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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 -The Caseof Swirl Flow

At the VRVis ResearchCenterwe collaboratewith AVL
(www.avl.com ) in order to provide visualizationsolutions
for analysisof their CFD simulationresultdata.AVL's own
engineersaswell asengineersat industryaf�liates usevisu-
alizationsoftwareto analyzeandevaluatetheresultsof their
automotivedesignandsimulation.

For many of the automotive componentsthat undergo
evaluation,there is an ideal patternof �o w the engineers
aretrying to create.Figure1 illustratesthe swirl motionof
�uid �o w in a combustionchamberfrom a dieselengine.In
orderto generateswirl motion, �uid entersthe combustion
chamberfrom theintake ports.Lateron in theenginecycle,
thekinetic energy associatedwith this swirl motion is used
to generateturbulencefor mixing of freshoxygeninto the
�uid. Themoreturbulencegenerated,thebetterthemixture
of air anddieselfuel, andthusthebetterthecombustionit-
self. Ideally, enoughturbulentmixing is generatedsuchthat
100%of thefuel is burned.

Sinceit is theswirling �o w thatis usedto generateturbu-
lence,theswirl shouldbemaximizedin orderto maximize

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.

turbulence.Fromthepoint of view of themechanicalengi-
neersdesigningthe intake ports,increasedswirl �o w leads
to somebene�cial conditions:(1) improvedmixtureprepa-
ration,i.e.,morefuel contactwith oxygen,(2) ahigherEGR
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(ExhaustGasRatio) which meansa decreasein 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?

1.1. Isosurfaces

Engineersoftenstartananalysisof CFDsimulationdataus-
ing techniquesto visualizethe �o w at the surfacein order
to get a �rst impressionof the simulationresults.The next
logical stepis to investigatethepropertiesof the�o w inside
the volume.Slicesarecommonlyused,but visualizing3D
characteristicsof the�o w likeswirl canbedif�cult with 2D
slices.Engineersare interestedin visualizationtechniques
thatprovide insightinto thespatialdimensionorthogonalto
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. Themechanicalengineerswespoketo arenotasfamiliar
with thenotionof astreamsurfaceandevenlessits interpre-
tation.

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.

1.2. 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. [5] 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 the following 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.

(1) generatesadenserepresentationof �o w onadaptive res-
olution isosurfaces,(2) visualizes�o w on complex isosur-
facescomposedof polygonswhosenumberis on the order
of 200,000or more,(3) visualizes�o w independentof the
isosurfacemesh's complexity and resolution,(4) supports
user-interactionsuchas rotation, translation,and zooming
alwaysmaintaininga constant,high spatialresolution,and
(5) producesfastanimations,realizingup to 60 framesper
second.

We note that the methodmustbe applicableto adaptive
resolutionisosurfaceslikethatof Figure4 (colorplate).Note
that many of the polygonsin Figure4 cover lessthanone
pixel. Theisosurfacealgorithmusedhereis anextensionof
the MarchingCubes[6] andMarchingTetrahedra[11] al-
gorithmsthat takesinto accountmorecell types.It handles
adaptiveresolutionmeshesin thesamespirit asLarameeand
Bergeron[4]. Therestof thepaperis organizedasfollows:
in Section2 we discussrelatedwork, Section3 reviews the
researchthat the work hereis built upon.Section4 details
texture-based�o w visualizationon isosurfacesfrom CFD.
Resultsandconclusions,including a discussionof the user
questions,arepresentedin Section5.

2. RelatedWork

The dense,texture-basedcategory of �uid �o w visualiza-
tion techniquesgenerallystartedout with SpotNoise [12]
andLIC [2]. Themainadvantageof thetexture-basedclass
of algorithmsis their completedepictionof the �o w �eld
while their primary drawback is, in general,the computa-
tional timerequiredto producetheresults.Previousresearch
with a focusonrepresentationsof thevector�eld onbound-
ary surfacesis generallyrestrictedto steady-state�o w on
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simpleboundarygeometriessuchasspheres.This is mainly
dueto theprohibitivecomputationaltime required.

