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Figure1: Visualizationof �o w on the surfaceof an intake mani-
fold. Theidealintakemanifolddistributes�o w evenly to thepiston
valves.

Abstract

We presenta novel techniquefor direct visualizationof unsteady
�o w on surfacesfrom computational�uid dynamics.Themethod
generatesdenserepresentationsof time-dependentvector �elds
with high spatio-temporalcorrelation using both Lagrangian-
Eulerian Advection and Image Based Flow Visualization as
its foundation. While the 3D vector �elds are associatedwith
arbitrary triangularsurfacemeshes,the generationand advection
of texturepropertiesis con�ned to imagespace.Frameratesof up
to 20 framesper secondare realizedby exploiting graphicscard
hardware. We apply this algorithmto unsteady�o w on boundary
surfaces of, large, complex meshesfrom computational�uid
dynamicscomposedof more than 250,000 polygons, dynamic
mesheswith time-dependentgeometryand topology, as well as
medicaldata.

CR Categories: I.3.3 [ComputerGraphics]: Picture/ImageGen-
eration; I.3.7 [ComputerGraphics]: Three-DimensionalGraphics
andRealism–Color, shading,shadowing, andtexture; [Simulation
andModeling]: SimulationOutputAnalysis

Keywords: Unsteady �o w visualization, computational �uid
dynamics(CFD),surfacerepresentation,texturemapping

Figure2: Visualizationof �o w at thecomplex surfaceof a cooling
jacket -acompositeof over250,000polygons.

1 Intr oduction

Dense,texture-based,unsteady�o w visualizationon surfaceshas
remainedan elusive problem since the introduction of texture-
based�o w visualizationalgorithmsthemselves. Theclassof �uid
�o w visualizationtechniquesthat generatedenserepresentations
basedon texturesstartedwith theSpotNoise[vanWijk 1991]and
LIC [CabralandLeedom1993]. Themainadvantageof this class
of algorithmsis theircompletedepictionof the�o w �eld while their
primarydrawbackis, in general,thecomputationaltimerequiredto
generatetheresults.

Recently, two new algorithms,namelyLagrangian-EulerianAd-
vection(LEA) [Jobardet al. 2001]andImageBasedFlow Visual-
ization (IBFV) [van Wijk 2002], have beenintroducedthat over-
comethecomputationtime hurdleby generatingtwo-dimensional
�o w visualizationat interactiveframerates,evenfor unsteady�o w.
This paves the way for the introduction of new algorithmsthat
overcomethe sameproblemson boundarysurfacesand in three
dimensions.In this paperwe presenta new algorithmthat gener-
atesdenserepresentationsof arbitrary�uid �o w on complex, non-
parameterizedsurfaces,more speci�cally, surfacesfrom compu-
tational �uid dynamics(CFD). However, the algorithmis general
enoughto applyto othervector�eld dataassociatedwith a surface
suchasbloodvessel�o w.

Traditionalvisualizationof boundary�o w usingtexturemapping
�rst mapsoneor more2D texturesto asurfacegeometryde�ned in
3D space.Thetexturedgeometryis thenrenderedto imagespace.



Here,we alter theclassicorderof operations.First we projectthe
surfacegeometryto imagespaceandthenapplytexturing. In other
words, conceptuallytexture propertiesare advectedon boundary
surfacesin 3D but in factour algorithmrealizestextureadvection
solely in imagespace.The result is a versatilevisualizationtech-
niquewith thefollowing characteristics:

� generatesadenserepresentationof unsteady�o w onsurfaces

� visualizes�o w on complex surfacescomposedof polygons
whosenumberis on theorderof 200,000or more

� visualizes�o w on dynamicmesheswith time-dependentge-
ometryandtopology

� visualizes�o w independentof thesurfacemesh's complexity
andresolution

� supportsuser-interactionsuch as rotation, translation,and
zoomingalwaysmaintaininga constant,high spatialresolu-
tion

� thetechniqueis fast,realizingup to 20 framespersecond

The performanceis due,amongotherreasons,to the exploitation
of graphicshardwarefeaturesandutilizationof frame-to-frameco-
herency. Therestof thepaperis organizedasfollows: in Section2
we discussrelatedwork, Section3 detailsunsteady�o w visualiza-
tion onsurfacesfrom CFD.Implementationdetailsaredescribedin
Section4 while resultsandconclusionsarediscussedin Section5.

