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Abstract

Usually researchrelatedsoftware consistsof individual, isolated
prototypesbecauseaesearcherareinterestedn a small proof-of-

conceptapplicationfor demonstration.Here we presentsoftware
developedfor researctpurposesbut which hasbeenincludedinto

alarger, commercialisualizationsystem.We describethe design
and implementationof a o w visualizationsubsystenwithin the
frameawork of a softwarepackagecapableof modeling,simulation,
andvisualizationof CFD simulationdata. Our o w visualization
subsystenprovidesseveralresearchelatedgeometricandtexture-
basedvisualizationtechniquesAs aresult,we areableto combine
visualizationoptionsin new waysthattypical researctprototypes
cannot. Herewe describesomeof our designandimplementation
decisionsandoutlinetheresultingadvantagesanddisadwantages.
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1 Intro duction

Demandfor visualizationsolutionsfor CFD simulationdatahas
grown rapidly in thelastdecadeThisis due,in part,by theinterest
of manufcturesn minimizing the time taken for their production
cycle. Thisobjectiveis realizedwith the useof CFD softwaretools
to analyzedesigndecisionsbeforeconstructingeal, heary-weight
objects.CFD softwarecanbestructuredaccordingo thethreeprin-
ciple stagegypical of enginecomponentlesign:

1. modeling startingwith amodelgeneratedy computeraided
design(CAD) software,a 3D unstructuredneshis generated
consistingof smallvolumetriccells

2. simulation giventhe 3D meshanda setof initial conditions,
asimulationof o w throughthe modelis computed

3. visualization theresultsof the simulationareexplored,ana-
lyzed,andpresenteavith avariety of visualizationtools

email: f Laramee,Hadwiggrauseg@VRVis.at

3D CFD
grid + initial
conditions

N NN

CAD CFD
modeling modeling

4 ! } |

Figurel: The CFD processs iterative and can be pipelinedinto
modeling, simulation, and visualizationstages. Roundedboxes
represeninput/outputdatawhile processingtagesaredepictedas
rectangles.
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Theprocesss iterative, asillustratedin Figurel. Thevisualization
procesfteneitherveri es or con icts theresultsexpectedby the
engineerlandmayinstigatechangeso themodeldesign.

We performedthe researctandimplementedesearctsoftwarein-

side of a large commercialsoftware packagewhosejob is to per

form thosetaskscorveyed in Figure 1. The resultis a system
which is further integratedthantypical researctprototypes. Typ-

ical researctsoftwareconsistf stand-alongrototypedor proof-

of-concepbnly. As aresultof ourintegratedsystemwe enablethe
possibility to combinemultiple visualizationoptionswith onean-
other Incorporatingresearceaturesinto larger systemshasboth
bene cial and non-bene cial consequencesWe discussboth the
adwantagesinddisadantage®f suchanapproach.

We focus on the designand implementationof the visualization
subsystenshowvn on the right of Figure1l. More speci cally, we
focus on those software componentghat provide geometricand
texture-basedo w visualizationresults. We describeseveral as-
pectsrelatedto the designandimplementatiorof our o w visual-
izationsoftwaremodulesaswell asthosefactorsthatmotivatedour
decisions.

Therestof this paperis organizedasfollows: Section2 describes
thethreeclasse®f o w visualizationtechniqueshatform thebasis
of design.Section3 outlinesthe userrequirementandgoalsof the
visualizationsoftware. Section4 presentshe overall designof the
visualizationsystermwhile Section5 detailstheimplementatiorand
designof our o w visualizationsoftwaremodules.Section6 eval-
uatessomeaspect®f ourdesignandimplementatioranddiscusses
someadwantagesnddisadwantage®f our work.

2 Flow Visualization Classi cation

Three different approachesare widely usedin ow visualiza-
tion [Postetal. 2002]:

Direct ow visualization: This category of techniquesisesatrans-
lation that is as straightforvard as possiblefor representingo w



datain theresultingvisualization.Theresultis anoverall pictureof
the o w. Commonapproachesaredraving arrons or color coding
velocity.

