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Abstract

Usually, researchrelatedsoftwareconsistsof individual, isolated
prototypesbecauseresearchersare interestedin a small proof-of-
conceptapplicationfor demonstration.Herewe presentsoftware
developedfor researchpurposes,but which hasbeenincludedinto
a larger, commercialvisualizationsystem.We describethedesign
and implementationof a �o w visualizationsubsystemwithin the
framework of a softwarepackagecapableof modeling,simulation,
andvisualizationof CFD simulationdata. Our �o w visualization
subsystemprovidesseveralresearchrelatedgeometricandtexture-
basedvisualizationtechniques.As a result,weareableto combine
visualizationoptionsin new waysthat typical researchprototypes
cannot.Herewe describesomeof our designandimplementation
decisionsandoutlinetheresultingadvantagesanddisadvantages.
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1 Intro duction

Demandfor visualizationsolutionsfor CFD simulationdatahas
grown rapidly in thelastdecade.This is due,in part,by theinterest
of manufacturesin minimizing the time taken for their production
cycle. Thisobjective is realizedwith theuseof CFDsoftwaretools
to analyzedesigndecisionsbeforeconstructingreal,heavy-weight
objects.CFDsoftwarecanbestructuredaccordingto thethreeprin-
ciplestagestypicalof enginecomponentdesign:

1. modeling: startingwith amodelgeneratedby computeraided
design(CAD) software,a 3D unstructuredmeshis generated
consistingof smallvolumetriccells

2. simulation: giventhe3D meshanda setof initial conditions,
asimulationof �o w throughthemodelis computed

3. visualization: theresultsof thesimulationareexplored,ana-
lyzed,andpresentedwith avarietyof visualizationtools
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Figure1: The CFD processis iterative andcanbe pipelinedinto
modeling, simulation, and visualizationstages. Roundedboxes
representinput/outputdatawhile processingstagesaredepictedas
rectangles.

Theprocessis iterative,asillustratedin Figure1. Thevisualization
processofteneitherveri�es or con�icts theresultsexpectedby the
engineerandmayinstigatechangesto themodeldesign.

We performedtheresearchandimplementedresearchsoftwarein-
sideof a large commercialsoftwarepackagewhosejob is to per-
form thosetasksconveyed in Figure 1. The result is a system
which is further integratedthantypical researchprototypes.Typ-
ical researchsoftwareconsistsof stand-aloneprototypesfor proof-
of-conceptonly. As aresultof our integratedsystem,weenablethe
possibility to combinemultiple visualizationoptionswith onean-
other. Incorporatingresearchfeaturesinto largersystemshasboth
bene�cial andnon-bene�cialconsequences.We discussboth the
advantagesanddisadvantagesof suchanapproach.

We focus on the designand implementationof the visualization
subsystemshown on the right of Figure1. More speci�cally, we
focus on thosesoftware componentsthat provide geometricand
texture-based�o w visualizationresults. We describeseveral as-
pectsrelatedto thedesignandimplementationof our �o w visual-
izationsoftwaremodulesaswell asthosefactorsthatmotivatedour
decisions.

Therestof this paperis organizedasfollows: Section2 describes
thethreeclassesof �o w visualizationtechniquesthatform thebasis
of design.Section3 outlinestheuserrequirementsandgoalsof the
visualizationsoftware.Section4 presentstheoverall designof the
visualizationsystemwhile Section5 detailstheimplementationand
designof our �o w visualizationsoftwaremodules.Section6 eval-
uatessomeaspectsof ourdesignandimplementationanddiscusses
someadvantagesanddisadvantagesof ourwork.

2 Flow Visualization Classi�cation

Three different approachesare widely used in �o w visualiza-
tion [Postetal. 2002]:

Direct�ow visualization: Thiscategoryof techniquesusesatrans-
lation that is as straightforward as possiblefor representing�o w



datain theresultingvisualization.Theresultis anoverallpictureof
the�o w. Commonapproachesaredrawing arrows or color coding
velocity.