Someapproachesarelimited to curvilinearsurfaces.Spot
Noiseis appliedto parameterizedsurfacesby VanWijk [12].
Forsselland Cohen[3] extend LIC to curvilinear surfaces
with animationtechniquesand add magnitudeand direc-
tional information.Stalling[10] providesahelpfuloverview
of LIC techniquesappliedto surfaces.In particular, a use-
ful comparisonof parameterizedvs.non-parameterizedsur-
facesis given.However, isosurfaces,like thosegeneratedby
the Marching Cubesalgorithm [6] are not, in general,pa-
rameterizable.

Battke et al. [1] describean extensionof LIC for arbi-
trary surfacesin 3D. The methodworks by tessellatinga
given surfacewith triangles.The trianglesare packed (or
tiled) into texture memoryanda local LIC texture is com-
putedfor eachtriangle.The resultsarelimited to relatively
small,(1,600-4,000polygons)simplesurfacescomposedof
equilateraltriangleshowever. Mao et al. [7] extendLIC for
visualizinga vector�eld on anarbitrarysurfacein 3D. The
convolutionof a3Dwhitenoiseimage,with �lter kernelsde-
�ned alongthelocalstreamlines,is performedonly atvisible
ray-surfaceintersections.However ray tracingis, in general,
costly.

Our review of the literature[8, 9] indicatesthat only re-
cently have dense,texture-based�o w visualization tech-
niqueson surfacesbecomemore feasible.Perhapsthis is
one reasonwhy we have not seenthem appliedto isosur-
faces.Larameeet al. [5] and Van Wijk [13] 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. [5]. In what
follows, we describewhy this methodis well suitedfor the
caseof isosurfacesanddiscussits utility.

3. Method Background

In order to understandhow and why we apply texture-
based�o w visualizationto isosurfaces,we brie�y outline
themethodbackground.In brief, thealgorithmpresentedby
Larameeet al. [5] simpli�es the problemby con�ning the
advectionof texturepropertiesto imagespace.Thesurface
geometryis projectedto imagespaceand then a seriesof
texturesaremapped,blended,andadvected.This orderof
operationseliminatesportionsof thesurfacehiddenfrom the
viewer. Thepreviousmethodfor visualizationof �o w onsur-
facesis comprisedof thefollowingprocedure:(1)projectthe
vector�eld to theimageplane,(2)detectgeometricedgedis-
continuities,(3) computeadvectedtexture coordinates,(4)
advect the image,(5) inject and blend in noise,(6) blend
additionalnoisealong geometricedgediscontinuities,and
(7) applyshadingandotheradditionalgraphics.Steps1-7of
thepipelinearenecessaryfor thedynamiccasesof changes

to the isovalue,time-dependentgeometry, rotation,transla-
tion, andscaling,andonly a subsetis neededfor the static
cases(Steps4-7) involving no changesto theview-point or
isovalue.Eachstageis describedin moredetail in previous
research[5].

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 on normalboundarysurfacesthedi-
rectionof the �o w generallycoincideswith the surfaceit-
self. As the �o w approachestheboundary, it is not allowed
to passthroughandis pushedin a tangentialdirection,i.e.,
it canbedescribedassurfacealigned�o w. However, in the
caseof isosurfacesthis is no longertrue.The�o w at aniso-
surfacecansometimesexhibit astrong�o w thatis normalto
thesurface,e.g.,cross-surface�o w. Thesamealsoholdstrue
for thecaseof arbitraryclippinggeometries.Simplyadvect-
ing texturepropertiesaccordingto thevector�eld projected
ontotheisosurfacecouldbeconsideredmisleading.Is there
away in which thiscross-surfacecomponentof the�o w can
beincorporatedinto theresultvisualization?

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,a normalmaskcanbeusedto dim regions
of thevector�eld thathave strongcross-�ow componentto
the isosurface.We de�ne the normalmaskas:b = ( Åv � n)m

whereb 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,
the imageoverlay becomesmoreopaquein regionswith a
strongcross-�ow componentandmoretransparentin areas
of highly tangentialvelocity. With thenormalmaskenabled,
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the viewer's attentionis drawn away from areasof strong
cross-�ow component,andtowardsareasof high tangential
velocity. However, the texture propertiesare still advected
accordingthevelocityvectorsprojectedontotheisosurface.
Notethat if we encodethenormalmaskasopacity, another
simulationattributecanbemappedto hue.In ourapplication
this is a requirementfor consistency.