Geometric ow visualization: Theseapproachesften rst inte-
gratethe o w dataandusegeometricobjectsin the resultingvisu-
alization. Theobjectshave ageometnythatre ectsthepropertieof
the o w. Exampledncludestreamlinesstreaklinesandtimelines.
Not all geometricobjectsarebasedon integration. Anotheruseful
geometricapproachs generatingsosurices.e.g.,with respecto
anisovalueof pressurer magnitudeof velocity. A morethorough
descriptiorof geometridechniquess presentedy Postetal. [Post
etal. 2002]

Densetexture-basedow visualization: A textureis computedhat
is usedto generatea denserepresentationf the o w. A notion of
wherethe o w travelsis corveyedthroughco-relatedexturevalues
alongthevector eld. In mostcaseshis effectis achievedthrough
Itering of texelsaccordingto thelocal o w vector Texture-based
methodoffer adenseepresentationf the o w with completecov-
erageof the vector eld. Examplesinclude Image BasedFlow
Visualization(IBFV) [van Wijk 2002] and Image SpaceAdvec-
tion (ISA) [Larameeet al. 2004b], which can generatéboth Spot
Noise [van Wijk 1991] and LIC-lik e [Cabraland Leedom1993]
imagery We notethata full comparisorof texture-basedo w vi-
sualizationtechniquess beyond the scopeof this paper[Laramee
etal. 2004a].

Thefocusof this paperis onthedesignandimplementatiorof soft-
warefor the geometricandtexture-basedateyory of visualization
optionsprovidedby our software.

3 System Requirements and Goals

The VRVis researcttentercollaboratesvith AVL (www.avl.com) in
orderto provide o w visualizationsolutionsfor analysisof their
CFD simulationresultdata. AVL's own engineersaswell asengi-
neersatindustryaf liates use o w visualizationsoftwareto analyze
andevaluatethe resultsof their automotve designandsimulation
on a daily basis. The analysisof an engineerincludestaskssuch
assearchindor areasof extremepressurelooking for symmetries
in the o w, searchindor critical points,andcomparingsimulation
resultswith previous simulationresultsandwith measuredexper
imental results. As such,AVL engineer$ have the following re-
quirements:

Interaction:  Onepenadingmessag&ve hearconsistentlyis that
usersareinterestedn moreinteractve control of the o w visual-
izationresults—aclassicthemein the realmof scienti ¢ visualiza-
tion [Hibbard andSantek1989]. Usersgenerallywantfeedbackas
soonaspossibleafter modifying visualizationparameterslnterac-
tion is essentialn the engineers designprocessEngineersaswell

as usersfrom other disciplinesare interestedin having a collec-
tion of useroptionsandparametershatallow themto ful Il their
individual goals,whethertheir goalsare exploration, analysis,or

presentationlnteractve tools facilitate an iterative visual analysis
and exploration process.e., an ervironmentin which the useris

ableto make rapiddecisionsandre nementbasedn visualization
results.

Platform Independence: Despitethe popularityof researchie-
latingto programmablgraphicshardware,our softwaredesignand

Figure2: The CFD simulationgrid of anintake port. This image
illustratesthe versatility of atypical, unstructuredCFD simulation
grid.

Figure 3: A close-upview of the intake portsin the sameCFD
simulationgrid asshavn in Figure2. The meshcontainsmultiple,
adaptve resolutionlevels of unstructuredyrid cells.

implementatiormust maintainplatform independence Our soft-
ware mustfunction for differentuserson a wide variety of oper
ating systemsincluding: Linux, HP-UX, SGI, IBM AIX, UNIX,
andothers.Thus,algorithmsor softwareboundto a speci c graph-
ics card are not welcomecandidategor inclusionin this system.
Platformindependencéncludesnot only hardwareindependence,
but softwareindependencaswell. Thatis why all of our software
usesonly platformindependensoftwarelibrariessuchasthe well
establishe®penGLstandard.

