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Abstract

Isosurfacing by itself, is a commonvisualizationtechniquefor investigating3D vector elds. Applyingtexture-

based ow visualizationtechniquesto isosurfacesprovidesenginees with even more insight into the charac-

teristics of 3D vector elds. We apply a methodfor producingdense texture-basedrepresentationof ow on

isosurfaceslt combinegwo well knowscienti ¢ visualizationtechniques namelyiso-surfacingandtexture-based
ow visualization,into a usefulhybrid approac. The methodis fastand can generte denserepresentationof

ow onisosurfacesith high spatio-tempaal correlation at 60 framesper second The methodis appliedin the

context of CFD simulationdata,namely theinvestigationof a commorswirl ow patternandthevisualizationof

blood ow.

CatgyoriesandSubjectDescriptorgaccordingo ACM CCS) 1.3.3[ComputerGraphics]Picture/Imagé&eneration;
1.3.7 [ComputerGraphics] Three-DimensionaGraphicsand Realism—Colarshading,shadeving, and texture;
[SimulationandModeling]: SimulationOutputAnalysis

1. Intr oduction

At the VRVis ResearctCenterwe collaboratewith AVL in

orderto provide visualizationsolutionsfor analysisof their
CFDsimulationresultdata. AVL (www.avl.com )isaninter

nationallyrecognizedeaderin providing automotve design
andCFD simulationsolutionsto its partnersin the automo-
tive industry AVL's own engineersaswell asengineersat
industryafliates usevisualizationsoftwareto analyzeand
evaluatethe resultsof their automotve designand simula-
tion.

1.1. The Caseof Swirl Flow

For mary of theautomotve componentshatundego evalu-
ation, thereis anideal patternof ow theengineersaretry-
ing to create.Figure 1 illustratesthe swirl motion of uid
o w in acomhustionchambefrom adieselengine In order
to generateswirl motion, uid entersthe comhustioncham-
ber from the intake ports.Later on in the enginecycle, the
kinetic enegy associatedvith this swirl motion is usedto
generateéurbulencefor mixing of freshoxygeninto the uid.
Themoreturbulencegeneratedthe betterthe mixture of air
anddieselfuel, andthusthebetterthecomhustionitself. Ide-
ally, enoughturbulentmixing is generateduchthat100%of
thefuelis burned.
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Intake Ports

Figure 1: The swirling motion of ow in the comhustion
chamberof a dieselengine(side view). Theintake ports at
thetop provide the tangential componenbf the ow neces-
saryfor swirl.

Sinceit is theswirling o w thatis usedto generateurbu-
lence,the swirl shouldbe maximizedin orderto maximize
turbulence.Fromthe point of view of the mechanicakngi-
neersdesigningthe intake ports,increasedswirl ow leads
to somebene cial conditionsy(1) improvedmixtureprepara-
tion, .i.e., morefuel contactwith oxygen,(2) ahigherEGR



2 R.S.LarameeandH. Hauser/ Texture-Based-low Visualizationon Isosurfaces

(ExhaustGas Ratio) which meansa decreasef fuel con-
sumptionand(3) loweremissionsHowever, too muchswirl

displaceshe ame usedtoignitethefuel. As such,abalance
mustbe achiezed between(1) generatingenoughswirl o w

in orderto createturbulenceand(2) notdisplacingthe ame

usedto ignitethe o w.

Someroutine questionghat a mechanicakengineemay
askwheninvestigatingswirl o w are:(1) Canvisualization
provide insightinto or verify the characteristicshape(spr
behaior of the o w? (2) Whattool(s) can help to visual-
ize theswirl ow pattern?and(3) Wherein the comhustion
chambeiis the swirl o w patternnot beingmet?

1.2. Isosurfaces

Engineeroftenstartananalysisof CFD simulationdataus-
ing techniquego visualizethe o w atthesurfacein orderto
geta rst impressiorof thesimulationresults.Thenext log-
ical stepis to investicatethe propertief the o w insidethe
volume.Two-dimensionaslicesarecommonlyused but vi-
sualizing3D characteristicef the o w like swirl canbedif-
cult with 2D slices.Engineersareinterestedn visualiza-
tion techniqueghat provide insightinto the spatialdimen-
sionorthogonalto thesliceaswell.

