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Abstract
Isosurfacing, by itself, is a commonvisualizationtechniquefor investigating3D vector�elds. Applyingtexture-
based�ow visualizationtechniquesto isosurfacesprovidesengineers with even more insight into the charac-
teristicsof 3D vector �elds. We apply a methodfor producingdense, texture-basedrepresentationsof �ow on
isosurfaces.It combinestwowell knowscienti�c visualizationtechniques,namelyiso-surfacingandtexture-based
�ow visualization,into a usefulhybrid approach. Themethodis fast and can generate denserepresentationsof
�ow on isosurfaceswith high spatio-temporal correlationat 60 framesper second.Themethodis appliedin the
context of CFD simulationdata,namely, theinvestigationof a commonswirl �ow patternandthevisualizationof
blood�ow.

CategoriesandSubjectDescriptors(accordingto ACM CCS): I.3.3[ComputerGraphics]:Picture/ImageGeneration;
I.3.7 [ComputerGraphics]Three-DimensionalGraphicsand Realism–Color, shading,shadowing, and texture;
[SimulationandModeling]:SimulationOutputAnalysis

1. Intr oduction

At theVRVis ResearchCenterwe collaboratewith AVL in
orderto provide visualizationsolutionsfor analysisof their
CFDsimulationresultdata.AVL (www.avl.com ) is aninter-
nationallyrecognizedleaderin providing automotivedesign
andCFD simulationsolutionsto its partnersin theautomo-
tive industry. AVL's own engineersaswell asengineersat
industryaf�liates usevisualizationsoftwareto analyzeand
evaluatethe resultsof their automotive designandsimula-
tion.

1.1. The Caseof Swirl Flow

For many of theautomotivecomponentsthatundergoevalu-
ation,thereis an idealpatternof �o w theengineersaretry-
ing to create.Figure1 illustratesthe swirl motion of �uid
�o w in acombustionchamberfrom adieselengine.In order
to generateswirl motion,�uid entersthecombustioncham-
ber from the intake ports.Later on in the enginecycle, the
kinetic energy associatedwith this swirl motion is usedto
generateturbulencefor mixingof freshoxygeninto the�uid.
Themoreturbulencegenerated,thebetterthemixtureof air
anddieselfuel,andthusthebetterthecombustionitself. Ide-
ally, enoughturbulentmixing is generatedsuchthat100%of
thefuel is burned.

Intake Ports

Figure 1: The swirling motion of �ow in the combustion
chamberof a dieselengine(sideview). Theintake ports at
the top provide the tangential componentof the �ow neces-
saryfor swirl.

Sinceit is theswirling �o w thatis usedto generateturbu-
lence,theswirl shouldbemaximizedin orderto maximize
turbulence.Fromthepoint of view of themechanicalengi-
neersdesigningthe intake ports,increasedswirl �o w leads
tosomebene�cialconditions:(1) improvedmixtureprepara-
tion, .i.e.,morefuel contactwith oxygen,(2) a higherEGR
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(ExhaustGasRatio) which meansa decreaseof fuel con-
sumption,and(3) loweremissions.However, toomuchswirl
displacesthe�ame usedto ignitethefuel.As such,abalance
mustbeachievedbetween(1) generatingenoughswirl �o w
in orderto createturbulenceand(2) notdisplacingthe�ame
usedto ignite the�o w.

Someroutinequestionsthat a mechanicalengineermay
askwheninvestigatingswirl �o w are:(1) Canvisualization
provide insight into or verify the characteristicshape(s)or
behavior of the �o w? (2) What tool(s) can help to visual-
ize theswirl �o w pattern?and(3) Wherein thecombustion
chamberis theswirl �o w patternnot beingmet?

1.2. Isosurfaces

Engineersoftenstartananalysisof CFDsimulationdataus-
ing techniquesto visualizethe�o w at thesurfacein orderto
geta �rst impressionof thesimulationresults.Thenext log-
ical stepis to investigatethepropertiesof the�o w insidethe
volume.Two-dimensionalslicesarecommonlyused,but vi-
sualizing3D characteristicsof the�o w likeswirl canbedif-
�cult with 2D slices.Engineersare interestedin visualiza-
tion techniquesthat provide insight into the spatialdimen-
sionorthogonalto thesliceaswell.

