeframerates. The implementationis simpler than the dashtube techniqueof Fuhrmannand
Gröller [47].

9.5 InvestigatingSwirl and Tumble Motion

TheVRVis ResearchCentercollaborateswith AVL (www.avl.com) in orderto provide visualizationso-
lutions for analysisof their CFD simulationresults.Previously, AVL engineersuseda seriesof color-
mappedslicesto assessandvisualizethe resultsof their CFD simulations.Isosurfaceswereusedless
commonlyto assesscertain3D featuresthat could not be investigatedsuf�ciently with 2D slices. Re-
cently, new solutionsfor the visualizationof CFD simulationdatahave beenintroduced.This section
reportsontheapplicationof thesetechniquesin additionto themoretraditionalapproaches.Wedescribe:
(a) theapplicationof differentvisualizationtechniquesto speci�c applicationcases,(b) advantagesand
disadvantagesof whatthesetechniquesoffer, and(c) acomparisonwhichmayapplyto otherapplication
cases.We alsoto give recommendationson whento usespeci�c 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 dieselenginesand tumble �o w commonlyfound in gas engines. In both cases,rotational
motionoccursaboutanaxis,thoughthepositionof therespective axis is different. In thecaseof swirl
�o w, theaxisis moreor lesscoincidentwith thecylinderaxis,asshown in Figure5.1onpage63. In the

4For supplementaryimagesandMPEGanimations,pleasevisit:
http://www.VRVis.at/ar3/pr2/geometricApproach/
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caseof tumble(Figure7.1 on page83), therotationaxis is perpendicularto thecylinder axisandmore
complex, thusmakingtumble�o w moredif�cult to controlthanswirl �o w.

In orderto generateswirl or tumblemotion,�uid entersthecombustionchamberfrom theintake ports.
Lateronin theenginecycle,thekineticenergy associatedwith thismotionis usedto generateturbulence
for mixing of freshoxygenwith evaporatedfuel. Themoreturbulencegenerated,thebetterthemixture
of air andfuel, andthusthemorestablethecombustionitself. By stablewe meanachieving thesame
conditionsfor eachenginecycle. Ideally, enoughturbulentmixing is generatedsuchthat100%of the
fuel is burned.Theswirl or tumblemotionshouldbemaximizedto maximizeturbulence.Fromthepoint
of view of themechanicalengineersdesigningtheintake ports,theideal�o w patternleadsto bene�cial
conditionsincluding: improvedmixturepreparation,a higherEGR(ExhaustGasRatio)which meansa
decreasein fuel consumption,andlower emissions.However, too muchswirl (or tumble)candisplace
the�ame usedto ignite thefuel, causeirregular�ame propagation,or resultin lessfuel combustion.As
such,abalancemustbeachievedbetweengeneratingenoughswirl or tumble�o w andnotdisplacingthe
�ame usedto ignite the�o w. A controlled�o w motionis usedto getstableandreproducibleconditions
ateachenginecycle.

InvestigatingFlow Patternswith Visualization

Centralto our studyaresomeroutinequestionsthat engineersmay askwhen investigating swirl and
tumble�o w: Canvisualizationprovide insightinto or verify thecharacteristicshapeandbehavior of the
�o w? What tools canhelp to visualizethe swirl andtumble�o w patterns?Wherein the combustion
chamberaretheidealswirl andtumble�o w patternnotbeingrealized?Weinvestigatedtwo typical �o w
patternsfrom CFDusingthreeclassesof �o w visualizationtechniquescommonlyavailablein 2D, 2.5D,
and3D5. By 2.5Dwemeansurfacesthrough3D space.

Figures7.9on page94 and7.7on page90 show someof theresultsof this investigation.Figure7.9 is a
hybrid of multiple visualizationapproachesincluding3D streamlines,isosurfacing,color-mapping,and
texture-based�o w visualization.Thestreamlineshighlight thedominantcharacteristicstructureof the
�o w insidethe volumewhile the texturing appliedto the isosurfacepointsout someof the destructive
areasof the�o w at thetop. Figure7.9helpsverify thattheoverall behavior of the�o w is characteristic
of thatof swirl motion.Figure7.7is anotherhybrid of approachesincludingslicingwith color-mapping
andtexture-based�o w visualizationapplied,apressureisosurface,and3D streamlinesseededfrom two
seedingplanes.Figure7.7 shows that in this casethe tumblemotion axis is off-center, pointingdown
andto theleft ratherthanstraightout towardsthereaderin theidealcase.