Isosuriicesarea visualizationtool usedroutinely by me-
chanicalengineergo investigate the propertiesof the ow
insidea 3D volume.The shapeof anisosurficecangive the
engineerinsightinto its 3D characteristicsOnereasonen-
gineersuseisosurfices,as opposedo say streamsudces,
is becausehey aresocommon.They feel very comfortable
with isosurbicesbecauselik e isolines,they arevery famil-
iar. We even seeisolinesin our daily weatherreports.The
mechanicakngineerave spole to are not asfamiliar with
thenotionof astreamsudceandevenlessits interpretation.

Figure2 shaws anisosurficein the comhustionchamber
of thedatasetin Figurel. Theengineecanseethatthe o w
hassomeof theswirling orientationthatthey arelookingfor.
However, whatis missingfrom Figure2 is a clearindication
of ow direction,e.g.,theupstreamanddownstreannature
of the ow. In particular it is not obvious wherethe ow
doesnot follow the ideal swirl patternthatthe comtustion
chambeshouldencapsulate.

1.3. Applying Texture-Basedrlow Visualization

Applying texture-based ow visualization techniquesto
suchisosurficesprovides engineersven moreinsightinto
the characteristicef 3D vector elds. And this hasbecome
a feasible option only recently We apply the method of
Larameeet al. [6] for producingdense texture-basedep-
resentation®f o w on isosurbces.The resultis a combi-
nationof two well know scienti ¢ visualizationtechniques,
namelyiso-suricing and texture-basedo w visualization,
into a usefulhybrid approachOur applicationis a versatile
visualizationtechniquewith thefollowing characteristics:

= 4

Figure 2: The swirling motion of ow in the comhustion
chamberof a dieselengine(sideview) asillustratedby an
isosurface Thisis a velocityisosurfacewith an isovalue of
5.0m/s.Any CFD attribute canbe mappedo hue

generateadensaepresentationf o w onadaptve reso-
lution isosurfices

visualizeso w oncomple isosurbcescomposeaf poly-
gonswhosenumberis on the orderof 200,0000r more
visualizeso w independentf theisosurbcemeshs com-
plexity andresolution
supportaiserinteractionsuchasrotation,translationand
zoomingalwaysmaintaininga constanthigh spatialres-
olution

producesfast animations realizing up to 60 framesper
second

The performanceis due, amongother reasonsjo the ex-

ploitation of graphicshardware featuresand utilization of

frame-to-framecohereng. We notethatthe methodmustbe
applicableto adaptve resolutionisosurbicedik e thatof Fig-

ure 3. Notethatmary of the polygonsin Figure3 coverless
thanonepixel. Theisosurficealgorithmusedhereis anex-

tensionof the Marching Cubes[7] and Marching Tetrahe-
dra[13] algorithmsthat takesinto accountmore cell types.
It handlesadaptve resolutionmeshesn the samespirit as
LarameeandBergeron[5].

Therestof the paperis organizedasfollows: in Section2
we discusgelatedwork, Section3 reviews theresearchhat
thework hereis built upon.Section4 detailstexture-based

o w visualizationon isosurbicesfrom CFD. Resultsand
conclusionsincludingadiscussiorof theuserguestionsare
presentedn Section5.
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Figure 3: A close-upwire-frameview of theisosurfacdrom
Figure 2. Thealgorithm we describemustbe applicableto
adaptiveresolutionisosurfacemeshes.

2. RelatedWork

The dense texture-baseccatgory of uid ow visualiza-
tion techniqueggenerallystartedout with SpotNoise [14]
andLIC [2]. The main advantageof the texture-basedlass
of algorithmsis their completedepictionof the ow eld
while their primary dravback s, in general,the computa-
tional time requiredto producetheresults.