Support for a Wide Range of Simulation Data Sets: AVL
analyzesa large, varied collectionof datasetsrangingfrom small
geometriesuchassmall uid conduitsto mid-rangesize geome-
triessuchascoolingjackets,to largegeometriesuchasautomotve
exteriors. The geometricsizesof thesegrids differ by six or more
ordersof magnitudeaswell asthesizesof theunderlyingpolygons.
Hence,thetools usedto visualizethe simulationresultsalsoneed
to spanthis rangeof sizes.
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Figure4: A schematiof the designof the visualizationsysteminto which we incorporatecour researctrelatedsoftware. Only the major

subsystemareillustrated.

Support for Versatile CFD Grids: Anotherreasonthe users
requesmoreinteractioncontroloverthevisualizationresultsis be-

causeCFD meshegmbracewide varietyof componentseatures,
andlevelsof resolution.To illustratethis idea,we look at Figure2

shawing two intake ports. We obsenre multiple adaptve levels of

resolution: (1) for the o w sourceon the left andthe cylinder on

the lower, right, (2) anotherevel of resolutionfor the connecting
pipesin the middle, (3+4) andtwo levels of resolutionfor thein-

take portcomponentsWhenwe look closer(Figure3) we nd ve

adaptve levels of resolution:(a) two levelsfor thetop of the ports,
(b) approximatelythe sametwo levels of detailplusanaddedayer
of ner resolutiongrid cellsfor afew of therings aroundthe base
of the ports. Facetsin the ow source(Figure 2 left) areapprox-
imately 1000—200Qimeslargerthanthe nest resolutionfacetsat

thebaseof theintake ports.

Tools that Address the Perceptual Challengesin 3D Flow

Visualization:  Flow visualizationon boundarysurfacesand in

3D presentsadditional perceptualchallengessuch as occlusion,
lack of directionalcues,lack of depthcues,and visual complex-

ity. Almost all of the CFD simulationmodelsat AVL areunstruc-
turedandthreedimensional Althoughengineersftenuse2D cuts
throughthe 3D meshegduring their analysis thereis a strongin-

terestin 3D andboundarysurfacevisualizationtechniqueghatad-
dresstheperceptuaproblemsmentionedabore. We alsoknow that
thereis strongevidenceto supportthe notion that usersacquirea
betterunderstandingf 3D datasetsusing 3D visualizationtech-
niguesasopposedo 2D visualizationtechniqguegWareandFranck
1996].

4 Visualization System Design

The visualizationsoftware moduleswe develop areincludedin a
productcalledIMPRESS. IMPRESS s partof alargerpackagecalled
CFDWM (The CFD Work ow Manager)thatincludesthe model-
ing and simulationmodules. In this section,our focusis on the

visualizationsystemshawn in greatercontet in Figure1 andin
moredetailin Figure4.

CFDWM is alargeproject,currentlyover4,000 les. Thus,werely

on object-orientednethodologyin orderto designandincorporate
our o w visualizationfeaturesIn modern object-orientedoftware
developmentmoretime is spenton software design[Wirfs-Brock

etal. 1990]in orderto make software morerobust, increasecode
re-use,facilitate maintenanceand malke it easierto extend. The

designof our softwareis basedn object-orienteanethodology

Thedesignof ourvisualizationsystemusingthe notationof Wirfs-
Brocketal. [Wirfs-Brocketal. 1990]is shavnin Figure4. A semi-
circle with anarrov pointingto it representa contract.A contract
is a subsystenor classinterfacewith otherclassesr subsystems.
It representshe setof serviceghata subsystenor classprovides.
Figure 4 illustratesthe different subsystemsnd the relationships
they have with oneanother

The Graphical User Interface subsystenis responsiblefor pre-
sentingall of theuseroptionsandassociatedventstriggeredby the
user The 3D Viewer subsystenis responsibldor all of therender
ing, including point, polyline, triangle,quad,and polygonalprim-
itives. Theimplementatiorof the 3D viewer is basedon OpenGL
for its platform independenceThe Mesh Manager containsthe
unstructuredCFD mesh.It is responsibldor generatinglices,sur
facerepresentationgndvolumerepresentationslhe Mesh Man-
ager hasa closerelationshipwith the Simulation ResultManager
which storesthe CFD simulationdataattributessuchastempera-
ture,pressure,0 w velocity etc.