Our side-by-sidecomparisonof each�o w visualizationcategory illustratesthateachhasits respective
advantagesand disadvantages.Direct �o w visualizationtechniquesare intuitive, easyto implement,
common,and insightful. The direct �o w visualizationtechniquesareuseful in highlighting extremal
CFD simulationdatavalueson surfaces.However, directapproachesmaynot communicate�o w evolu-
tion veryclearlyandareoftenmoredif�cult to applyin 3D. And importantfeaturescanbemissedif the
samplingratefor aglyph-basedrepresentationis nothighenough.

Geometricmethodsarealsointuitive, provide insight, andcanbe appliedto 2D, 2.5D, and3D vector
data.They alsosometimesindicate�o w directionincludingtheupstreamanddownstreamdirectionof
the�o w. Geometrictechniquesareusefulfor gaininginsight into thelocationof theaxisof rotationfor
boththeswirl andtumble�o w patternswhile texture-basedtechniquesprovidedusefulenhancementsto
theseresults.However, the drawbackwith theseapproachesis generallythat of placement.Important
featuresmaybeoverlookedbecausethey donotprovidecompletecoverageof the�o w domain.

5For supplementarymaterialincludinghigh resolutionimagesandMPEGanimations,pleasevisit:
http://www.VRVis.at/ar3/pr2/swirl-tumble/
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Texture-basedapproachesshareadvantageswith bothdirectandgeometrictechniquesby providing com-
pletecoverageandshowing the directionof the �o w everywhere.However, they aredif�cult to apply
in 3D. The geometricandtexture-basedtechniquesappliedto surfaceswerevery goodat pointingout
wheretheidealswirl �o w patternwasnot beingmetin theCFD simulationmodel.Thegeometrictech-
niquesappliedto slicesandsurfaceswerealsosuitablefor highlightingspeci�c topologicalfeaturesof
the�o w whereasthetexture-basedapproacheswerevery helpful by insuringthat thesetopologicalfea-
tureswerenot initially overlooked. Figure7.8 on page93 summarizessomeof the trade-offs that are
madewhenvisualizingswirl andtumblemotion.For example,Themoredensethevisualization,gener-
ally themoredif�cult is to perceive theresult.Thusa trade-off is oftenmadebetweenthesetwo factors.
Also a trade-off may is madebetweenspatialcoherenceandspatialdimensionalitybecauseresultsin
3D often containmany overlappingparts. As a resultof thesetrade-offs, the �e xible combinationsof
approachesofferedby oursystemaregoodalternatives.

9.6 Discussion

The larger the datasetsfrom CFD simulationbecome,the more useful scienti�c visualizationis in
orderto gain insight into thoseresults.In addition,no single“one-size-�ts-all” approachexists,hence
engineersrequirea rangeof tools in orderto carryout their analysis,exploration,andpresentation.We
have presenteda selectionof recentadvancesin �o w visualization.Our presentationdraws upon�o w
visualizationtechniquesbeingclassi�ed into four main categories. Theserecentadvanceshave been
appliedto real-world applicationsin the �eld of CFD including the investigation andvisualizationof
patternsof �o w motionspeci�c to automotive engineering.We have alsodiscussedthebene�tsof these
techniquesandhow engineersgainvaluableinsightinto theirCFD simulationresultsusingthis recently
developedselectionof tools.



Conclusions

“You'vegot to becareful if youdon't knowwhereyou'regoing, 'causeyoumightnotget
there.”

– Yogi Berra6 (1925–)

Froma researcher's point of view, theevolution of texture-based�o w visualizationtechniques,in both
2D and 2.5D hastaken big stepsin the time frame from 2001-2004. Sincethe introductionof Spot
Noise [163] and LIC [17], performancetimes for 2D texture-basedmethodshave acceleratedfairly
steadilyasevidentfrom thelargevolumeof researchliteraturein thisdomain[82]. However, for thecase
of unsteady�o w onsurfaces,researchhadremainedfairly static.To ourknowledge,ShenandKaowere
the �rst andlast to addressthis challenge[139, 140] in 1998. Thenext signi�cant progressaddressing
this problemcamein 2003[83, 165] -� ve yearslater. Similar is thecaseof 3D steady�o w [153]. It is
interestingto notethechallengesthathigherspatialandtemporaldimensionsrepresentandmayalways
represent.Thecaseof 3D, unsteady�o w visualizationstill remainselusive.