2.1. Previous Work with Surfaces

Previous researchwith a focus on representationsf the
vector eld on boundarysurfacesis generallyrestrictedto
steady-stateo w on simple boundarygeometriessuch as
spheresThisis mainly dueto the prohibitive computational
timerequired An enhancedersionof SpotNoiseis applied
to surfacesby De LeeuwandVanWijk [3].

Someapproachearelimited to curvilinearsurfacesFors-
sell and Cohen[4] extendLIC to curvilinear surfaceswith
animationtechniqguesndaddmagnitudeanddirectionalin-
formation.Stalling[12] providesa helpful overview of LIC
techniquesappliedto surfaces.In particular a usefulcom-
parisonof parameterizeds. non-parameterizeduriacesis
given. However, isosurfces,like those generatecby the
Marching Cubesalgorithm [7] are not, in general,param-
eterizable.

Battke etal. [1] describeanextensionof LIC for arbitrary
surfacesin 3D. The methodworks by tessellatinga given
surfacewith triangles. The trianglesare pacled (or tiled)
into texture memoryand a local LIC texture is computed
for eachtriangle. Theresultsarelimited to relatively small,
(1,600-4,000p0lygons)simple surfacescomposedf equi-
lateraltriangleshowever. Furthermorethe reportedcompu-
tationtimesareon the orderof oneminute.
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Mao et al. [8] extend LIC for visualizinga vector eld
on an arbitrary surface in 3D. The convolution of a 3D
white noiseimage,with Iter kernelsde ned alongthe lo-
cal streamlinesis performedonly at visible ray-suracein-
tersectionsHowever, ray tracingis, in generalcostly The
resultspresentedhererequiredé minutesof processingime
for a surfacemeshcomposeaf 10,000triangles.

Our review of the literature [9, 10] indicatesthat only
recentlyhave dense texture-basedo w visualizationtech-
niqueson surfacesbecomemore feasible. Perhapshis is
onereasonwhy we have not seenthem appliedto isosur
faces.Larameeet al. [6] and Van Wijk [15] both present
texture-basedo w visualizationfor boundarysurfaces.In
bothmethodsiextureis adwectedin thedirectionof the o w
atfastframerates.Also, bothmethodsaresuitedfor thevi-
sualizatiorof unsteadyo w onsurfacesTheapplicationwe
presenherebuilds onthework of Larameeetal. [6]. In what
follows, we describewhy this methodis well suitedfor the
caseof isosurbicesanddiscusshow it canbe useful.

3. Method Background

In order to understandhow and why we apply texture-
based o w visualizationto isosurfices,we brie y outline
the methodbackground.n brief, the algorithm presented
by Larameeet al. [6] simpli es the problemby con ning
the adwectionof texture propertieso imagespace The sur
face geometryis projectedto image spaceand then a se-
riesof texturesaremappedblended andadvected.This or-
der of operationseliminatesportionsof the surfacehidden
from the viewer. In short, the previous methodfor visual-
ization of ow on surfacesis comprisedof the procedure
depictedschematicallyin Figures4 and5. Eachstepof the
pipelineis necessaryor the dynamiccasesof changego
theisovalue,time-dependergeometryrotation,translation,
andscaling,andonly a subsets neededor the staticcases
involving no changedo theview-pointor isovalue.We con-
siderthesestagesn brie y in thesectionghatfollow. They
aredescribedn moredetailin previousresearch6].

3.1. Vector Field Projection

We startwith agivensurfacewith the3D velocity datastored
at the verticesof the polygons.In orderto adwect texture
propertiesin image space the vector eld associatedvith
thesurfaceis projectedo theimageplane.Themethodhere
takes adwantageof the graphicshardware. A color whose
R, G, and B valuesencodethe x, y, and z componentf
the local vectorsis assignedo eachvertex of the surface
respectiely. The velocity-coloredgeometryis renderecto
theframehuffer. Thetermvelocityimage, Figure5 top, left,
is usedto describeheresultof encodinghevelocity vectors
at the meshverticesinto color values.The velocity image
is interpretedasthe vector eld andis usedfor the texture
adwectionin imagespace.