Geometric�ow visualization: Theseapproachesoften �rst inte-
gratethe�o w dataandusegeometricobjectsin theresultingvisu-
alization.Theobjectshaveageometrythatre�ects thepropertiesof
the�o w. Examplesincludestreamlines,streaklines,andtimelines.
Not all geometricobjectsarebasedon integration. Anotheruseful
geometricapproachis generatingisosurfaces,e.g.,with respectto
anisovalueof pressureor magnitudeof velocity. A morethorough
descriptionof geometrictechniquesis presentedby Postetal. [Post
etal. 2002]

Dense, texture-based�ow visualization: A textureis computedthat
is usedto generatea denserepresentationof the �o w. A notionof
wherethe�o w travelsis conveyedthroughco-relatedtexturevalues
alongthevector�eld. In mostcasesthis effect is achievedthrough
�ltering of texelsaccordingto thelocal �o w vector. Texture-based
methodsoffer adenserepresentationof the�o w with completecov-
erageof the vector �eld. Examplesinclude ImageBasedFlow
Visualization(IBFV) [van Wijk 2002] and ImageSpaceAdvec-
tion (ISA) [Larameeet al. 2004b],which cangenerateboth Spot
Noise [van Wijk 1991] and LIC-lik e [Cabral and Leedom1993]
imagery. We notethata full comparisonof texture-based�o w vi-
sualizationtechniquesis beyond thescopeof this paper[Laramee
etal. 2004a].

Thefocusof thispaperis onthedesignandimplementationof soft-
warefor thegeometricandtexture-basedcategory of visualization
optionsprovidedby oursoftware.

3 System Requirements and Goals

The VRVis researchcentercollaborateswith AVL (www.avl.com) in
order to provide �o w visualizationsolutionsfor analysisof their
CFD simulationresultdata.AVL's own engineersaswell asengi-
neersatindustryaf�liates use�o w visualizationsoftwareto analyze
andevaluatethe resultsof their automotive designandsimulation
on a daily basis. The analysisof an engineerincludestaskssuch
assearchingfor areasof extremepressure,looking for symmetries
in the�o w, searchingfor critical points,andcomparingsimulation
resultswith previoussimulationresultsandwith measured,exper-
imental results. As such,AVL engineer's have the following re-
quirements:

Interaction: Onepervadingmessagewehearconsistentlyis that
usersareinterestedin moreinteractive control of the �o w visual-
ization results–aclassicthemein the realmof scienti�c visualiza-
tion [HibbardandSantek1989]. Usersgenerallywantfeedbackas
soonaspossibleaftermodifying visualizationparameters.Interac-
tion is essentialin theengineer's designprocess.Engineersaswell
as usersfrom other disciplinesare interestedin having a collec-
tion of user-optionsandparametersthat allow themto ful�ll their
individual goals,whethertheir goalsareexploration,analysis,or
presentation.Interactive tools facilitatean iterative visualanalysis
andexplorationprocessi.e., an environmentin which the useris
ableto make rapiddecisionsandre�nementbasedon visualization
results.

Platfo rm Independence: Despitethepopularityof researchre-
latingto programmablegraphicshardware,oursoftwaredesignand

Figure2: The CFD simulationgrid of an intake port. This image
illustratestheversatilityof a typical,unstructured,CFD simulation
grid.

Figure 3: A close-upview of the intake ports in the sameCFD
simulationgrid asshown in Figure2. Themeshcontainsmultiple,
adaptive resolutionlevelsof unstructuredgrid cells.

implementationmust maintainplatform independence.Our soft-
waremust function for differentuserson a wide variety of oper-
ating systemsincluding: Linux, HP-UX, SGI, IBM AIX, UNIX,
andothers.Thus,algorithmsor softwareboundto aspeci�c graph-
ics cardarenot welcomecandidatesfor inclusion in this system.
Platformindependenceincludesnot only hardwareindependence,
but softwareindependenceaswell. Thatis why all of our software
usesonly platformindependentsoftwarelibrariessuchasthewell
establishedOpenGLstandard.