Isosurfacesarea visualizationtool usedroutinelyby me-
chanicalengineersto investigate the propertiesof the �o w
insidea3D volume.Theshapeof anisosurfacecangive the
engineerinsight into its 3D characteristics.Onereasonen-
gineersuseisosurfaces,as opposedto say streamsurfaces,
is becausethey aresocommon.They feel very comfortable
with isosurfacesbecause,like isolines,they arevery famil-
iar. We even seeisolinesin our daily weatherreports.The
mechanicalengineerswe spoke to arenot as familiar with
thenotionof astreamsurfaceandevenlessits interpretation.

Figure2 shows an isosurfacein thecombustionchamber
of thedatasetin Figure1.Theengineercanseethatthe�o w
hassomeof theswirling orientationthatthey arelookingfor.
However, whatis missingfrom Figure2 is aclearindication
of �o w direction,e.g.,theupstreamanddownstreamnature
of the �o w. In particular, it is not obvious wherethe �o w
doesnot follow the ideal swirl patternthat the combustion
chambershouldencapsulate.

1.3. Applying Texture-BasedFlow Visualization

Applying texture-based�o w visualization techniquesto
suchisosurfacesprovidesengineerseven moreinsight into
thecharacteristicsof 3D vector�elds. And this hasbecome
a feasibleoption only recently. We apply the methodof
Larameeet al. [6] for producingdense,texture-basedrep-
resentationsof �o w on isosurfaces.The result is a combi-
nationof two well know scienti�c visualizationtechniques,
namelyiso-surfacing and texture-based�o w visualization,
into a usefulhybrid approach.Our applicationis a versatile
visualizationtechniquewith thefollowing characteristics:

Figure 2: The swirling motion of �ow in the combustion
chamberof a dieselengine(sideview) as illustratedby an
isosurface. This is a velocityisosurfacewith an isovalueof
5.0m/s.AnyCFD attributecanbemappedto hue.

� generatesadenserepresentationof �o w onadaptive reso-
lution isosurfaces

� visualizes�o w oncomplex isosurfacescomposedof poly-
gonswhosenumberis on theorderof 200,000or more

� visualizes�o w independentof theisosurfacemesh'scom-
plexity andresolution

� supportsuser-interactionsuchasrotation,translation,and
zoomingalwaysmaintaininga constant,high spatialres-
olution

� producesfast animations,realizing up to 60 framesper
second

The performanceis due, amongother reasons,to the ex-
ploitation of graphicshardware featuresand utilization of
frame-to-framecoherency. Wenotethatthemethodmustbe
applicableto adaptiveresolutionisosurfaceslike thatof Fig-
ure3. Notethatmany of thepolygonsin Figure3 cover less
thanonepixel. Theisosurfacealgorithmusedhereis anex-
tensionof the MarchingCubes[7] andMarchingTetrahe-
dra [13] algorithmsthat takesinto accountmorecell types.
It handlesadaptive resolutionmeshesin the samespirit as
LarameeandBergeron[5].

Therestof thepaperis organizedasfollows: in Section2
we discussrelatedwork, Section3 reviews theresearchthat
the work hereis built upon.Section4 detailstexture-based
�o w visualizationon isosurfacesfrom CFD. Resultsand
conclusions,includingadiscussionof theuserquestions,are
presentedin Section5.
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Figure3: A close-up,wire-frameview of theisosurfacefrom
Figure 2. Thealgorithm we describemustbe applicableto
adaptiveresolutionisosurfacemeshes.

2. RelatedWork

The dense,texture-basedcategory of �uid �o w visualiza-
tion techniquesgenerallystartedout with SpotNoise [14]
andLIC [2]. Themainadvantageof thetexture-basedclass
of algorithmsis their completedepictionof the �o w �eld
while their primary drawback is, in general,the computa-
tional time requiredto producetheresults.

2.1. PreviousWork with Surfaces

Previous researchwith a focus on representationsof the
vector �eld on boundarysurfacesis generallyrestrictedto
steady-state�o w on simple boundarygeometriessuch as
spheres.This is mainlydueto theprohibitive computational
timerequired.An enhancedversionof SpotNoiseis applied
to surfacesby DeLeeuwandVanWijk [3].