During the constructionof the velocity image,Gouraud
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Figure 5: The5 conceptuaktages,plusa 6" compositém-
age, usedfor the visualizationof surface ow on a ring:
(top, left) the velocity image, (top, middle) the geometric
edge boundaries(top, right) the advectedand blendedtex-
tures, (bottom,left) a samplenoiseimage, (bottom,middle)
an image overlay, (bottom,right) the resultof the compos-
ited imageswith an optionalcolor map.Thegeometricedge
boundariesare drawnin black for illustration.

Shading,also supportedby the graphicshardware, is en-
abled. Since eachvelocity componentis storedas hue at
eachpolygon vertex of the surface,the smoothinterpola-
tion of hueamountgo hardware-assistedector eld recon-
struction.Thede-codedrelocity vectorsusedto computethe
adwectionmesh(Sec3.2) arethenprojectedontotheimage
plane.

3.2. Advection Mesh Computation and Image
Advection

After the projectionof thevector eld the meshusedto ad-
vectthetexturesis computedA regular, rectilinearmeshis
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distortedaccordingto the velocity vectorsstoredat mesh
grid intersectionsThe distortedmeshverticescanthenbe
computedby backward advectingeachmeshgrid intersec-
tion accordingto a discretizedEuler approximationof a
pathline,p,

Py 1= Py Vp(pk ) Dt 1)

wherevP represents magnitudeanddirectionafter projec-
tion to the image plane and k representgime as a frame
number In this casethe texture coordinatedocatedat the
backward distortedmeshpositionsare mappedo the regu-
lar, rectilinearmeshvertices.

3.3. EdgeDetectionand Blending

While mary advantagesregainedby decouplingheimage
adwection processfrom the 3D surface geometry artifacts
canresult,especiallyin the caseof geometrieswith sharp
edges.For examplea portion of the 3D geometrycan be
muchlessvisible after the projectiononto the imageplane
andcanevenlook like anedge f the o w textureproperties
areadwectedacrosssuchanedgein imagespaceanarti cial
continuity canresult.A geometricedgedetectionprocesss
incorporatednto the algorithmin orderto handlethis (de-
pictedschematicallyn Figures4 and5 top, middle).

During the imageintegration computationwe compare
spatially adjacentdepthvaluesduring one integration and
adwection step. We comparethe associateddepth values,
z, , andz in world spaceof p, ; andp, from equationl,
respectiely. If

Z01 zi>eipcq Pd )

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

3.4. NoiseBlending

By reducingthe image generationprocesshackto two di-
mensionsthe noiseinjection andblendingphase(Figure5
top,right) fallsin line with theoriginal IBFV technique[15]
namely animage,F, is relatedto a previousimage,G, by:

k 1
F(pik = a _éo(l a)'G(p ik ) 3)
1=
wherep represents pathline,a de nes a blendingcoef-
cient. Thus a point, p,, of animageF,, is the resultof a
cornvolution of a seriesof previous images,G(x;i), along
the pathline through p,, with an decay lter de ned by
a(l a).

3.5. Image Overlay Application

The renderingof the adwectedimageand the noiseblend-
ing may befollowedby anoptionalimageoverlay An over-
lay enhanceghe resulting texture-basedepresentatiorof
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surface ow by applying color, shading,or ary attribute
mappedto color (Figure. 5, bottom, middle). The overlay
is constructedonce for eachstatic sceneand applied af-
ter theimagead\ection,edgeblending,and noiseblending
phasesSincethe imageadwection exploits frame-to-frame
cohereny, theoverlaymustbeappliedaftertheadwectionin
orderto preventthe surfaceitself from beingsmeared.

4. Texture-BasedFlow Visualization on Isosurfaces

Herewe describeheway in which we applythemethodde-
scribedin Section3 to isosurhices.Speci cally, we describe
waysto address(1) thenormalcomponenof the o w to the
isosurfce,(2) perceptuathallengesassociatedvith view-

ing o w onisosurhices(3) issuegelatedto resamplinghe
vector eld, and(4) someimplementatiordetails.