In the next sectionwe describewo subsystemi moredetail: the
GeometricFlow Visualization Subsystemandthe Texture-Based
Flow Visualization Subsystem This is wherethe majority of our
researchelateddevelopmentvasdone.Thesewo subsystemsike
the others,arecomposedf afairly complex setof classesandas-
sociatedresponsibilities.
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Figure5: Theprocessingipelinefor thegeometrico w visualiza-
tion subsystem.

5 Subsystem Design and Implementation

Here we detail how our researchsoftware was integratedinto a
largervisualizationsystem.Our implementatiorinheritsboth ben-
e ts andnon-bene cialaspectof the larger visualizationsystem.
It is herewe put our designprinciplesinto actualpractice.

5.1 The Geometric Flow Visualization Subsystem

Figure5 illustratesthe main processingipeline of the geometric
0 w visualizationsubsystemTheinputandoutputdatais shovn in
rectanglesith roundedcornersandprocesseareshowvn in boxes.
Note that this designand implementationsubsystenfocuseson
geometricobjectssuch as streamlineswhich require integration.
Othergeometricobjectssuchasisosuricesarehandledby another

subsystem.

5.1.1 The Geometric Flow Visualization Process

Themaininputto this processs the CFD meshandassociatedec-
tor eld data. Sincethe meshis unstructurecandadaptve resolu-
tion, the meshadjacenyg informationis computedasa preprocess-
ing step. After the userspeci estheir input requirementssuchas
the positionof the seedingake or planeandcolormappingparam-
etersthepipelinefollowsthatof thestandardgstreamlinggeneration
processThe 3D seedingorocesss interactive. Thisrelatesbackto
our requiremenbf interaction. Engineergequireexplicit seeding
controlin orderto visualizeor highlightspeci ¢ subset®f the o w.
And the subsetf the o w in which the engineersare interested
cannotalwaysbefoundbeforehandnddetectechutomatically

The seedingprocessinvolves a grid cell searchingphase. The
streamlinesrethenintegratedusingan Eulerintegratorwith small
stepsizesfor smallergrid cellsasthedefault. Theresultingintegral
pathsarestoredandhandedff to thestreamlinegendererNotethat
anobjectorienteddesignlik e thatshowvn in Figure5 allows higher
orderintegratorssuchas a secondorder Runge-Kitta [Conte and
de Boor 1980]to beincorporatednto the pipelinewith little to no
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Figure6: The classhierarcly of streamlineandgeometrico w vi-
sualizationoptions.UML notationis used.

alterationof the otherclassesThe ability to swapfunctionalcom-
ponentswith oneanotheiis animportantpartof big systemdesign.

5.1.2 Geometric Flow Visualization Design

Figure 6 shavs our streamlinerenderingoptionsdisplayedin the
classhierarcly in whichthey weredesignedandimplementedThe
hierarcly, following UML notation[Fowler 2003], illustratesthe
is-kind-of relationshipbetweerrenderingclassesAt thetop of the
hierarcly we have anabstracbase Streamline Renderer thatde-
scribesthe behaior and containsthe interfacethat all streamline
renderingobjectsimplement. Animated,shadedprientedstream-
lines, and streamcometsll relatebackto our requiremenof de-
veloping tools that addresghe perceptuakhallengesn 3D ow
visualizationsincethey areall targetedat 3D o w.

Of courseone adwantageto this type of designis that behaior
addedto the parentclassesare inherited by all of the children.
Thusaddingfeaturessucha streamrunnefLaramee2002], color
mapping,and anti-aliasingcan be inheritedby child classesvho,
in mary casesmay automaticallypick up the new features.Also,
addingnew renderingeatureonly requiresafew linesof new code
to be written sincewe only have to overridethe rendermethodof
a parentclass.We notealso, thatthe streamlinecomputatione.g.,
EulerandRunge-HKuttaintegratorson 2D slices,2.5D surfacesand
3D meshesarecompletelyseparatérom therenderingsubsystem.
Henceary renderingoption canbe associatedvith ary integration
result.