Support for a Wide Range of Simulation Data Sets: AVL
analyzesa large,variedcollectionof datasetsrangingfrom small
geometriessuchassmall �uid conduitsto mid-rangesizegeome-
triessuchascoolingjackets,to largegeometriessuchasautomotive
exteriors. Thegeometricsizesof thesegridsdiffer by six or more
ordersof magnitudeaswell asthesizesof theunderlyingpolygons.
Hence,the toolsusedto visualizethesimulationresultsalsoneed
to spanthis rangeof sizes.
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Figure4: A schematicof thedesignof thevisualizationsysteminto which we incorporatedour researchrelatedsoftware. Only themajor
subsystemsareillustrated.

Support for Versatile CFD Grids: Another reasonthe users
requestmoreinteractioncontrolover thevisualizationresultsis be-
causeCFDmeshesembraceawidevarietyof components,features,
andlevelsof resolution.To illustratethis idea,we look at Figure2
showing two intake ports. 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 connecting
pipesin the middle, (3+4) andtwo levels of resolutionfor the in-
takeport components.Whenwe look closer(Figure3) we �nd � ve
adaptive levelsof resolution:(a) two levelsfor thetop of theports,
(b) approximatelythesametwo levelsof detailplusanaddedlayer
of �ner resolutiongrid cells for a few of theringsaroundthebase
of the ports. Facetsin the �o w source(Figure2 left) areapprox-
imately1000–2000timeslarger thanthe �nest resolutionfacetsat
thebaseof theintakeports.

Tools that Address the Perceptual Challenges in 3D Flow
Visualization: Flow visualizationon boundarysurfacesand in
3D presentsadditional perceptualchallengessuch as occlusion,
lack of directionalcues,lack of depthcues,andvisual complex-
ity. Almost all of theCFD simulationmodelsat AVL areunstruc-
turedandthreedimensional.Althoughengineersoftenuse2D cuts
throughthe 3D meshesduring their analysis,thereis a strongin-
terestin 3D andboundarysurfacevisualizationtechniquesthatad-
dresstheperceptualproblemsmentionedabove. Wealsoknow that
thereis strongevidenceto supportthe notion that usersacquirea
betterunderstandingof 3D datasetsusing3D visualizationtech-
niquesasopposedto 2D visualizationtechniques[WareandFranck
1996].

4 Visualization System Design

The visualizationsoftwaremoduleswe develop are includedin a
productcalledIMPRESS. IMPRESS is partof alargerpackagecalled
CFDWM (TheCFD Work�o w Manager)that includesthemodel-
ing and simulationmodules. In this section,our focus is on the

visualizationsystemshown in greatercontext in Figure 1 and in
moredetail in Figure4.

CFDWM is alargeproject,currentlyover4,000�les. Thus,werely
on object-orientedmethodologyin orderto designandincorporate
our�o w visualizationfeatures.In modern,object-orientedsoftware
development,moretime is spenton softwaredesign[Wirfs-Brock
et al. 1990] in orderto make softwaremorerobust, increasecode
re-use,facilitatemaintenance,andmake it easierto extend. The
designof oursoftwareis basedonobject-orientedmethodology.

Thedesignof ourvisualizationsystem,usingthenotationof Wirfs-
Brocketal. [Wirfs-Brocketal. 1990]is shown in Figure4. A semi-
circle with anarrow pointingto it representsa contract.A contract
is a subsystemor classinterfacewith otherclassesor subsystems.
It representsthesetof servicesthata subsystemor classprovides.
Figure4 illustratesthe differentsubsystemsandthe relationships
they havewith oneanother.

The Graphical User Interface subsystemis responsiblefor pre-
sentingall of theuseroptionsandassociatedeventstriggeredby the
user. The3D Viewer subsystemis responsiblefor all of therender-
ing, includingpoint, polyline, triangle,quad,andpolygonalprim-
itives. The implementationof the3D viewer is basedon OpenGL
for its platform independence.The Mesh Manager containsthe
unstructuredCFDmesh.It is responsiblefor generatingslices,sur-
facerepresentations,andvolumerepresentations.TheMesh Man-
agerhasacloserelationshipwith theSimulation ResultManager
which storesthe CFD simulationdataattributessuchastempera-
ture,pressure,�o w velocityetc.