2 Related Work

Ourwork focusesontexture-basedrepresentationsof unsteady�o w
on complex, non-parameterizedsurfaces.Thechallengeof visual-
izing time-dependentvector �elds on surfacesat fast framerates
remainsunsolved in surveys of the researchliterature[Postet al.
2002;Stalling1997]. However, several techniqueshave beenpro-
posedto successfullyresolve partsof the problem. In the next
two sectionswe describethe two main categoriesof approaches
for denserepresentationson surfacesanddenserepresentationsof
unsteady2D vector�elds.

2.1 Texture-Based Flow Visualization on Surfaces

Previousresearchwith afocusonrepresentationsof thevector�eld
on boundarysurfacesis generallyrestrictedto steady-state�o w.
This is mainly dueto theprohibitive computationaltime required.
An enhancedversionof Spot Noise is appliedto surfacesby de
Leeuw and van Wijk [de Leeuw and van Wijk 1995]. Battke et
al. [Battke et al. 1997] describean extensionof LIC for arbitrary
surfacesin 3D.Someapproachesarelimited to curvilinearsurfaces,
i.e.,surfacesthatcanbeparameterizedusing2D coordinates.Fors-
sellandCohen[ForssellandCohen1995]extendLIC to curvilinear
surfaceswith animationtechniquesandaddmagnitudeanddirec-
tional information. Mao et al. [Mao et al. 1997] presentan algo-
rithm for convolving solid white noiseon triangle meshesin 3D
spaceandextendLIC for visualizingavector�eld onarbitrarysur-
facesin 3D. Stalling[Stalling1997]providesahelpfuloverview of
LIC techniquesappliedto surfaces.In particular, ausefulcompari-
sonof parameterizedvs.non-parameterizedsurfacesis given.

2.2 LEA and IBFV

Thealgorithmin thispaperis anew approachthatincorporatesfea-
turesof bothLEA andIBFV. Thesevery effective algorithmshave
recentlybeenintroducedto producedenserepresentationsof un-
steady, 2D vector�elds.

Jobardetal. introducedaLagrangian-Euleriantextureadvection
techniquefor 2D vector �elds at interactive frame rates[Jobard

Figure 3: A wire frame view of the surfaceof two intake ports
showing its 221,000polygonal composition: (left) an overview
from thetop,notethatmany polygonsarecover lessthanonepixel
(right) aclose-upview of themeshbetweenthetwo intakeports.

etal. 2001;Jobardetal. 2002].Thealgorithmproducesanimations
with high spatio-temporalcorrelation.Eachstill framedepictsthe
instantaneousstructureof the �o w, whereasananimatedsequence
of framesrevealsthemotionof adensecollectionof particleswhen
releasedinto the �o w. Particle pathsare integratedasa function
of time, referredto asthe Lagrangianstep,while the color distri-
bution of the imagepixels is updatedin place(Eulerianstep).The
resultrepresentsa large stepforward in bringing the visualization
of unsteady�o w to interactive framerates.

ImageBasedFlow Visualizationby van Wijk [van Wijk 2002]
is the most recentalgorithmfor dense,2D, unsteadyvector �eld
representations.It is basedon theadvectionanddecayof textures
in imagespace. Eachframe of the visualizationis de�ned as a
blendbetweenthe previous image,warpedaccordingto the �o w
direction,andanumberof backgroundimagescomposedof �ltered
whitenoisetextures.Performancetimesupto 50framespersecond
areachievedthrougheffectiveuseof thegraphicshardware.

3 Unstead y Flow Visualization on
Surfaces

In this sectionwe describeour techniquein detail, startingwith a
discussionof thosefactorsmotivatingtheapproach.