5.2 The Texture-Based Flow Visualization Subsys-
tem

Thetexture-basedo w visualizationsubsystenis wherethe most
researchrelated software developmenttook place. Three new,
closelyrelatedalgorithmswereimplementednamelylmage-Based
Flow Visualization(IBFV) [van Wijk 2002],ImageSpaceAdvec-
tion (ISA) [Larameeetal. 2003],andImageBasedrlow Visualiza-
tion for CurvedSurfaceqIBFVS) [Larameeetal. 2004b]. ThelSA
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Figure7: Theprocessingipelineof thetexture-basedo w visualizationsubsystem.

andIBFVS algorithmswereimplementedvithin thesamesoftware
packagen orderto comparehemwith oneanother

5.2.1 The Texture-Based Flow Visualization Process

A side-by-sideillustration of the processingpipelinesof both al-
gorithmsis shown in Figure7. In brief, the ISA andIBFVS algo-
rithms simplify the problemof adwecting textureson surfacesby
con ning the adwectionof texture propertieso imagespace After
aprojectionto imagespacephasea seriesof texturesaremapped,
blended,andadwected. The ISA methodfor visualizationof ow
onsurfaceds comprisedf thefollowing procedurdFigure?, left):
(1) projectthe vector eld to the imageplane,(2) detectgeomet-
ric edgediscontinuities(3) computeadwectedtexture coordinates,
(4) adwect the image, (5) inject and blendin noise, (6) blend ad-
ditional noisealonggeometricedgediscontinuitiesand (7) apply
shadingandotheradditionalgraphics.The IBFVS methodis very
similar, the essentiatlifferencebeingthatadwectedtexture coordi-
natesarecomputedn objectspaceratherthanimagespace.Steps
1-7 of the pipeline are necessaryor the dynamiccasesof time-
dependengeometry rotation, translation,and scaling,andonly a
subsets neededor thestaticcasegstep#4-7)involving nochanges
to the view-point andsteady-stateo w. Eachstageis describedn
moredetailin previousresearctLarameeetal. 2004b].

In orderto speedup the computatiortime of adwvectingtextureson
surfaces,texture coordinatesare computedin image spacerather
than 3D. The resultis that someportionsof the algorithmstake
placein imagespaceandsomein objectspace.Thoseoperations
which take placein imagespacearenotatedwith ani in Figure7,
similarly an o for thoseoperationgaking placein objectspace.In
somepipelinemoduleslike the|SA vector eld projection,atran-
sition takesbetweembjectspaceandimagespace.This is notated
with o ! i. Which stagesof the respectie pipelinestake place
in imagespaceand objectspaceidentify the essentialdifferences
betweerthe algorithms,sinceconceptuallythey sharemary over
lappingcomponents.

Anotherpropertythat makesthesealgorithmsfasterthanprevious
relatedwork is thatthestage®f thepipelineshavn in Figure7 map
well to graphicscardhardware. However, ratherthandependingn
aspeci c typegraphicscard,thesealgorithmsexploit only standard
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Figure 8: The major component®f the texture-basedo w visu-
alizationdesign. Hereaggreation, or is-part-of, relationshipsare
shown.

featuresoffered by graphicscardsthat supportOpenGL1.1, thus
makingthemfastacrossa variety of platforms.

5.2.2 Texture-Based Flow Visualization Design

Figure 8 shaws the classrelationshipbetweenthe major compo-
nentsof the texture-basedo w visualizationsubsystemagain us-
ing UML notation. However, ratherthanshaving is-kind-of rela-
tionshipsasin Figure6 we shav composition a variety of aggre-
gation. With composition the part objectmay belongto only one
whole,further, thepartsareusuallyexpectedo live anddie with the
whole[Fowler 2003]. For example the Texture Stackobjectis part



of the Texture-BasedFlow Visualizer objectandthe relationship
is one-to-one.Furthermorean instanceof Texture Stack may be
in aninstanceof Texture-BasedFlow Visualizer but notthe other
way around.Thisis indicatedby theblackdiamondshapearrow. It
is in factpossibleto createmultiple instanceof the texture-based
o w visualizer just like it is possibleto createmorethanonein-
stanceof aviewer. However, thismayresultin a performancdit as
multiple instance®f theseclassesompetefor hardwareresources.