In thenext section,wedescribetwo subsystemsin moredetail: the
GeometricFlow Visualization SubsystemandtheTexture-Based
Flow Visualization Subsystem. This is wherethemajority of our
researchrelateddevelopmentwasdone.Thesetwo subsystems,like
theothers,arecomposedof a fairly complex setof classesandas-
sociatedresponsibilities.



User Specified 

Integration
Streamline 

Rendering

Mesh Topology
Computation

Generation
Seed

CFD Mesh 

Simulation
Data

Positions
Initial

Object
Geometry

Parameters

Streamline

Figure5: Theprocessingpipelinefor thegeometric�o w visualiza-
tion subsystem.

5 Subsystem Design and Implementation

Here we detail how our researchsoftware was integratedinto a
largervisualizationsystem.Our implementationinheritsbothben-
e�ts andnon-bene�cialaspectsof the larger visualizationsystem.
It is hereweputourdesignprinciplesinto actualpractice.

5.1 The Geometric Flow Visualization Subsystem

Figure5 illustratesthe main processingpipelineof the geometric
�o w visualizationsubsystem.Theinputandoutputdatais shown in
rectangleswith roundedcornersandprocessesareshown in boxes.
Note that this designand implementationsubsystemfocuseson
geometricobjectssuchas streamlineswhich require integration.
Othergeometricobjectssuchasisosurfacesarehandledby another
subsystem.

5.1.1 The Geometric Flow Visualization Process

Themaininput to thisprocessis theCFDmeshandassociatedvec-
tor �eld data. Sincethemeshis unstructuredandadaptive resolu-
tion, themeshadjacency informationis computedasa preprocess-
ing step. After theuserspeci�estheir input requirements,suchas
thepositionof theseedingrakeor planeandcolor-mappingparam-
eters,thepipelinefollowsthatof thestandardstreamlinegeneration
process.The3D seedingprocessis interactive. This relatesbackto
our requirementof interaction.Engineersrequireexplicit seeding
controlin orderto visualizeor highlightspeci�c subsetsof the�o w.
And the subsetsof the �o w in which the engineersare interested
cannotalwaysbefoundbeforehandanddetectedautomatically.

The seedingprocessinvolves a grid cell searchingphase. The
streamlinesarethenintegratedusinganEulerintegratorwith small
stepsizesfor smallergrid cellsasthedefault. Theresultingintegral
pathsarestoredandhandedoff to thestreamlinerenderer. Notethat
anobjectorienteddesignlike thatshown in Figure5 allows higher
order integratorssuchasa secondorderRunge-Kutta [Conteand
deBoor 1980] to beincorporatedinto thepipelinewith little to no
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Figure6: Theclasshierarchy of streamlineandgeometric�o w vi-
sualizationoptions.UML notationis used.

alterationof theotherclasses.Theability to swapfunctionalcom-
ponentswith oneanotheris animportantpartof big systemdesign.

5.1.2 Geometric Flow Visualization Design

Figure6 shows our streamlinerenderingoptionsdisplayedin the
classhierarchy in whichthey weredesignedandimplemented.The
hierarchy, following UML notation[Fowler 2003], illustratesthe
is-kind-of relationshipbetweenrenderingclasses.At thetopof the
hierarchy we have anabstractbase,StreamlineRenderer thatde-
scribesthe behavior andcontainsthe interfacethat all streamline
renderingobjectsimplement.Animated,shaded,orientedstream-
lines, andstreamcometsall relateback to our requirementof de-
veloping tools that addressthe perceptualchallengesin 3D �o w
visualizationsincethey areall targetedat3D �o w.

Of courseone advantageto this type of designis that behavior
addedto the parentclassesare inherited by all of the children.
Thusaddingfeaturessucha streamrunner[Laramee2002], color-
mapping,andanti-aliasingcanbe inheritedby child classeswho,
in many cases,mayautomaticallypick up thenew features.Also,
addingnew renderingfeaturesonly requiresafew linesof new code
to bewritten sincewe only have to overridethe rendermethodof
a parentclass.We notealso,that thestreamlinecomputation,e.g.,
EulerandRunge-Kuttaintegratorson2D slices,2.5Dsurfaces,and
3D meshes,arecompletelyseparatefrom therenderingsubsystem.
Henceany renderingoptioncanbeassociatedwith any integration
result.