From a practicalpoint of view, it is indeedpossible7 to write a PhD andwork at a privatecorporation
full-time simultaneously, evenwhile contributing publishedliterature. This is by no meansanobvious
conclusionbecauseof thecon�icting interestsrepresentedby thosethat(1) sponsortherequiredmoney
and(2) whosegoal it is to publishresearchcontributions. The semanticsof contribution arerelative.
Fromanindustrypoint of view, contribution meanswriting software,from a researchscientistspoint of
view, a contribution consistsof publishedscienti�c literature. In fact, both arevaluablecontributions,
althoughsoftwarecontributions (i.e. sourcecode)tend to lack in the researchcommunityandsound
documentationtendsto lack in thecommercialsoftwarecommunity.

Closelyrelatedis thesubjectivity of whatmakesaneffectivevisualization.In otherwords,visualization
is alsorelative. Somemembersof thescienti�c visualizationcommunityvoiceskepticismconcerningthe
resultspresentedin �eld of informationvisualization(andvice-versa).Somemembersof thecommercial
softwarecommunityexpressskepticismtowardsresearchresultspresentedin thescienti�c visualization
communities.And to completethecircle, theeffectivenessof visualizationpresentedby thecommercial
softwareindustryis oftencriticizedby membersof theresearchcommunity. Sincetherewill alwaysbe
criticism,themostimportantthing is thatthecriticismremainconstructive.

Oneof thestrongercriticismscomingfrom thecommercialsoftwareindustryis theresearchperformed
usingprogrammablegraphicshardware.Duringthetimeframeof thisthesis(2001–2004),theamountof
researchliteratureinvolving GPUprogramminghasexpandedmore-or-lessexponentially. However, this
leavesmany from privateindustryraisingthequestion:Howarewegoingto usethis? Sincethework is

6Full Name:LawrencePeter(Yogi) Berra,US baseballplayer, coach,andmanager, catcherfor New York Yankees1946–
1963,coachof New York Mets1965–1972,New York Yankees1975–1984,HoustonAstros1986–1989

7“possible”not to beconfusedwith “easy”
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theresultof acollaborationbetweenindustryandresearch,all work presentedhereis platformindepen-
dent.In industry, thecustomershaveastrongin�uence on thesoftwaredevelopmentrequirementssince
they areasourceof funding.

In thefuture,a greaterunderstandingof theinterestsof commercialindustryfrom theresearchcommu-
nity is thekey to a successfulcollaborationbetweenthesetwo communities.Thereverseis alsotrue. A
goodplaceto startis by debunkingthemyth thattheinterestsof industryandresearchdonotoverlap.In
facttheoverlapin goalscanbevery large.
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[50] M. Hadwiger, T. Theußl,H. Hauser, andE. Gröller. Hardware-AcceleratedHigh-QualityReconstructionon
PCHardware. In Proceedingsof theVision ModelingandVisualizationConference2001(VMV-01), pages
105–112,November 21–232001.

[51] H.C.HegeandD. Stalling.FastLIC with PiecewisePolynomialFilter Kernels.In MathematicalVisualiza-
tion, pages295–314.SpringerVerlag,1998.

[52] W. Heidrich,R. Westermann,H.-P. Seidel,andT. Ertl. Applicationsof Pixel Texturesin Visualizationand
RealisticImageSynthesis.In ACM Symposiumon Interactive3D Graphics, pages127–134,1999.

[53] J. L. HelmanandL. Hesselink.RepresentationandDisplayof VectorField Topologyin Fluid Flow Data
Sets.IEEEComputer, 22(8):27–36,August1989.

[54] J.L. HelmanandL. Hesselink.VisualizingVectorFieldTopologyin FluidFlows.IEEEComputerGraphics
andApplications, 11(3):36–46,May 1991.



BIBLIOGRAPHY 124

[55] L. Hesselink,F. H. Post,andJ.J.vanWijk. ResearchIssuesin VectorandTensorFieldVisualization.IEEE
ComputerGraphicsandApplications, 14(2):76–79,March1994.

[56] W. Hibbard.ConnectingPeopleto ComputationsandPeopleto People.ComputerGraphics, 32(3):10–12,
1998.

[57] W. HibbardandD. Santek.Interactivity is theKey. In Proceedingsof theChapelHill WorkshoponVolume
Visualization, pages39–43,May 1989.

[58] J.P. M. Hultquist. InteractiveNumericalFlow VisualizationUsingStreamSurfaces.ComputingSystemsin
Engineering, 1(2-4):349–353,1990.

[59] J.P. M. Hultquist. ConstructingStreamSurfacesin Steady3D VectorFields. In ProceedingsIEEE Visual-
ization'92, pages171–178.IEEEComputerSociety, 1992.

[60] V. InterranteandC. Grosch.Strategiesfor Effectively Visualizing3D Flow with VolumeLIC. In Proceed-
ingsIEEEVisualization'97, pages421–424,1997.