4.1. Applying a Normal Mask

Whenvisualizing o w onnormalboundarysurfacedik e the
ring in Figure5 bottom right, thedirectionof the o w gener
ally coincideswith thesurfaceitself. As the o w approaches
theboundaryit is notallowedto passthroughandis pushed
in atangentialdirection,i.e., it canbe describedassurface
aligned o w. However, in the caseof isosurficesthis is no
longertrue.The o w atanisosurficecansometimesxhibit
astrong o w thatis normalto thesurface e.g.,cross-sutdce
ow. The samealso holds true for the caseof arbitrary
clipping geometriesuchasthoseusedby Rezk-Salamaet
al.[11] Simply adwectingtexturepropertiesaccordingo the
vector eld projectedonto the isosurfice could be consid-
eredmisleading.ls therea way in which this cross-surdice
componenbf the ow can be incorporatednto the result
visualization?

Battke etal [1], who appliedLIC to surfacesaddresshis
problemby varying the length of the convolution Iter ac-
cordingto themagnitudeof thevectorcomponentangential
to the surface.In areaswvherethevector eld is orientedal-
mostperpendiculato the surfaceonly very little smearing
of the texture occurs,i.e., the input noiseis visible instead
of a convolved texture. Our approachis requiredto be con-
sistentwith the visualizationof o w on boundarysurfaces.
Whenwe applytexture-basedo w visualizationto boundary
surfacesthe amountof texture-smearingndicatesvelocity
magnitudej.e., textureis smearednto longerstreaksn ar
easof highervelocity magnitude We don't wantto change
the semantidnterpretatiorof smearingor isosurfices.

We proposean ideainspiredby the well known velocity
mask,namely anormalmask A velocity maskcanbeused
to dim or highlight high frequeng noisein low velocity re-
gions.Whereasanormalmaskcanbeusedto dim regionsof
thevector eld thathave strongcross- ow componento the
isosurfice.We proposethe following to de ne the normal
mask:

a=(AnM 4)
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wherea increasessa function of the productof the veloc-
ity, v, andnormalvectorto thesurface n, atthatpoint. Here,
m is an arbitrarynumber In practice,it is typically around
unity giving the opacitya nearlylinearbehaior. In our case,
theimageoverlay (Figure5 bottom,middle) becomesnore
opaquein regionswith a strongcross- ow componentand
moretransparenin areaof highly tangentialvelocity. With

the normal mask enabled the viewer's attentionis dravn

away from areasof strongcross- ow componentand to-

wardsareasof high tangentialvelocity. Note however, that
thetexture propertiesarestill advectedaccordingthe veloc-
ity vectorsprojectedontotheisosurfice.

Theresultof applyinga normalmaskto the ring surface
from Figure5 is shovn in Figure6. Theinlet areawherethe
o w is generallyorthogonato thesurfacehasahigh opacity
covering up the high spatialfrequeny texture. Note that if
we encodethe normalmaskas opacity anothersimulation
attribute canbe mappedo hue.In our applicationthis is a
requirementor consisteng.

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

4.2. Normal Mask Implementation

We can integrate the implementationof the normal mask
with very little overheady takingadwantageof thegraphics
hardware.If welook closelyattheconstructiorof theveloc-
ity imagein Section3.1we notethatthetheR, G, andB im-

agechannelsareusedto encodethe x, y, andz valuesof the
vectorcomponentat eachvertex de ning the surface.This
leavesthe alphachannelasa free parametein the velocity
imageconstructionIn orderto implementthe normalmask,
we simply storetheresultof ¥ n into thealphachannelvhen
renderinghevelocityimage atthesameime we arestoring
the x, y, andz vectorcomponentsAnd whenreadingback
the imagebuffer, readingthe alphacomponenin addition
totheR, G, andB componentomesat very little overhead.
Someresultsof applyingthis normalmaskto anisosurfice
areshavn in Figure7. We canseethatthe o w attheisosur

facejust belov theintake portin the foreground(in white)

hasa strongnormalcomponento theisosurfice.Thehigher
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Figure 7: From left to right: (left) a velocity isosurfaceof value 5.0 m/swith a CFD simulationattribute mappedto hue
(middle)texture-basedow visualizationon theisosurface(right) texture-basedow visualizationon the isosurfacecombined

with a normalmask A close-upis shownin Figure 8.