5.2 The Texture-Based Flow Visualization Subsys-
tem

The texture-based�o w visualizationsubsystemis wherethe most
researchrelated software developmenttook place. Three new,
closelyrelatedalgorithmswereimplemented,namelyImage-Based
Flow Visualization(IBFV) [vanWijk 2002], ImageSpaceAdvec-
tion (ISA) [Larameeetal. 2003],andImageBasedFlow Visualiza-
tion for CurvedSurfaces(IBFVS) [Larameeetal. 2004b].TheISA
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Figure7: Theprocessingpipelineof thetexture-based�o w visualizationsubsystem.

andIBFVS algorithmswereimplementedwithin thesamesoftware
packagein orderto comparethemwith 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 advecting textureson surfacesby
con�ning theadvectionof texturepropertiesto imagespace.After
a projectionto imagespacephase,a seriesof texturesaremapped,
blended,andadvected. The ISA methodfor visualizationof �o w
onsurfacesis comprisedof thefollowing procedure(Figure7, left):
(1) project the vector �eld to the imageplane,(2) detectgeomet-
ric edgediscontinuities,(3) computeadvectedtexturecoordinates,
(4) advect the image,(5) inject andblend in noise,(6) blendad-
ditional noisealonggeometricedgediscontinuities,and(7) apply
shadingandotheradditionalgraphics.TheIBFVS methodis very
similar, theessentialdifferencebeingthatadvectedtexturecoordi-
natesarecomputedin objectspaceratherthanimagespace.Steps
1-7 of the pipeline are necessaryfor the dynamiccasesof time-
dependentgeometry, rotation,translation,andscaling,andonly a
subsetis neededfor thestaticcases(steps4-7)involvingnochanges
to theview-point andsteady-state�o w. Eachstageis describedin
moredetail in previousresearch[Larameeetal. 2004b].

In orderto speedup thecomputationtime of advectingtextureson
surfaces,texture coordinatesarecomputedin imagespacerather
than 3D. The result is that someportionsof the algorithmstake
placein imagespaceandsomein objectspace.Thoseoperations
which take placein imagespacearenotatedwith an i in Figure7,
similarly ano for thoseoperationstakingplacein objectspace.In
somepipelinemodules,like theISA vector�eld projection,a tran-
sition takesbetweenobjectspaceandimagespace.This is notated
with o � ! i. Which stagesof the respective pipelinestake place
in imagespaceandobjectspaceidentify the essentialdifferences
betweenthealgorithms,sinceconceptuallythey sharemany over-
lappingcomponents.

Anotherpropertythatmakesthesealgorithmsfasterthanprevious
relatedwork is thatthestagesof thepipelineshown in Figure7 map
well to graphicscardhardware.However, ratherthandependingon
aspeci�c typegraphicscard,thesealgorithmsexploit only standard
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featuresofferedby graphicscardsthat supportOpenGL1.1, thus
makingthemfastacrossavarietyof platforms.

5.2.2 Texture-Based Flow Visualization Design

Figure 8 shows the classrelationshipbetweenthe major compo-
nentsof the texture-based�o w visualizationsubsystem,again us-
ing UML notation. However, ratherthanshowing is-kind-of rela-
tionshipsasin Figure6 we show composition, a variety of aggre-
gation. With composition,thepartobjectmaybelongto only one
whole,further, thepartsareusuallyexpectedto liveanddiewith the
whole[Fowler2003].Forexample,theTextureStackobjectis part



of theTexture-BasedFlow Visualizer objectandtherelationship
is one-to-one.Furthermore,an instanceof Texture Stack maybe
in aninstanceof Texture-BasedFlow Visualizer but not theother
wayaround.This is indicatedby theblackdiamondshapearrow. It
is in factpossibleto createmultiple instancesof the texture-based
�o w visualizer, just like it is possibleto createmorethanonein-
stanceof aviewer. However, thismayresultin aperformancehit as
multiple instancesof theseclassescompetefor hardwareresources.