Someapproachesarelimited to curvilinearsurfaces.Fors-
sell andCohen[4] extendLIC to curvilinearsurfaceswith
animationtechniquesandaddmagnitudeanddirectionalin-
formation.Stalling[12] providesa helpful overview of LIC
techniquesappliedto surfaces.In particular, a usefulcom-
parisonof parameterizedvs. non-parameterizedsurfacesis
given. However, isosurfaces,like those generatedby the
Marching Cubesalgorithm [7] are not, in general,param-
eterizable.

Battkeetal. [1] describeanextensionof LIC for arbitrary
surfacesin 3D. The methodworks by tessellatinga given
surfacewith triangles.The trianglesare packed (or tiled)
into texture memoryand a local LIC texture is computed
for eachtriangle.Theresultsarelimited to relatively small,
(1,600-4,000polygons)simplesurfacescomposedof equi-
lateraltriangleshowever. Furthermore,thereportedcompu-
tationtimesareon theorderof oneminute.

Mao et al. [8] extend LIC for visualizing a vector �eld
on an arbitrary surface in 3D. The convolution of a 3D
white noiseimage,with �lter kernelsde�ned alongthe lo-
cal streamlines,is performedonly at visible ray-surfacein-
tersections.However, ray tracingis, in general,costly. The
resultspresentedthererequired6 minutesof processingtime
for asurfacemeshcomposedof 10,000triangles.

Our review of the literature [9, 10] indicatesthat only
recentlyhave dense,texture-based�o w visualizationtech-
niqueson surfacesbecomemore feasible.Perhapsthis is
one reasonwhy we have not seenthem appliedto isosur-
faces.Larameeet al. [6] and Van Wijk [15] both present
texture-based�o w visualizationfor boundarysurfaces.In
bothmethods,textureis advectedin thedirectionof the�o w
at fastframerates.Also, bothmethodsaresuitedfor thevi-
sualizationof unsteady�o w onsurfaces.Theapplicationwe
presentherebuildsonthework of Larameeetal. [6]. In what
follows, we describewhy this methodis well suitedfor the
caseof isosurfacesanddiscusshow it canbeuseful.

3. Method Background

In order to understandhow and why we apply texture-
based�o w visualizationto isosurfaces,we brie�y outline
the methodbackground.In brief, the algorithm presented
by Larameeet al. [6] simpli�es the problemby con�ning
theadvectionof texturepropertiesto imagespace.Thesur-
facegeometryis projectedto imagespaceand then a se-
riesof texturesaremapped,blended,andadvected.This or-
der of operationseliminatesportionsof the surfacehidden
from the viewer. In short, the previous methodfor visual-
ization of �o w on surfacesis comprisedof the procedure
depictedschematicallyin Figures4 and5. Eachstepof the
pipeline is necessaryfor the dynamiccasesof changesto
theisovalue,time-dependentgeometry, rotation,translation,
andscaling,andonly a subsetis neededfor thestaticcases
involving nochangesto theview-pointor isovalue.Wecon-
siderthesestagesin brie�y in thesectionsthatfollow. They
aredescribedin moredetail in previousresearch[6].

3.1. Vector Field Projection

Westartwith agivensurfacewith the3Dvelocitydatastored
at the verticesof the polygons.In order to advect texture
propertiesin imagespace,the vector �eld associatedwith
thesurfaceis projectedto theimageplane.Themethodhere
takes advantageof the graphicshardware. A color whose
R, G, and B valuesencodethe x, y, and z componentsof
the local vectorsis assignedto eachvertex of the surface
respectively. The velocity-coloredgeometryis renderedto
theframebuffer. Thetermvelocityimage, Figure5 top, left,
is usedto describetheresultof encodingthevelocityvectors
at the meshverticesinto color values.The velocity image
is interpretedasthe vector �eld andis usedfor the texture
advectionin imagespace.

During the constructionof the velocity image,Gouraud
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Figure 4: Flow diagramof texture-based�ow visualization
oncomplex surfaces-k representstimeasa framenumber.

Figure5: The5 conceptualstages,plusa 6th compositeim-
age, usedfor the visualizationof surface�ow on a ring:
(top, left) the velocity image, (top, middle) the geometric
edge boundaries,(top, right) theadvectedandblendedtex-
tures,(bottom,left) a samplenoiseimage, (bottom,middle)
an image overlay, (bottom,right) the resultof the compos-
ited imageswith anoptionalcolor map.Thegeometricedge
boundariesaredrawnin black for illustration.