[61] V. InterranteandC. Grosch.Visualizing3D Flow. IEEEComputerGraphics& Applications, 18(4):49–53,
1998.

[62] B. Jobard,G. Erlebacher, andM. Y. Hussaini.Hardware-AcceleratedTextureAdvection. In Proceedings
IEEEVisualization2000, pages155–162.IEEEComputerSociety, 2000.

[63] B. Jobard,G. Erlebacher, andM. Y. Hussaini.Lagrangian-EulerianAdvectionfor UnsteadyFlow Visual-
ization. In ProceedingsIEEEVisualization'01. IEEE,October2001.

[64] B. Jobard,G. Erlebacher, andY. Hussaini.Lagrangian-EulerianAdvectionof NoiseandDye Texturesfor
UnsteadyFlow Visualization.IEEE Transactionson VisualizationandComputerGraphics, 8(3):211–222,
2002.

[65] B. JobardandW. Lefer. CreatingEvenly–SpacedStreamlinesof Arbitrary Density. In Proceedingsof the
EurographicsWorkshopon Visualizationin Scienti�c Computing'97, volume7. Eurographics,Springer-
Verlag,1997.

[66] B. JobardandW. Lefer. TheMotion Map: Ef�cient Computationof SteadyFlow Animations.In Proceed-
ingsIEEEVisualization'97, pages323–328.IEEEComputerSociety, October19–241997.

[67] B. Jobardand W. Lefer. UnsteadyFlow Visualizationby Animating Evenly-SpacedStreamlines. In
M. GrossandF. R. A. Hopgood,editors,ComputerGraphicsForum(Eurographics2000), volume19(3),
2000.

[68] B. Jobardand W. Lefer. MultiresolutionFlow Visualization. In WSCG2001 ConferenceProceedings,
Plzen,CzechRepublic,February2001.

[69] D. Kao,B. Zhang,K. Kim, andA. Pang.3D Flow VisualizationUsingTextureAdvection.In International
ConferenceonComputerGraphicsandImaging '01, August2001.

[70] D. N. KenwrightandD. A. Lane. Interactive Time-DependentParticleTracingUsingTetrahedralDecom-
position. IEEETransactionsonVisualizationandComputerGraphics, 2(2):120–129,June1996.

[71] L. Khouas,C. Odet, and D. Friboulet. 2D Vector Field VisualizationUsing Furlike Texture. In Joint
Eurographics-IEEETVCGSymposiumonVisualization(VisSym'99), Eurographics,pages35–44.Springer-
VerlagVienna,May 1999.

[72] R. M. Kirby, H. Marmanis,andD. H. Laidlaw. Visualizing MultivaluedData from 2D Incompressible
Flows UsingConceptsfrom Painting.In ProceedingsIEEEVisualization'99, pages333–340.ACM Press,
October25–291999.

[73] M.H. Kiu andD. C. Banks.Multi-frequency Noisefor LIC. In ProceedingsIEEE Visualization'96, pages
121–126.IEEE,October27–November1 1996.

[74] R. V. KlassenandS. J. Harrington. Shadowed hedgehogs:A techniquefor visualizing2D slicesof 3D
vector�elds. In ProceedingsIEEEVisualization'91, pages148–153,1991.



BIBLIOGRAPHY 125

[75] D. H. Laidlaw, R.M. Kirby, J.S.Davidson,T. S.Miller, M. daSilva,W. H. Warren,andM. Tarr. Quantitative
Comparative Evaluationof 2D Vector Field VisualizationMethods. In ProceedingsIEEE Visualization
2001, pages143–150.IEEEComputerSociety, October2001.

[76] D. A. Lane. Scienti�c Visualizationof Large-ScaleUnsteadyFluid Flows, chapter5, pages125–145.Sci-
enti�c Visualization:Overviews,Methodologies,andTechniques.IEEEComputerSciencePress,1997.

[77] R. S. Laramee. Interactive 3D Flow VisualizationUsing a Streamrunner. In CHI 2002,Conferenceon
HumanFactors in ComputingSystems,ExtendedAbstracts, pages804–805.ACM SIGCHI, ACM Press,
April 20–252002.

[78] R. S.Laramee.FIRST:A Flexible andInteractive ResamplingTool for CFD SimulationData. Computers
& Graphics, 27(6):905–916,2003.

[79] R. S. LarameeandR. D. Bergeron. An IsosurfaceContinuity Algorithm for SuperAdaptive Resolution
Data.In Advancesin Modelling, Animation,andRendering:ComputerGraphicsInternational(CGI 2002),
pages215–237.ComputerGraphicsSociety, Springer, July1-52002.