3.1 Physical Space vs. Parameter Space vs. Im-
age Space

Oneapproachto advectingtexturepropertieson surfacesis via the
useof aparameterization,a topic thathasbeenstudiedadnauseam
(e.g.,Levy etal. [L évyetal. 2002]).Accordingto Stalling[Stalling
1997], applying LIC to surfacesbecomesparticularly easywhen
thewholesurfacecanbeparameterizedglobally in two dimensions,
e.g.,in the mannerof ForssellandCohen[Forssell1994;Forssell
andCohen1995]. However, therearedrawbacksto this approach.
Texturedistortionsareintroducedby themappingbetweenparam-
eter spaceand physical spaceand, more importantly, for a large
numberof surfaces,no global parameterizationis available such
asisosurfacesfrom marchingcubesandmostunstructuredsurface
meshesresultingfrom CFD. Surfacemeshesfrom CFD may con-
sistof smoothlyjoinedparametricpatches,but canhaveacomplex
topologyandtherefore,in general,cannotbe parameterizedglob-
ally. Figures2 and3 areexamplesof surfacesfor which a global
parameterizationis noteasilyderived.

Another approachto advecting texture propertieson surfaces
would be to immersethe meshinto a 3D texture, thenthe texture
propertiescould be advecteddirectly accordingto the 3D vector



�eld. This would have theadvantagesof simplifying themapping
betweentexture andphysical spaceandwould result in no distor-
tion of thetexture. However, this visualizationwould belimited to
themaximumresolutionof the3D texture, thuscausingproblems
with zooming. Also, this approachwould not be very ef�cient in
thatmostof thetexelsarenotused.Theamountof texturememory
requiredwouldalsoexceedthatavailableonourgraphicscard,e.g.,
wewouldneedapproximately500MBof texturememoryif weuse
4 bytespertexel anda5123 resolutiontexture.

Can the problembe reducedto two dimensions?The surface
patchescanbepacked into texturespacevia a trianglepackingal-
gorithmin themannerdescribedby Stalling[Stalling 1997].How-
ever, thepackingproblembecomescomplex sinceourCFDmeshes
arecomposedof many scalenetrianglesasopposedto theequilat-
eral and isoscelestrianglesoften found in computationalgeome-
try. Theproblemof packingscalenetriangleshasbeenstudiedby
Carret al. [Carr andHart 2002].For CFD meshes,trianglesgener-
ally have very disparatesizes.For a giventextureresolution,many
triangleswould have to be packed that cover lessthanone texel.
To by-passthis, thesurfacescouldbedivided into severalpatches
which could be storedinto a texture atlas[L évy et al. 2002]. In
any case,computationtimewouldbespentgeneratingtexelswhich
cover polygonshiddenfrom the currentpoint of view. The pre-
cedingdiscussionleadsus to an alternative solution that, ideally,
hasthefollowing characteristics:worksin imagespace,ef�ciently
handleslarge numbersof surfacepolygons,spendsno extra com-
putationtime on occludedpolygons,doesnot spendcomputation
time on polygonscovering lessthana pixel, andsupportsuserin-
teractionsuchaszooming,translation,androtation.

3.2 Method Overview

The algorithmpresentedheresimpli�es the problemby con�ning
theadvectionof texturepropertiesto imagespace.We projectthe
surfacegeometryto imagespaceandthenapplyaseriesof textures.
This orderof operationseliminatesportionsof the surfacehidden
from theviewer. In short,ourproposedmethodfor visualizationof
�o w onsurfacesis comprisedof thefollowing procedure:

1. associatethe3D �o w datawith thepolygonsat theboundary
surfacei.e.,a velocity vectoris storedat eachpolygonvertex
of thesurface

2. projectthesurfaceandits vector�eld ontotheimageplane
3. identify geometricdiscontinuities
4. advecttexturepropertiesaccordingto thevector�eld in image

space
5. injectandblendnoise
6. applyadditionalblendingalongthegeometricdiscontinuities

previously identi�ed
7. overlayall optionalvisualizationcuessuchasshowingasemi-

transparentrepresentationof thesurfacewith shading

Thesestagesaredepictedschematicallyin Figure4. Eachstepof
the pipeline is necessaryfor the dynamiccasesof unsteady�o w,
time-dependentgeometry, rotation, translation,and scaling, and
only a subsetis neededfor the staticcasesinvolving steady-state
�o w andno changesto theview-point. We considereachof these
stagesin moredetail in thesectionsthatfollow.