Shading,also supportedby the graphicshardware, is en-
abled.Sinceeachvelocity componentis storedas hue at
eachpolygon vertex of the surface,the smoothinterpola-
tion of hueamountsto hardware-assistedvector�eld recon-
struction.Thede-codedvelocityvectorsusedto computethe
advectionmesh(Sec3.2) arethenprojectedontothe image
plane.

3.2. AdvectionMeshComputation and Image
Advection

After theprojectionof thevector�eld themeshusedto ad-
vect thetexturesis computed.A regular, rectilinearmeshis

distortedaccordingto the velocity vectorsstoredat mesh
grid intersections.The distortedmeshverticescanthenbe
computedby backward advectingeachmeshgrid intersec-
tion accordingto a discretizedEuler approximationof a
pathline,p,

pk� 1 = pk � vp(pk� 1; t) Dt (1)

wherevp representsa magnitudeanddirectionafterprojec-
tion to the imageplaneand k representstime as a frame
number. In this casethe texture coordinateslocatedat the
backwarddistortedmeshpositionsaremappedto the regu-
lar, rectilinearmeshvertices.

3.3. EdgeDetectionand Blending

While many advantagesaregainedby decouplingtheimage
advection processfrom the 3D surfacegeometry, artifacts
can result,especiallyin the caseof geometrieswith sharp
edges.For examplea portion of the 3D geometrycan be
muchlessvisible after the projectiononto the imageplane
andcanevenlook likeanedge.If the�o w textureproperties
areadvectedacrosssuchanedgein imagespaceanarti�cial
continuitycanresult.A geometricedgedetectionprocessis
incorporatedinto the algorithmin orderto handlethis (de-
pictedschematicallyin Figures4 and5 top,middle).

During the imageintegration computation,we compare
spatially adjacentdepthvaluesduring one integration and
advection step. We comparethe associateddepth values,
zk� 1 andzk in world spaceof pk� 1 andpk from equation1,
respectively. If

jzk� 1 � zkj > e� jpk� 1 � pkj (2)

wheree is a thresholdvalue,thenwe identify an edge.All
positions,p, for which equation2 is true, areclassi�ed as
edgecrossingstartpoints.Specialtreatmentmustbe given
whenadvectingtexturepropertiesfrom thesepoints.

3.4. NoiseBlending

By reducingthe imagegenerationprocessback to two di-
mensions,the noiseinjectionandblendingphase(Figure5
top,right) falls in line with theoriginalIBFV technique,[15]
namely, animage,F, is relatedto apreviousimage,G, by:

F(p;k) = a
k� 1

å
i= 0

(1� a) iG(pk� i ;k � i) (3)

wherep representsa pathline,a de�nes a blendingcoef�-
cient. Thus a point, pk, of an imageFk, is the result of a
convolution of a seriesof previous images,G(x; i), along
the pathline through pk, with an decay �lter de�ned by
a(1� a) i .

3.5. ImageOverlay Application

The renderingof the advectedimageand the noiseblend-
ing maybefollowedby anoptionalimageoverlay. An over-
lay enhancesthe resulting texture-basedrepresentationof
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surface �o w by applying color, shading,or any attribute
mappedto color (Figure.5, bottom,middle). The overlay
is constructedonce for eachstatic sceneand applied af-
ter the imageadvection,edgeblending,andnoiseblending
phases.Sincethe imageadvectionexploits frame-to-frame
coherency, theoverlaymustbeappliedaftertheadvectionin
orderto preventthesurfaceitself from beingsmeared.

4. Texture-BasedFlow Visualization on Isosurfaces

Herewedescribetheway in whichweapplythemethodde-
scribedin Section3 to isosurfaces.Speci�cally, wedescribe
waysto address:(1) thenormalcomponentof the�o w to the
isosurface,(2) perceptualchallengesassociatedwith view-
ing �o w on isosurfaces,(3) issuesrelatedto resamplingthe
vector�eld, and(4) someimplementationdetails.