frequeng texturein this region is dif cult to see.Figure8
shaws a close-upof Figure 7 for increasectlarity of expo-
sition. Note alsothat we have chosena simplercolor scale
in this caseto reducethevisualcompleity of theresult.We
nd thatusingusinga full rangeof huefor the color map-
ping (like in Figure2) in combinationwith variableopacity
for thenormalmaskis visually comple. Sowe provide the
option of trading off somecompleity in the color mapfor
includingthe normalmask.

4.3. Perceptual Issues

Figure 9, top, shavs a close-upview of a velocity isosur

facewith texture-basedo w visualizationapplied.Oneper

ceptualproblemwith the resultis that of occlusion.There
is more structureto this isosurfice than we can see.Per

ceptualproblemssuchas occlusionand visual compleity

arecommonto generallyall 3D visualizationsOneway we
addressedhis is by implementingan interactive clipping
plane.

The clipping planeallows the userto seeoccludedparts
of the isosurficeby remaving sub-setof the geometryon
onesideof the plane,in this example,the sidecloserto the
viewer. Again, the usersareinterestedn cutting planesbe-
causeof their familiarity. Figure 9, bottom, shavs another
view of theisosurficewith aclipping planebeingused New
structuresn theisosurficearerevealed namelythestructure
resultingfrom o w aroundanintake portvalve.

Of courseanotheralternatve is for the engineeto take a
2D slicethroughthe volume,ratherthancreatinganisosur

face.This is essentiallytrading off dimensionalityin order
to reduceperceptuabroblems.In our application,the user
hasbothoptions.

Anotheroptionfor theuserin ourapplicationis theuseof

arbitraryclipping geometriesFor example,the usercande-
ne aclipping geometnyin the shapeof a sphereor cylinder
andapply the texture-basedo w visualization.Again how-

ever, thisis atrade-of. We maygainby loweringvisualcom-
plexity andocclusion,but we lose someinformationabout
the behaior of the o w, namely thatvisualizedby the iso-
surface.

4.4. A ResamplingPoint of View

Onereasorthis texture-adectionmethodis fasterthanpre-
vious texture-basednethodson surfacesis becausehe in-
jection, blending,andadvectionof noisetexturesis donein
imagespace Thekey to transformingthethree-dimensional
natureof textureson surfacesto a two-dimensionaproblem
is via the projectionof the vector eld to imagespace,as
illustratedin Figure10.

Thevector eld from theisosurfceis projectedontoim-
agespacevia the velocity imagedescribedn Section3.1.
Then,theimageis warpedaccordingo aregular, rectilinear
meshasdescribedn Section3.2 andillustratedon theright
in Figure10.By distortingtheimageaccordingheprojected
velocity vectorslocatedat the grid intersectionsye areim-
plicitly resamplinghevector eld. Thisresamplingmplies
someconsequencestlnlike thenatureof boundarysurfaces,
isosurbicesmay containvery small, disconnectegbiecesin
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Figure 8: A close-upof the isosurfacefrom Figure 7: (top)

texture-basedow visualizationon the isosurface(bottom)
texture-basedow visualizationon theisosurfacecombined
with a normalmask.

somecaseshesepiecesmay only cover a few pixels. This
impliesthatweneedahighvector eld resamplingatewhen
adwecting the texturesin imagespace.n otherwords,the
samplingto pixel ratio shouldbesmall,e.g.,samplingat ev-
erypixel or every otherpixel. In orderto handlethis, we give
theuserthe optionof differentadvectiongrid resolutionsin
our implementationthe highestgrid resolutionsampleghe
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 theadwectiongrid is becausave wantto retainthe
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Figure 9: (top) a close-upof a velocityisosurfaceof value
5.0m/swith no clipping plane(bottom)the sameisosurface
shownusing a clipping plane tangent to the view-point in
orderto revealoccludedsosurfacestructuies

adwantage®btainedy decouplingheoriginal surfacemesh
with the meshusedto adwect the textures.This decoupling
preventscomputationon thosepolygonswhoseareacovers
lessthan one pixel. And in the caseof Figure 3 thereare
thousandsf suchpolygons We notealsothatzoomingin on
asurfaceimplicitly increaseshesamplingrateof thevector
eld becausenoreof theimageis spreadbut while theres-
olution of the adwectiongrid at the sametime remainsthe
same.