3.3 Vector Field Projection

In ordertoadvecttexturepropertiesin imagespace,wemustproject
thevector�eld associatedwith thesurfaceto theimageplane,tak-
ing into accountthat thevelocity vectorsarestoredat thepolygon
vertices. We choseto take advantageof the graphicshardwareto
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Figure4: Flow diagramof texture-based�o w visualizationoncom-
plex surfaces-k representstimeasa framenumber.

projectthevector�eld to theimageplane.Weassignacolorwhose
R, G, andB valuesencodethex, y, andz componentsof the local
vectorsto eachvertex of the boundarysurfacerespectively. The
velocity-coloredgeometryis renderedto the framebuffer. We use
the term velocity image to describethe resultof encodingthe ve-
locity vectorsat the meshverticesinto color values.The velocity
imageis interpretedasthe vector �eld andis usedfor the texture
advectionin imagespace.Moreprecisely, thecolorassignmentcan
bedonewith asimplescalingoperation.For eachcolorcomponent,
hrgb, weassignavelocity, vxyz componentaccordingto:

hr =
vx � vminx

vmaxx � vminx

hg =
vy � vminy

vmaxy � vminy
(1)

hb =
vz � vminz

vmaxz � vminz

Theminimumvelocitycomponentis subtractedfor eachcolorcom-
ponentrespectively, in aneffort to minimizelossof accuracy.

The useof a velocity imageyields the following bene�ts: (1)
theadvectioncomputationandnoiseblendingis simplerin image
space,thuswe inherit advantagesfrom theLEA andIBFV, (2) the
vector�eld andpolygonmesharedecoupled,therebyfreeingupex-
pensivecomputationtimededicatedto polygonssmallerthanasin-
glepixel, (3) conceptually, this is performinghardware-accelerated
occlusionculling, sinceall polygonshiddenfrom the viewer, are
immediatelyeliminatedfrom any further processing,and(4) this
operationis supportedby the graphicshardware. Saving the ve-
locity imageto main memoryis simple,fast,andeasy. A sample
velocity imageis shown in Figure5 (top, left).

Theconstructionof thevelocity imageallows usto take advan-
tageof hardware-accelerated�o w �eld reconstruction.During the
constructionof the velocity image,we enableGouraudShading,
alsosupportedby thegraphicshardware.Sinceeachvelocity com-
ponentis storedashueat eachpolygonvertex of the surface,the
smoothinterpolationof hueamountsto hardware-acceleratedvec-
tor �eld reconstruction.This is importantfor a minimum of two
reasons.First, thepolygonalprimitive we chooseat imageadvec-
tion time is independentof the original meshpolygons(more in
Section3.4). In otherwords,theverticesof themeshweuseto dis-



Figure5: The 5 componentimages,plus a 6th compositeimage,
usedfor the visualizationof surface�o w on a ring: (top, left) the
velocityimage,(top,right) thegeometricedgeboundaries,(middle,
left) the advectedand blendedtextures,(middle, right) a sample
noiseimage,(bottom,left) animageoverlay, (bottom,right) there-
sult of thecompositedimageswith anoptionalvelocity color map.
Thegeometricedgeboundariesaredrawn in blackfor illustration.

tort theimagearenot thesameverticeswheretheoriginal velocity
vectorsarestored.Second,interpolationis essentialfor �o w �eld
reconstruction.Whenthesurfaceis renderedwith velocityencoded
ashue,theverticesof somepolygonsareclippedduringtheprojec-
tionprocess.However, westill needtoaccessthevector�eld values
insidethosepolygons,andnot just at the vertices,hencethe need
for reconstruction.Wealsonotethatwearenotnecessarilylimited
to linear interpolationfor reconstruction.Higher order interpola-
tion schemescan be supportedby graphicshardware [Hadwiger
etal. 2001].