4.1. Applying a Normal Mask

Whenvisualizing�o w onnormalboundarysurfaceslike the
ring in Figure5bottom,right, thedirectionof the�o w gener-
ally coincideswith thesurfaceitself.As the�o w approaches
theboundary, it is notallowedto passthroughandis pushed
in a tangentialdirection,i.e., it canbe describedassurface
aligned�o w. However, in the caseof isosurfacesthis is no
longertrue.The�o w atanisosurfacecansometimesexhibit
astrong�o w thatis normalto thesurface,e.g.,cross-surface
�o w. The samealso holds true for the caseof arbitrary
clipping geometriessuchasthoseusedby Rezk-Salamaet
al. [11] Simplyadvectingtexturepropertiesaccordingto the
vector �eld projectedonto the isosurfacecould be consid-
eredmisleading.Is therea way in which this cross-surface
componentof the �o w can be incorporatedinto the result
visualization?

Battkeetal [1], whoappliedLIC to surfaces,addressthis
problemby varying the lengthof the convolution �lter ac-
cordingto themagnitudeof thevectorcomponenttangential
to thesurface.In areaswherethevector�eld is orientedal-
mostperpendicularto the surfaceonly very little smearing
of the texture occurs,i.e., the input noiseis visible instead
of a convolved texture.Our approachis requiredto becon-
sistentwith thevisualizationof �o w on boundarysurfaces.
Whenweapplytexture-based�o w visualizationto boundary
surfaces,the amountof texture-smearingindicatesvelocity
magnitude,i.e., texture is smearedinto longerstreaksin ar-
easof highervelocity magnitude.We don't want to change
thesemanticinterpretationof smearingfor isosurfaces.

We proposean ideainspiredby the well known velocity
mask,namely, a normalmask. A velocity maskcanbeused
to dim or highlight high frequency noisein low velocity re-
gions.Whereas,anormalmaskcanbeusedto dim regionsof
thevector�eld thathavestrongcross-�ow componentto the
isosurface.We proposethe following to de�ne the normal
mask:

a = ( Åv � n)m (4)

wherea increasesasa functionof theproductof theveloc-
ity, v, andnormalvectorto thesurface,n, at thatpoint.Here,
m is an arbitrarynumber. In practice,it is typically around
unity giving theopacityanearlylinearbehavior. In ourcase,
theimageoverlay(Figure5 bottom,middle)becomesmore
opaquein regionswith a strongcross-�ow componentand
moretransparentin areasof highly tangentialvelocity. With
the normal maskenabled,the viewer's attentionis drawn
away from areasof strongcross-�ow component,and to-
wardsareasof high tangentialvelocity. Note however, that
thetexturepropertiesarestill advectedaccordingtheveloc-
ity vectorsprojectedontotheisosurface.

Theresultof applyinga normalmaskto the ring surface
from Figure5 is shown in Figure6. Theinlet areawherethe
�o w is generallyorthogonalto thesurfacehasahighopacity
covering up the high spatialfrequency texture.Note that if
we encodethe normalmaskasopacity, anothersimulation
attribute canbe mappedto hue.In our applicationthis is a
requirementfor consistency.

Figure 6: Theresultof applyinga higher contrast normal
maskto thering fromFigure 5. Thetexture is no longer vis-
ible at theinlet of thering where thetexture re�ectsthe�ow
orthogonalto thesurface.

4.2. Normal Mask Implementation

We can integrate the implementationof the normal mask
with very little overheadby takingadvantageof thegraphics
hardware.If welook closelyat theconstructionof theveloc-
ity imagein Section3.1wenotethatthetheR, G, andB im-
agechannelsareusedto encodethex, y, andz valuesof the
vectorcomponentsat eachvertex de�ning thesurface.This
leavesthealphachannelasa freeparameterin thevelocity
imageconstruction.In orderto implementthenormalmask,
wesimplystoretheresultof Åv�n into thealphachannelwhen
renderingthevelocity image,atthesametimewearestoring
the x, y, andz vectorcomponents.And whenreadingback
the imagebuffer, readingthe alphacomponentin addition
to theR, G, andB componentcomesat very little overhead.
Someresultsof applyingthis normalmaskto an isosurface
areshown in Figure7. Wecanseethatthe�o w at theisosur-
facejust below the intake port in the foreground(in white)
hasastrongnormalcomponentto theisosurface.Thehigher
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Figure 7: From left to right: (left) a velocity isosurfaceof value 5.0 m/s with a CFD simulationattribute mappedto hue,
(middle)texture-based�ow visualizationon theisosurface(right) texture-based�ow visualizationon theisosurfacecombined
with a normalmask.A close-upis shownin Figure8.