Thefactthatanisosurbcemay containmary small, dis-
connectegiecesalsoimpliesthatwe needa high frequeny
texturein thespatialdomain.In ourimplementationwe give
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Figure 10: Image spacebased ow visualizationfroma re-
samplingpoint of view. Settingup a regular, rectilinear ad-
vectiongrid in image space(right) impliesa vector eld re-
samplingprocessTheadvectiormeshshownhere is of very
coarseresolutionfor illustration.

the usercontrol over the spatialfrequeng of the noisein-
jection. Somesampleof thesespatialfrequenciesreillus-
tratedin Figurell.Usingahighspatiaffrequeng allowsfor
the visualizationof ow on even very small, disconnected
piecesof anisosurfce.

Figure11: Differentspatialfrequencyoisethatcanbeused
in the noiseinjectionand advectionprocess:Small,discon-
nectedpiecesof an isosurfacamply that a high spatial fre-
guencynoiseshouldbe used.

5. Resultsand Discussion

If we take a closerlook at Figures8 and9, we canseethat
the texture-basedo w visualizationprovides additionalin-
sightinto the behaior of the o w. Oneof thequestionghat
theengineeposess: Wherein thevolumeis theideal swirl
0w patternnot beingmet?Within the texture, we cansee
thattheidealswirl o w patternis notbeingmetin justbelov
theintake portsthemseles.Namely we canseethattwo ar-
easof the o w areworking againsteachotherjust beneath
theactualboundarysurfaceof thecomhustionchamberThis
is shown moreclearly in a close-upin Figure12. The nor
mal maskin Figure12 highlightsthe boundarybetweerthis
destructve o w pattern.Thisis contrastedvith only theiso-
surfaceitself (Figure 2) whereareadestructve o w is not

Figure 12: A close-upof a velocityisosurfaceof value5.0
m/swith texture-basedow visualizationanda normalmask
applied. With the texture advectionon the isosurfaceit is
clearthattheideal swirl ow patternis notexhibitedin this
region.

obvious.Thedestructie o w patternis madeevenmoreob-
viousin ananimationof the o w. T

Figure 13 shavs theisosuracefrom a top point of view.
In this view, it is clearthat much of the o w is consistent
with theswirl o w pattern.Again, this is evenclearerwhen
watchingananimatedsequencef thevisualizationresult.

Figure14,top, shavs theintersectiorof threeblood ves-
sels.The larger vesselon the right bringsin blood anddis-
tributesit to two small vesselson the left. An abnormal
pocket, e.g.,an aneurysmhasdevelopedat the junction of
thethreevesselsThe obserer maybeinterestedo investi-
gatetheinsideof the poclet to seethe resultingblood o w
patternIf welook attheblood o w atthesurface,asin Fig-
ure 14, top, we seemostly noise.The velocity of the blood

o w atthesurfaceof the pocketis moving very slow relative
to thevessekurfaces.

Figure 14, bottom, shavs a velocity isosurfice (of 0.04
m/s) inside the volume with texture-basedo w visualiza-
tion applied.Shavn clearlyis the recirculationzonein the
pocket with blood o wing upstreanin the opposingdirec-
tion). This secondexamplewaschosenin an effort to sup-
portourclaimthatthehybrid approactof texture-basedo w

T SupplementarfPEG animationsandimagesof the resultscan
befoundat:
http://www.vrvis.at/ar3/pr2/VisSym04/
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Figure 13: A view fromthe top of the velocityisosurfaceof

value 5.0 m/swith texture-basedow visualizationapplied.