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 image,we notethat the theR, G, andB imagechannels
areusedto encodethex, y, andz valuesof thevectorcom-
ponentsat eachvertex de�ning the surface.This leavesthe
alphachannelasa freeparameterin thevelocity imagecon-
struction.In orderto implementthe normalmask,we sim-
ply storeb into the alphachannelof the framebuffer at the
sametime we arestoringthex, y, andz vectorcomponents
-whenrenderingthevelocity image.And whenreadingback
the imagebuffer, readingthe alphacomponentin addition
to theR, G, andB componentcomesat very little overhead.
Someresultsof applyingthis normalmaskto an isosurface
areshown in Figure3. Wecanseethatthe�o w at theisosur-
facejust below the intake port in the foreground(in white)
hasastrongnormalcomponentto theisosurface.Thehigher
frequency texture in this region is dif�cult to see.Figure6
(color plate)shows a close-upfor 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 thecolormapwhile
applyingthenormalmask.

4.3. Perceptual Issues

Figure 6 (color plate) shows a close-upview of a veloc-
ity isosurfacewith texture-based�o w visualizationapplied.
Oneperceptualproblemwith theresultis thatof occlusion.
Thereis morestructureto this isosurfacethanwe cansee.
Perceptualproblemssuchasocclusionandvisualcomplex-
ity arecommonto generallyall 3D visualizations.Oneway
weaddressedthis is by implementinganinteractiveclipping
plane.The clipping planeallows the userto seeoccluded
partsof theisosurfaceby removing sub-setsof thegeometry
on onesideof theplane,in this example,thesidecloserto
theviewer. Again, theusersareinterestedin cuttingplanes
becauseof their familiarity. Figure5 (colorplate)showsan-
otherview of theisosurfacewith aclippingplanebeingused.
New structuresin the isosurfaceare revealed,namely the
structureresultingfrom �o w aroundanintakeport valve.

Of courseanotheralternative is for theengineerto take a
2D slicethroughthevolume,ratherthancreatinganisosur-
face.Thisis essentiallytradingoff dimensionalityin orderto

reduceperceptualproblems.In our application,theuserhas
bothoptions.Anotheroptionfor theuserin our application
is theuseof arbitraryclipping geometries.For example,the
usercande�ne a clipping geometryin theshapeof a sphere
or cylinder andapply the texture-based�o w visualization.
Againhowever, this is a trade-off. Wemaygainby lowering
visualcomplexity andocclusion,but we losesomeinforma-
tion aboutthe behavior of the �o w, namely, that visualized
by theisosurface.

4.4. A ResamplingPoint of View

Thereasonthis 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 theprojectionof thevector�eld to imagespace.

Thevector�eld from theisosurfaceis projectedontoim-
age spacevia the velocity image describedin Section3.
Then,the imageis warpedaccordingto a regular, rectilin-
earmesh.By distorting the imageaccordingthe projected
velocity vectorslocatedat thegrid intersections,we areim-
plicitly resamplingthevector�eld. This resamplingimplies
someconsequences.Unlike thenatureof boundarysurfaces,
isosurfacesmaycontainvery small,disconnectedpieces.In
somecasesthesepiecesmay only cover a few pixels.This
impliesthatweneedahighvector�eld resamplingratewhen
advecting the texturesin imagespace.In otherwords, the
sampling-to-pixel ratio shouldnot be too small, e.g.,sam-
pling at every pixel or every otherpixel. In orderto handle
this, we give theusertheoptionof differentadvectiongrid
resolutions.In our implementation,the highestgrid resolu-
tion samplesthevector�eld ateverypixel, while thesecond
highestadvectiongrid resolutionsamplesthevector�eld at
everyotherpixel.

Another reasonwe give the usercontrol over the reso-
lution of theadvectiongrid is becausewe wantto retainthe
advantagesobtainedbydecouplingtheoriginalsurfacemesh
with the meshusedto advect the textures.This decoupling
preventscomputationon thosepolygonswhoseareacovers
lessthan one pixel. And in the caseof Figure 4 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
theusercontrolover thespatialfrequency of thenoiseinjec-
tion. Usingahighspatialfrequency allows for thevisualiza-
tion of �o w on even very small, disconnectedpiecesof an
isosurface.
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Figure 3: (left) a velocityisosurfaceof value5.0 m/swith a CFD simulationattributemappedto hueand texture-based�ow
visualization(right) texture-based�ow visualizationon the isosurfacecombinedwith a normalmask.A close-upis shownin
Figure6.