frequency texture in this region is dif�cult to see.Figure8
shows a close-upof Figure7 for increasedclarity of expo-
sition. Note alsothat we have chosena simplercolor scale
in thiscaseto reducethevisualcomplexity of theresult.We
�nd that usingusinga full rangeof huefor the color map-
ping (like in Figure2) in combinationwith variableopacity
for thenormalmaskis visually complex. Sowe provide the
optionof tradingoff somecomplexity in the color mapfor
includingthenormalmask.

4.3. Perceptual Issues

Figure 9, top, shows a close-upview of a velocity isosur-
facewith texture-based�o w visualizationapplied.Oneper-
ceptualproblemwith the result is that of occlusion.There
is more structureto this isosurface than we can see.Per-
ceptualproblemssuchas occlusionand visual complexity
arecommonto generallyall 3D visualizations.Oneway we
addressedthis is by implementingan interactive clipping
plane.

The clipping planeallows the userto seeoccludedparts
of the isosurfaceby removing sub-setsof the geometryon
onesideof theplane,in this example,thesidecloserto the
viewer. Again, theusersareinterestedin cuttingplanesbe-
causeof their familiarity. Figure9, bottom,shows another
view of theisosurfacewith aclippingplanebeingused.New
structuresin theisosurfacearerevealed,namelythestructure
resultingfrom �o w aroundanintakeport valve.

Of courseanotheralternative is for theengineerto take a
2D slicethroughthevolume,ratherthancreatinganisosur-

face.This is essentiallytradingoff dimensionalityin order
to reduceperceptualproblems.In our application,the user
hasbothoptions.

Anotheroptionfor theuserin ourapplicationis theuseof
arbitraryclipping geometries.For example,theusercande-
�ne aclippinggeometryin theshapeof asphereor cylinder
andapply the texture-based�o w visualization.Again how-
ever, thisisatrade-off. Wemaygainby loweringvisualcom-
plexity andocclusion,but we losesomeinformationabout
thebehavior of the �o w, namely, thatvisualizedby the iso-
surface.

4.4. A ResamplingPoint of View

Onereasonthis texture-advectionmethodis fasterthanpre-
vious texture-basedmethodson surfacesis becausethe in-
jection,blending,andadvectionof noisetexturesis donein
imagespace.Thekey to transformingthethree-dimensional
natureof texturesonsurfacesto a two-dimensionalproblem
is via the projectionof the vector �eld to imagespace,as
illustratedin Figure10.

Thevector�eld from theisosurfaceis projectedontoim-
agespacevia the velocity imagedescribedin Section3.1.
Then,theimageis warpedaccordingto a regular, rectilinear
meshasdescribedin Section3.2andillustratedon theright
in Figure10.By distortingtheimageaccordingtheprojected
velocity vectorslocatedat thegrid intersections,we areim-
plicitly resamplingthevector�eld. This resamplingimplies
someconsequences.Unlike thenatureof boundarysurfaces,
isosurfacesmaycontainvery small,disconnectedpieces.In
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Figure 8: A close-upof the isosurfacefromFigure 7: (top)
texture-based�ow visualizationon the isosurface(bottom)
texture-based�ow visualizationon theisosurfacecombined
with a normalmask.

somecasesthesepiecesmay only cover a few pixels.This
impliesthatweneedahighvector�eld resamplingratewhen
advecting the texturesin imagespace.In otherwords, the
samplingto pixel ratioshouldbesmall,e.g.,samplingatev-
erypixel or everyotherpixel. In orderto handlethis,wegive
theusertheoptionof differentadvectiongrid resolutions.In
our implementation,thehighestgrid resolutionsamplesthe
vector�eld at every pixel, while the secondhighestadvec-
tion grid resolutionsamplesthe vector �eld at every other
pixel.