Herewe outline the major componentsthat make up the texture-
based�o w visualization subsystemshown in Figure 8. The
Texture-BasedFlow Visualizer is theclasswith themostresponsi-
bility, namelythatof coordinatingpipelinesin Figure7 of boththe
ISA andIBFVS algorithms[Larameeet al. 2004b]. TheOpenGL
3D Viewer classis responsiblefor generalrenderingof primitives
suchaspoints,lines,andpolygons.TheTexture Stack is respon-
sible for managinga stackof textures. This stackcanbe usedto
implementthe injection andblendingof 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 notethat texturesarealsoan object
in OpenGL1.1. A Velocity Image is responsiblefor the vector
�eld projection,the�rst stepin theISA pipelineof Figure7 which
simpli�es thecomputationfrom 3D to 2D. TheDepth Buffer ob-
ject storesa copy of theOpenGLdepthbuffer. This informationis
usedin the edgedetectionandblendingprocessin the ISA algo-
rithm [Larameeetal. 2003]. IBFV, ISA, andIBFVS canall include
Dye Injector functionality. Therepresentationof thedyeinjection
designhasbeensimpli�ed here.In fact it is its own subsystemin-
cluding a hierarchy of Dye Source objects.The Image OverLay
includesperceptualinformationsuchasshadinganddepthcuesand
is the �nal stageof both ISA andIBFVS. Here,we usea separate
objectfor this job.

Laying out theresponsibilitiesin this way facilitatesimprovement.
Immediatelywecanseeoneareaof improvementwouldbeto split
up theresponsibilitiesof theTexture-BasedFlow Visualizer into
two separateclasses,onefor only theISA pipelineandanotherfor
IBFVS, perhapswith a commonbaseclass. Figures6 and8 are
simpli�ed representationsof theoverall design.They leave out the
classesresponsiblefor the userinterfaceandit' s associatedevent
handlers.A designprocessis essentialfor producingstablesoft-
warethat is robustenoughto meettherequirementsof a commer-
cial gradeapplication.

Our commercialsystemtargetsmany differenthardwarearchitec-
tures. As we know, hardwareevolvesrapidly, especiallygraphics
hardware.Therangeof hardwareourapplicationtargetsalsospans
several years,includingsystemsthataremorethan� ve yearsold.
This is one reasonwe have given usersinteractive control of the
amountof texture-memoryusedby the texture-based�o w visual-
izer. Userswith old systemsmaysetthecontrolsto uselesstexture
memoryfor fasterperformancealso trading off quality, or more
texturememoryfor userswith moderngraphicscardsandplentyof
texturememory.

6 Discussion and Evaluation

After presentingthe designand implementationof our geometric
andtexture-based�o w visualizationsub-systems,we now discuss
theadvantagesanddisadvantagesof implementingtheminto anin-
tegratedsystemandevaluatethemodulesagainsttherequirements
andgoalsspeci�edin Section3.

A big advantageof integratingtheresearchrelatedsubsystemsinto
a largercommercialsystemis theability to combinevisualization

options.Figure9 shows thevisualizationof tumble�o w [Laramee
et al. 2004c]usinga combinationof texture-based�o w visualiza-
tion, color-mapping,streamlinesseededwith two seedingplanes,
andacolor-mappedpressureisosurface1. Figure10shows ourap-
plication including theuserinterfacecomponents.It is unusualto
have this many visualizationoptionscombinedinto a commercial
softwarepackage,andevenmorerarein a researchprototype.Pro-
viding engineersandotheruserswith a wide variety of optionsis
helpful becauseeachtechniquehasa uniquesetof advantagesand
disadvantages,e.g.,sometechniquesarebettersuitedfor 3D visual-
izationthanothers.Anotheradvantageof abig projectis thatmuch
functionalityhasalreadyimplemented,especiallytheroutineengi-
neeringtaskssuchas�le I/O, saving andloadingdatasets,setting
up a generalpurposeGUI (Figure 10), acquiringCFD grids and
simulationdataetc. Theseareoftentaskswhich a researchermust
dedicatetime towardsin orderto build agoodprototype.