Here we outline the major componentghat make up the texture-
based ow visualization subsystemshavn in Figure 8. The
Texture-Basedrlow Visualizer is theclasswith themostresponsi-
bility, namelythatof coordinatingpipelinesin Figure7 of boththe
ISA andIBFVS algorithms[Larameeet al. 2004b]. The OpenGL
3D Viewer classis responsibldor generalrenderingof primitives
suchaspoints, lines,andpolygons.The Texture Stack is respon-
sible for managinga stackof textures. This stackcanbe usedto
implementthe injection and blendingof noisefor the IBFV [van
Wijk 2002],ISA [Larameeetal. 2003],andIBFVS [Larameeetal.
2004b] algorithms. The Texture Stack is composedof individ-
ual Textures It is worthy of notethattexturesarealsoan object
in OpenGL1.1. A Velocity Image is responsiblefor the vector
eld projection,the rst stepin thelSA pipelineof Figure7 which
simpli es the computationfrom 3D to 2D. The Depth Buffer ob-
ject storesa copy of the OpenGLdepthbuffer. This informationis
usedin the edgedetectionandblendingprocessn the ISA algo-
rithm [Larameeetal. 2003]. IBFV, ISA, andIBFVS canall include
Dye Injector functionality Therepresentatioof the dyeinjection
designhasbeensimpli ed here.In factit is its own subsystenin-
cluding a hierarcly of Dye Source objects. The Image OverLay
includesperceptuainformationsuchasshadinganddepthcuesand
is the nal stageof bothISA andIBFVS. Here,we usea separate
objectfor thisjob.

Laying out theresponsibilitiesn this way facilitatesimprovement.
Immediatelywe canseeoneareaof improvementwould beto split
up theresponsibilitiesof the Texture-BasedFlow Visualizer into
two separatelassespnefor only the ISA pipelineandanotherfor
IBFVS, perhapswith a commonbaseclass. Figures6 and 8 are
simpli ed representationsf the overall design.They leave outthe
classegesponsibldor the userinterfaceandit's associatedvent
handlers. A designprocesss essentiafor producingstablesoft-
warethatis robustenoughto meetthe requirement®f a commer
cial gradeapplication.

Our commercialsystemtargetsmary differenthardware architec-
tures. As we know, hardware evolvesrapidly, especiallygraphics
hardware. Therangeof hardwareour applicationtamgetsalsospans
several years,including systemghataremorethan ve yearsold.

This is one reasonwe have given usersinteractve control of the

amountof texture-memoryusedby the texture-basedo w visual-
izer. Userswith old systemsnay setthe controlsto uselesstexture
memoryfor fasterperformancealso trading off quality, or more
texturememoryfor userswith moderngraphicscardsandplenty of

texturememory

6 Discussion and Evaluation

After presentinghe designandimplementatiorof our geometric
andtexture-basedo w visualizationsub-systemsye now discuss
theadwantagesinddisadantage®f implementingheminto anin-
tegratedsystemandevaluatethe modulesagainstthe requirements
andgoalsspeci edin Section3.

A big advantageof integratingthe researchelatedsubsystemsito
alarger commercialsystemis the ability to combinevisualization

options.Figure9 shaws the visualizationof tumble o w [Laramee
et al. 2004c]usinga combinationof texture-basedo w visualiza-
tion, colormapping,streamlinesseededvith two seedingplanes,
anda colormappedpressurésosuricel. Figure10 shaws our ap-
plicationincluding the userinterfacecomponentslt is unusualo
have this mary visualizationoptionscombinedinto a commercial
softwarepackageandevenmorerarein aresearclprototype.Pro-
viding engineersaandotheruserswith a wide variety of optionsis
helpful becauseachtechniquehasa uniquesetof advantagesand
disadwantagese.g.,sometechniquesrebettersuitedfor 3D visual-
izationthanothers.Anotheradwantageof a big projectis thatmuch
functionality hasalreadyimplementedespeciallythe routineengi-
neeringtaskssuchas le 1/0, saszing andloadingdatasets,setting
up a generalpurposeGUI (Figure 10), acquiring CFD grids and
simulationdataetc. Theseareoftentaskswhich a researchemust
dedicatetime towardsin orderto build agoodprototype.