5. Resultsand Discussion

If we take a closer look at Figures3 and 5 (color plate),
we can seethat the texture-based�o w visualizationpro-
videsadditionalinsight into the behavior of the �o w. One
of thequestionsthattheengineerposesis: Wherein thevol-
ume is the ideal swirl �o w patternnot being met?Within
the texture, we can seethat the ideal swirl �o w patternis
not being met in just below the intake ports themselves.
Namely, we can seethat two areasof the �o w are work-
ing against each other just beneaththe actual boundary
surface of the combustion chamber. This is shown more
clearly in a close-upin Figure 6 (color plate). The nor-
mal mask in Figure 6 highlights the boundarybetween
this destructive �o w pattern.This is contrastedwith only
the isosurfaceitself (Figure2) whereareadestructive �o w
is not obvious. The destructive �o w patternis madeeven
more obvious in an animationof the �o w. Supplementary
MPEGanimationsandimagesof theresultscanbefoundat:
http://www.vrvis.at/ar3/pr2/VisSym04/

Figure7, top (colorplate),shows theintersectionof three
bloodvessels.Thelargervesselon theright bringsin blood
anddistributesit to two smallvesselson theleft. An abnor-
malpocket,e.g.,ananeurysm,hasdevelopedat thejunction
of the threevessels.The observer may be interestedto in-
vestigatethe insideof the pocket to seethe resultingblood
�o w pattern.If we look at theblood�o w at thesurface,asin
Figure7, top,weseemostlynoise.Thevelocityof theblood
�o w at the surfaceof the pocket is moving very slow rela-
tive to thevesselsurfaces.Figure7, bottom,shows a veloc-
ity isosurface(of 0.04m/s) insidethevolumewith texture-

based�o w visualizationapplied.Shown clearly is therecir-
culationzonein thepocket with blood�o wing upstream(in
theopposingdirection).Thissecondexamplewaschosenin
an effort to supportour claim that the hybrid approachof
texture-based�o w visualizationon isosurfacescanbe use-
ful, notonly in theautomotivedomain.

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 thepreviousframe[5].

The�rst time reportedin theFPScolumnis for thestatic
case,i.e.,theabsenceof changesto theview point.Thetimes
shown in parenthesisindicate the dynamiccasesof inter-
active zooming,rotation,andtranslationof the view point.
The reportedtimes are aboutthreetimes fasterthan those
reportedby Larameeet al. [5]. This is mainly dueto theup-
datedhardwareusedfor theevaluationandimprovementsto
theimplementation.

Normalmaskconstructiondoesnot introducesigni�cant
overheadsinceit is easily built into the advection process
itself. For example,theisosurfaceshown in Figure6 is com-
posedof 243Kpolygons.In thestaticcase,thenormalmask
hasnoeffectonframerates.They arethesameasthoselisted
in Table1. In thedynamiccaseusinga1282 advectionmesh,
theframeratedropsfrom 3.3to 3.0FPSwith theadditionof
thenormalmask.
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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)

Table1: Sampleframeratesfor thevisualizationalgorithm.

7. Conclusionsand Futur eWork

We have shown how the image space based texture-
advection techniqueof Larameeet al. [5] 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. [14]
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Figure 4: (color plate) A close-up,wire-frameview of the
isosurfacefrom Figure 2. Thealgorithm we describemust
beapplicableto adaptiveresolutionisosurfacemeshes.

Figure 5: (color plate)A closeup view of thesameisosur-
faceshownin Figure3 usinga clippingplanetangentto the
view-pointin order to revealoccludedisosurfacestructures.

Figure 6: (color plate) A close-upof a velocity isosurface
from Figure 3: with texture-based�ow visualizationand a
normalmaskapplied.With thetexture advectionon theiso-
surface, it is clear that the ideal swirl �ow pattern is not
exhibitedin this region.

Figure 7: (color plate) (top) the intersectionof threeblood
vessels.An abnormal pocket has formed at the junction.
(bottom)a velocityisosurfaceof value0.04m/swith texture-
based �ow visualization applied. The recirculation zone
whereblood�ows in theopposingdirectionbecomesclear.
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