Naturally thereare also disadvantagesto integrating researchre-
latedsoftwareinto a large industrylevel system.Sincelarge sys-
temscanbe composedof thousandsof �les andclasses,the time
takento learnandunderstandthesoftwarewell enoughto addnew
modulesis longer. Common,daily developer tasksalso require
moretimefor thedeveloperof a largesystem.Compilingtheentire
CFDwork�o w managerrequiresmorethanonehour. Simply load-
ing the projectsourceinto main memoryover a network cantake
� ve to tenminutes.

Plusthereis alsooverheadfrom testing. The softwareis usedby
morepeople,henceit shouldbemorestable.Featuresmustbero-
bust enoughto analyzea very wide variety of datasets,not just
two or threedatasetscarefully selectedby the researcher. How-
ever, coupleddirectly with this is an advantage:the large number
of datasetsthatrequireexplorationandanalysisforcethesoftware
engineerto write algorithmswhicharerobustandef�cient.

With respectto interaction,many of our visualizationfeaturesare
interactive. Ouranimatedstreamlinesachievereal-timeframerates.
In texture-based�o w visualization,ISA and IBFVS are amongst
the �rst texture-based�o w visualizationalgorithmsto achieve in-
teractive frame ratesfor surfaces. Of course,when the dataset
sizesgrow big enough,interactivity becomesproblematic. Also,
our streamlineintegrationprocessis not interactive for largenum-
bersof streamlines,only the renderingphase.Platform indepen-
denceis achievedthroughtheuseof platformindependentlibraries.
To ourknowledge,OpenGLis theonly widely supported,platform
independentgraphicslibrary. Mostof our featuresrely onOpenGL
1.1.Also,weusetheFOX windowing toolkit (www.fox-toolkit.org)
in orderto achieve platformindependencewith respectto theuser
interface. FOX is an easy-to-learnGUI library suitablefor CFD
applications.FOX wasthe programminglibrary of choice(asop-
posedto otherlibrarieslike theVTK [Kit ], Amira [TGS ], or AVS
Express[Adv ]) for multiple reasonsincluding: (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,havingbeenincorporatedintocom-
mercial software, must undergo more testingby more usersthan
typical researchprototypes.Our featureshavebeenusedto explore
andvisualizeon a wide rangeof datasetswith bothstaticanddy-
namicgeometry. Oneimportantaspectof thedesignis a complete
rangeof usercontrol. It is importantto provide theuserwith con-
trol overthevisualizationparametersin orderto meettheversatility
andrangeof datasets.Thedevelopersimply cannotpredictall of
themodelsandtheir respective featuresto which thevisualization

1For supplementary, high resolutionimages,pleasevisit:
http://www.VRVis.at/scivis/design/



Figure9: Visualizationof tumblemotionusingacombinationof severalvisualizationoptionsincluding:color-mapping,slicing,texture-based
�o w visualization,isosurfacing,andstreamlinesseededwith multipleseedingplanes.

techniqueswill beapplied.

Our rangeof tools alsoincludesthosethat addressthe perceptual
challengesin 3D visualization.Thesetools includethestreamrun-
ner[Laramee2002],streamcomets,andvariableresolutionstream-
line seedingplane [Larameeet al. 2004c]. However, applying
texture-based�o w visualizationtechniquesto true3D �o w still re-
mainsanunsolvedproblemin thiscontext.

7 Conclusion

Wehavepresentedthedesignandimplementationof researchbased
softwaremodulesintegratedwithin a larger, industrylevel visual-
ization system. We have discussedour designdecisionsand the
associatedmotivation for thosedecisions.And althoughwe have
focusedon �o w visualizationspeci�c software, we believe the
principlesoutlinedherecanbe appliedin a moregeneralway to
othersimilar projects.Theresultof incorporatingresearchrelated
softwareinto a largesystembringsbothadvantagesanddisadvan-
tages.Bene�ts includea rich visualizationfeaturesetandrobust-
nesswhile disadvantagesincludeall thosetasksinherentin com-
mercialsoftwaredevelopmentsuchasa steeplearningcurve and
largeprojectmaintenance.
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