The velocity vectorsarede-codedfrom the velocity imageac-
cordingto:

vx = hr � (vmaxx � vminx) + vminx

vy = hg � (vmaxy � vminy) + vminy (2)

vz = hb � (vmaxz � vminz) + vminz

Thede-codedvelocityvectorsusedto computetheadvectionmesh
(Sec3.4)arethenprojectedontotheimageplane.

Themagnitudeof thevelocity vectorsat thosepartsof thesur-
faceorthogonalto the imageplanemay be shortenedas a result

of perspective projection,i.e., if the dot productbetweenthe im-
ageplanenormal and the 3D surfacenormal is zero or closeto
zero. This canreducethevisual clarity of thevector�eld' s direc-
tion duringanimation.In our implementation,we addedanoption
thatallows theuserto applya biasto thevelocity vectorsthatare
shortenedcloseto zerodueto theprojection.We canusethis bias
to reducethescalingeffect for curvedsurfaces.Conceptuallyit is
likeapplyinga reversevelocityclamp.

The projectionof the vectorsto the imageplaneis doneafter
velocity imageconstructionfor 2 reasons:(1) notall of thevectors
have to be projected(Sec.3.4), thussaving computationtime and
(2) weusetheoriginal3D vectorsfor thevelocitymask(Sec.4.2).

3.4 Advection Mesh Computation and Boundar y
Treatment

After theprojectionof thevector�eld we computethemeshused
to advect the texturessimilar to IBFV. We distort a regular, recti-
linear meshaccordingto the velocity vectorsstoredat meshgrid
intersections.Thedistortedmeshverticescanthenbecomputedby
advectingeachmeshgrid intersectionaccordingto thediscretized
Eulerapproximationof a pathline,p, (thesameasa streamlinefor
steady�o w) expressedas:

pk+ 1 = pk + vp(pk; t) Dt (3)

wherevp representsa magnitudeanddirectionafter projectionto
the imageplane. The texture coordinateslocatedat the regular,
rectilinearmeshverticesarethenmappedto the(forward)distorted
meshpositions. The distortedmeshpositionsare storedfor fast
advectionof texturepropertiesfor staticscenes.

Specialattentionmustbepaidin orderto handle�o w atgeomet-
ric boundariesof the surface. Figure6 shows an overview of the
original IBFV process.During thevisualization,eachframeis ad-
vected,rendered,andblendedin with a backgroundimage. If we
look carefullyat thedistort phaseof thealgorithm,we noticethat
thereis nothingto stopthe imagefrom beingadvectedoutsideof
thephysicalboundaryof thegeometry. While this is notaproblem
whenthegeometrycoverstheentirescreen,thiscanleadto artifacts
for geometriesfrom CFD,especiallyin thecaseof boundarieswith
anon-zerooutbound�o w, e.g.,�o w outlets.

To addressthisproblemweborrow anotionfrom LEA thattreats
non-rectangular�o w domains,namely, the useof backward coor-
dinate integration (also proposedby Max and Becker [Max and
Becker1999]).Usingbackwardintegration,equation3 becomes:

pk� 1 = pk � vp(pk� 1; t) Dt (4)

In this casethe texture coordinateslocatedat the (backward) dis-
tortedmeshpositionsaremappedto the regular, rectilinearmesh
vertices.Backward integrationdoesnot allow advectionof image
propertiespastthegeometricboundaries.
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Figure6: An overview of theoriginal imagebased�o w visualiza-
tion



3.5 Edge Detection and Blending

While wegainmany advantagesby decouplingtheimageadvection
processwith the 3D surfacegeometry, artifactscan result, espe-
cially in thecaseof geometrieswith sharpedges.If we look care-
fully at the resultof advecting texture propertiesin imagespace,
we noticethat in somecasesa visual �o w continuity is introduced
whereit maybeundesirable.A samplecaseis shown in Figure7.