Another reasonwe give the usercontrol over the reso-
lution of theadvectiongrid is becausewe wantto retainthe

Figure 9: (top) a close-upof a velocityisosurfaceof value
5.0m/swith no clipping plane(bottom)thesameisosurface
shownusing a clipping plane tangent to the view-point in
order to revealoccludedisosurfacestructures

advantagesobtainedbydecouplingtheoriginalsurfacemesh
with the meshusedto advect the textures.This decoupling
preventscomputationon thosepolygonswhoseareacovers
lessthan one pixel. And in the caseof Figure 3 thereare
thousandsof suchpolygons.Wenotealsothatzoomingin on
asurfaceimplicitly increasesthesamplingrateof thevector
�eld becausemoreof theimageis spreadout while theres-
olution of the advectiongrid at the sametime remainsthe
same.

The fact thatan isosurfacemaycontainmany small,dis-
connectedpiecesalsoimpliesthatweneedahigh frequency
texturein thespatialdomain.In ourimplementation,wegive
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Figure 10: Image spacebased�ow visualizationfroma re-
samplingpoint of view. Settingup a regular, rectilinearad-
vectiongrid in image space(right) impliesa vector�eld re-
samplingprocess.Theadvectionmeshshownhere is of very
coarseresolutionfor illustration.

the usercontrol over the spatialfrequency of the noisein-
jection.Somesamplesof thesespatialfrequenciesareillus-
tratedin Figure11.Usingahighspatialfrequency allowsfor
the visualizationof �o w on even very small, disconnected
piecesof anisosurface.

Figure11:Differentspatialfrequencynoisethatcanbeused
in thenoiseinjectionandadvectionprocess:Small,discon-
nectedpiecesof an isosurfaceimply that a high spatial fre-
quencynoiseshouldbeused.

5. Resultsand Discussion

If we take a closerlook at Figures8 and9, we canseethat
the texture-based�o w visualizationprovidesadditionalin-
sightinto thebehavior of the�o w. Oneof thequestionsthat
theengineerposesis: Wherein thevolumeis theidealswirl
�o w patternnot beingmet?Within the texture,we cansee
thattheidealswirl �o w patternis notbeingmetin justbelow
theintakeportsthemselves.Namely, wecanseethattwo ar-
easof the �o w areworking againsteachotherjust beneath
theactualboundarysurfaceof thecombustionchamber. This
is shown moreclearly in a close-upin Figure12. The nor-
malmaskin Figure12highlightstheboundarybetweenthis
destructive �o w pattern.This is contrastedwith only theiso-
surfaceitself (Figure2) whereareadestructive �o w is not

Figure 12: A close-upof a velocityisosurfaceof value5.0
m/swith texture-based�ow visualizationanda normalmask
applied.With the texture advectionon the isosurface, it is
clear that theideal swirl �ow patternis not exhibitedin this
region.

obvious.Thedestructive �o w patternis madeevenmoreob-
viousin ananimationof the�o w. †

Figure13 shows the isosurfacefrom a top point of view.
In this view, it is clear that muchof the �o w is consistent
with theswirl �o w pattern.Again, this is evenclearerwhen
watchingananimatedsequenceof thevisualizationresult.

Figure14, top,shows theintersectionof threebloodves-
sels.The largervesselon the right bringsin bloodanddis-
tributes it to two small vesselson the left. An abnormal
pocket, e.g.,an aneurysm,hasdevelopedat the junction of
thethreevessels.Theobserver maybeinterestedto investi-
gatethe insideof thepocket to seetheresultingblood �o w
pattern.If we look at theblood�o w at thesurface,asin Fig-
ure14, top, we seemostlynoise.Thevelocity of theblood
�o w at thesurfaceof thepocket is moving veryslow relative
to thevesselsurfaces.

Figure 14, bottom,shows a velocity isosurface(of 0.04
m/s) inside the volume with texture-based�o w visualiza-
tion applied.Shown clearly is the recirculationzonein the
pocket with blood�o wing upstream(in theopposingdirec-
tion). This secondexamplewaschosenin an effort to sup-
portourclaimthatthehybrid approachof texture-based�o w

† SupplementaryMPEGanimationsandimagesof the resultscan
befoundat:
http://www.vrvis.at/ar3/pr2/VisSym04/
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Figure 13: A view fromthetop of thevelocityisosurfaceof
value5.0 m/swith texture-based�ow visualizationapplied.
Fromthisview, it appears asif mostof the�ow is consistent
with theswirl �ow pattern.

visualizationonisosurfacescanbeuseful,notonly in theau-
tomotivedomain.