[80] R. S. LarameeandH. Hauser. GeometricFlow VisualizationTechniquesfor CFD SimulationData. In
VRVis Research CenterTechnicalReportTR-VRVis-2004-029, Vienna,Austria,Aug 2004.

[81] R. S.LarameeandH. Hauser. Interactive3D Flow VisualizationUsingTexturesandGeometricPrimitives.
In NAFEMSWorld CongressConferenceProceedings. NAFEMS–TheInternationalAssociationfor the
EngineeringAnalysisCommunity, May 17–202005. forthcoming.

[82] R. S. Laramee,H. Hauser, H. Doleisch,F. H. Post,B. Vrolijk, andD. Weiskopf. The Stateof the Art in
Flow Visualization: DenseandTexture-BasedTechniques.ComputerGraphicsForum, 23(2):203–221,
June2004.

[83] R. S.Laramee,B. Jobard,andH. Hauser. ImageSpaceBasedVisualizationof UnsteadyFlow onSurfaces.
In ProceedingsIEEEVisualization'03, pages131–138.IEEEComputerSociety, 2003.

[84] R. S. Laramee,J. Schneider, andH. Hauser. Texture-BasedFlow Visualizationon Isosurfacesfrom Com-
putationalFluid Dynamics. In Data Visualization,The Joint Eurographics-IEEETVCG Symposiumon
Visualization(VisSym'04), pages85–90,342.EurographicsAssociation,2004.

[85] R. S. Laramee,J. J. vanWijk, B. Jobard,andH. Hauser. ISA andIBFVS: ImageSpaceBasedVisualiza-
tion of Flow on Surfaces. IEEE Transactionson Visualizationand ComputerGraphics, 10(6):637–648,
November2004.

[86] R. S. Laramee,D. Weiskopf, J. Schneider, and H. Hauser. Investigating Swirl and Tumble Flow with
a Comparisonof VisuaizationTechniques. In ProceedingsIEEE Visualization'04, pages51–58.IEEE
ComputerSociety, 2004.
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Appendix: Bridging the Gap Between
Industry and Research

“Human felicity is produc'd not somuch bygreatPiecesof goodFortunethat seldom
happen,asby little Advantagesthatoccureveryday.”

–BenjaminFranklin11 (1706–1790)

In thiscase,industryis representedby AVL in Grazandresearchis representedby ViennaUniversityof
Technology. TheVRVis ResearchCenterin Viennarepresentsthebridgebetweenuniversityandindustry
andcollaboratescloselywith both.Sincethethesisauthor'sworkstationwaslocatedin AVL AST Graz,
andthethesisauthor'sresearchadviser(s)waslocatedin VRVis, Vienna,many tripsweremade,by train,
betweenGrazandVienna.Thesetrips representedthegapbetweenindustryandresearchin moreways
thanone. We summarize,in tabular form (last updatedon Friday 26 November2004),the trips made
betweenViennaandGrazby the thesisauthorduring the courseof this PhD. Note that not all trips

2001
August02 August16 August30 September6 September27
October11 November8 November29 December6 December20

2002
January10 January24 February14 March7 April 4-5
April 18 May 16-17 June13 June27 August8

September26 October10 October24 November14 December12
2003

January21 January30 February13 March13 March27
May 8 May 22 June26 July24 August21

September18 October16 November13-14
2004

January15 January29 February25 March25 April 29
May 13 May 14 May 26 June24 July22

August19 September9 September23 November17

Table9.2: Roundtrip journeysbetweenGrazandViennatakenby theauthorduringthecourseof thisPhD.Note,
dateswith adashrepresentovernightstaysassociatedwith invitedVRVis Forumtalks.

to Viennaareincluded,only businesstrips. Someprivatetrips aremissing. The total numberof listed
trips is 52. ThedistancebetweenGrazandViennais 143km (asthecrow �ies). Thusa distance,d of

11USauthor, diplomat,inventor, physicist,politician,andprinter, published”PoorRichard'sAlmanack”1732–1757,founder
and1st presidentof AmericanPhilosophicalSociety1769–1790



approximately:

d = 52 tr ips � 143km=str etch � 2 str etches=trip = 14; 872km (9.2)

wascovered. The distancetraveledby the train is slightly longerasit is not straight. Eachroundtrip
tookapproximatelysix hours.Sothetime, t, spentcommutingwasapproximately:

t = 6 hours=tr ip � 52 tr ips = 312hours (9.3)

or abouteight,forty hourwork weeks(roughlytwo months).
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