Fromthis view, it appeas asif mostof the ow is consistent
with theswirl ow pattern.

visualizationonisosurbicescanbeuseful,notonly in theau-
tomotive domain.

6. Performance

PerformancevasevaluatedbnaPCwith anNvidia 980XGL
Quadrographicscard, with a 2.8 GHz dual-processoand
1 GB of RAM. The performancdimesreportedin Table 1
supporinteractive explorationof o w onisosurficesThisis
importantfor the caseof changingsovalues Whenthe user
changesheisovalue,texture updateonly requirea fraction
of asecondAnd thetransitionis generallycoherenbecause
eachframeis blendedwith the previous frameasdescribed
in Section3.4.

The rst time reportedin the FPScolumnis for the static
case,i.e., the absenceof changesto the view point. The
times shavn in parenthesisndicate the dynamic casesof
interactve zooming, rotation, and translationof the view
point. More speci cally, thedynamiccasegequirethe con-
structionof a velocity image,imageoverlay, aswell asge-
ometric edgedetection.The reportedtimes are aboutthree
timesfasterthanthosereportedby Larameeet al. [6]. This
is mainly dueto the updatedhardware usedfor the evalua-
tion andsomesmallimprovementgo theimplementation.

The performancedime of the algorithm dependson the
resolutionof themeshusedto performtheadvectionandthe
numberof polygonsin the original isosuricemesh.In the
staticcase the algorithmno longerdependson the number
of polygonsin the surfacemesh,but on the areacoveredin

submittedto Joint EURDGRAPHICS IEEE TCVGSymposiunen Visualization(2004

Figure 14: (top) the intersectionof threeblood vesselsAn
abnormalpodet hasformedat the junction. (bottom)a ve-
locity isosurfaceof value 0.04 m/s with texture-basedow
visualizationapplied. The recirculation zonewhele blood
ows in theopposingdirectionbecomeslear.

num.polygons adwectionmeshres. FPS

10K 647 64 (35)
12¢ 64 (18)
256 32(8)
512 15(2.3)

48K 642 64(13)
12¢ 64 (10)
256 32(6)
5127 15(2)

221K 647 64(4)
12¢ 64 (4)
256 32(2.9)
5127 13(1.5)

Table 1: Sampldrameratesfor thevisualizationalgorithm.

image spaceand the resolutionof the adwection mesh.In
all the performanceaumberggivenin Tablel approximately
75%o0f imagespacéds covered.We recommendhattheuser
explorethedatawith alower resolutionadvectionmeshand
thenincreasehe resolutionwhenhigheraccurag analysis
or presentatiofis required.

Normal maskconstructiondoesnot introducesigni cant
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overheadsinceit is easilybuilt into theadwectionprocesst-

self. For example theisosuraceshavn in Figuresl2and13
is composef 243K polygons.In the static case the nor

mal maskhasno effecton framerates. They arethesameas
thoselistedin Tablel. In thedynamiccaseusinga 12& ad-
vectionmesh theframeratedropsfrom 3.3to 3.0 FPSwith

theadditionof thenormalmask.

7. Conclusionsand Futur e Work

We have shavn how the image space based texture-
adwection techniqueof Larameeet al. [6] can be applied
to isosurfices.Isosurficesprovide informationinto the 3D
characteristicef o w that2D slicesandboundarysurfaces
alonecannot.We have shavn thataddingthe texture-based
representatiomf o w to isosurbicescan give the engineer
new insightinto the behaiour of swirl o w whenexamin-
ing CFD simulationdata.We have alsoappliedthe method
to the visualizationof blood o w. Furthermorethe method
is fastand supportsuserinteractionsuchaszooming,rota-
tion, andtranslation.

Future work can go in mary directions including vi-
sualization of texture-based ow visualization on time-
dependentisosurfices, streamsudces, and unsteady3D

o w. Challengeswill include both interactve performance
time andperceptuailssuesFuturework alsoincludestheap-
plication of more specializedorogrammableraphicshard-
warefeaturesn the mannerof Weiskopf etal. [16, 17]

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