6. Performance

PerformancewasevaluatedonaPCwith anNvidia 980XGL
Quadrographicscard,with a 2.8 GHz dual-processorand
1 GB of RAM. The performancetimesreportedin Table1
supportinteractiveexplorationof �o w onisosurfaces.Thisis
importantfor thecaseof changingisovalues.Whentheuser
changestheisovalue,textureupdatesonly requirea fraction
of asecond.And thetransitionis generallycoherentbecause
eachframeis blendedwith theprevious frameasdescribed
in Section3.4.

The�rst time reportedin theFPScolumnis for thestatic
case,i.e., the absenceof changesto the view point. The
times shown in parenthesisindicate the dynamiccasesof
interactive zooming, rotation, and translationof the view
point.More speci�cally, thedynamiccasesrequirethecon-
structionof a velocity image,imageoverlay, aswell asge-
ometricedgedetection.The reportedtimesareaboutthree
timesfasterthanthosereportedby Larameeet al. [6]. This
is mainly dueto the updatedhardwareusedfor the evalua-
tion andsomesmall improvementsto theimplementation.

The performancetime of the algorithm dependson the
resolutionof themeshusedto performtheadvectionandthe
numberof polygonsin the original isosurfacemesh.In the
staticcase,thealgorithmno longerdependson thenumber
of polygonsin thesurfacemesh,but on theareacoveredin

Figure 14: (top) the intersectionof threebloodvessels.An
abnormalpocket hasformedat the junction.(bottom)a ve-
locity isosurfaceof value0.04 m/swith texture-based�ow
visualizationapplied. The recirculation zonewhere blood
�ows in theopposingdirectionbecomesclear.

num.polygons advectionmeshres. 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)

Table1: Sampleframeratesfor thevisualizationalgorithm.

imagespaceand the resolutionof the advection mesh.In
all theperformancenumbersgivenin Table1 approximately
75%of imagespaceis covered.Werecommendthattheuser
explorethedatawith a lower resolutionadvectionmeshand
thenincreasethe resolutionwhenhigheraccuracy analysis
or presentationis required.

Normalmaskconstructiondoesnot introducesigni�cant
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overheadsinceit is easilybuilt into theadvectionprocessit-
self.For example,theisosurfaceshown in Figures12and13
is composedof 243K polygons.In the staticcase,the nor-
malmaskhasnoeffecton framerates.They arethesameas
thoselistedin Table1. In thedynamiccaseusinga1282 ad-
vectionmesh,theframeratedropsfrom 3.3to 3.0FPSwith
theadditionof thenormalmask.

7. Conclusionsand Futur eWork

We have shown how the image space based texture-
advection techniqueof Larameeet al. [6] can be applied
to isosurfaces.Isosurfacesprovide informationinto the 3D
characteristicsof �o w that2D slicesandboundarysurfaces
alonecannot.We have shown thataddingthe texture-based
representationof �o w to isosurfacescangive the engineer
new insight into the behaviour of swirl �o w whenexamin-
ing CFD simulationdata.We have alsoappliedthemethod
to thevisualizationof blood �o w. Furthermore,themethod
is fastandsupportsuserinteractionsuchaszooming,rota-
tion, andtranslation.

Future work can go in many directions including vi-
sualization of texture-based�o w visualization on time-
dependentisosurfaces, streamsurfaces,and unsteady3D
�o w. Challengeswill includeboth interactive performance
timeandperceptualissues.Futurework alsoincludestheap-
plicationof morespecializedprogrammablegraphicshard-
warefeaturesin themannerof Weiskopf etal. [16, 17]

The author(s) thank all those who have contributed
to this researchincluding AVL (www.avl.com ) and the
Austrian governmental research program called Kplus
(www.kplus.at ). We extend a special thanks to Markus
Hadwigerof the VRVis CenterFor Virtual Reality andVi-
sualization(www.VRVis.at ) for his technicalsupport.We
also thank Jarke van Wijk for his encouragingdialog and
HelmutDoleischfor helpingto preparethe�nal manuscript.
All CFD simulationdatashown in this paperhasbeenpro-
videdcourtesyof AVL.
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