Naturally there are also disadwantagedo integrating researclre-
lated softwareinto a large industrylevel system. Sincelarge sys-
temscanbe composedf thousand®of les andclassesthetime
takento learnandunderstandhe softwarewell enoughto addnew
modulesis longer Common,daily developertasksalso require
moretime for the developerof alarge system.Compilingtheentire
CFDwork o w managerequiresmorethanonehour Simplyload-
ing the projectsourceinto main memoryover a network cantake
veto tenminutes.

Plusthereis alsooverheadfrom testing. The softwareis usedby

morepeople henceit shouldbe morestable.Featuresnustbero-

bust enoughto analyzea very wide variety of datasets,not just
two or threedatasetscarefully selectedby the researcher How-

ever, coupleddirectly with this is an adwvantage:the large number
of datasetsthatrequireexplorationandanalysisforce the software
engineeto write algorithmswhich arerobustandef cient.

With respecto interaction,mary of our visualizationfeaturesare
interactize. Ouranimatedstreamlinesichieze real-timeframerates.
In texture-basedo w visualization,ISA and IBFVS are amongst
the rst texture-basedo w visualizationalgorithmsto achieve in-

teractve frame ratesfor surfaces. Of course,when the dataset
sizesgrow big enough,interactvity becomesproblematic. Also,

our streamlinentegrationprocesss not interactve for large num-

bersof streamlinespnly the renderingphase. Platformindepen-
denceis achieredthroughthe useof platformindependeniibraries.
To ourknowledge,OpenGLis the only widely supportedplatform

independengraphicdibrary. Mostof our featuregely on OpenGL
1.1. Also, weusethe Fox windowing toolkit (www.fox-toolkit.org)

in orderto achieve platformindependencewith respecto the user
interface. Fox is an easy-to-learrGUI library suitablefor CFD

applications.Fox wasthe programmindibrary of choice(asop-

posedo otherlibrarieslike the VTK [Kit ], Amira [TGS], or AVS

ExpresgAdv ]) for multiple reasondncluding: (1) it is platform

independent(2) it is opensource,(3) it is developedspeci cally

for commercialCFD applications. As suchit wasan appropriate
choice.

In termsof versatility, ourtools,having beenincorporatednto com-
mercial software, mustundego more testingby more usersthan
typical researciprototypes Ourfeatureshave beenusedto explore
andvisualizeon a wide rangeof datasetswith both staticanddy-
namicgeometry Oneimportantaspecbf the designis a complete
rangeof usercontrol. It is importantto provide the userwith con-
trol overthevisualizationparameter@ orderto meettheversatility
andrangeof datasets. The developersimply cannotpredictall of
the modelsandtheir respectre featureso which the visualization

1For supplementaryhigh resolutionimages pleasevisit:
http://iwww.VRVis.at/scivis/design/



Figure9: Visualizationof tumblemotionusingacombinatiorof severalvisualizationoptionsincluding: color-mapping slicing, texture-based
o w visualization jsosurficing,andstreamlineseededvith multiple seedingplanes.

techniquesvill beapplied.

Our rangeof tools alsoincludesthosethat addresghe perceptual
challengesn 3D visualization. Thesetoolsincludethe streamrun-
ner[Laramee2002],streamcomet@ndvariableresolutionstream-
line seedingplane [Larameeet al. 2004c]. However, applying
texture-basedo w visualizationtechniquego true3D o w still re-
mainsanunsohed problemin this context.

7 Conclusion

We have presentethedesignandimplementatiorof researchased
software modulesintegratedwithin a larger, industrylevel visual-
ization system. We have discussedur designdecisionsand the
associatednotivation for thosedecisions. And althoughwe have
focusedon ow visualizationspeci ¢ software, we believe the
principlesoutlined herecan be appliedin a more generalway to
othersimilar projects. The resultof incorporatingresearchelated
softwareinto a large systembringsboth advantagesanddisadwan-
tages.Bene ts includearich visualizationfeaturesetandrobust-
nesswhile disadwantagednclude all thosetasksinherentin com-
mercial software developmentsuchas a steeplearningcurve and
large projectmaintenance.
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