World Space

Im
ag

e 
Spa

ce

Figure7: Whena 3D surfacegeometry(left) is projected,conti-
nuity is createdin imagespace(right). If the �o w alignedtexture
propertiesareadvectedacrossthisedge,anarti�cial �o w continuity
mayresult.

A portion of the 3D geometry, shown colored,is much lessvisi-
ble after the projectiononto the imageplane. If the �o w texture
propertiesareadvectedacrossthisedgein imagespace,alsoshown
colored,anarti�cial continuityresults.To handlethis,we incorpo-
ratea geometricedgedetectionprocessinto thealgorithm.During
the imageintegrationcomputation,we comparespatiallyadjacent
depthvaluesduring oneintegrationandadvectionstep. We com-
paretheassociateddepthvalues,zk� 1 andzk in world spaceof pk� 1
andpk from equation4, respectively. If

jzk� 1 � zkj > e� jpk� 1 � pkj (5)

wheree is a thresholdvalue,thenwe identify an edge. All posi-
tions,p, for whichequation5 is true,areclassi�edasedgecrossing
startpoints. Specialtreatmentmustbe given whenadvectingtex-
turepropertiesfrom thesepoints. This processdoesnot detectall
geometricedges,only thoseedgesacrosswhich �o w textureprop-
ertiesshouldnotbeadvected.

Figure 5 top, right shows one set of edgesfrom the detection
process.The geometricedgesareidenti�ed andstoredduring the
dynamicvisualizationcaseandadditionalblendingis applied(de-
pictedschematicallyin Figure4). During theedgeblendingphase
of thealgorithmwe introducediscontinuitiesin thetexturealigned
with the geometricdiscontinuitiesfrom the surface,i.e., gray val-
uesareblendedin at theedges.Thishastheeffectof addingagray
scalephaseshift to thepixel valuesalreadyblended.Thiscouldob-
viouslybehandledin differentways,e.g.,choosingarandomnoise
valueto advector inverting thenoisevaluealreadypresent.Some
resultsof the edgedetectionandblendingphaseare illustratedin
Figure8. In our datasetsan e of 1-2% of depthbuffer is practi-
cal. However, theusersmaysettheirown valueif �ne tuningof the
visualizationis needed.

Thesameedgedetectionandblendingbene�tsincomingbound-
ary �o w. Also anartifactof theIBFV algorithm,geometricbound-
arieswith incoming�o w may appeardimmerthanthe restof the
geometry. This is a resultof thenoiseinjectionandblendingpro-
cessdescribedin Section3.6. In short,thebackgroundcolorshows
throughmorein areasof incoming�o w becausenot asmuchnoise
hasbeenblendedin theseareas.Figure9, top, shows a 2D slice
througha 3D meshfrom a CFD simulationwith incomingbound-
ary �o w comingin throughthe narrow inlet from the right. Note
thattheedgeof theinlet appearsdim. Figure9, bottom,shows the
sameslice with edgeblendingturnedon. The boundaryartifacts

Figure8: A close-upexampleof geometricedgedetection:on the
left side, geometricedgedetectionis disabled,on the right side
enabled.

of thenoiseinjectionandblendingprocessareno longera distrac-
tion. Edgedetectionandblendingalsoplaysin importantrolewhile
anobjectis rotating. Without specialtreatment,contoursin image
spacebecomeblurredwhendifferentportionsof a surfacegeome-
try overlap,suchaswhenbloodvesselsin Figure12overlapduring
rotation.

3.6 Noise Blending

By reducingtheimagegenerationprocessbackto two dimensions,
the noiseinjection andblendingphasefalls in line with the origi-
nal IBFV technique,namely, an image,F, is relatedto a previous
image,G, by [vanWijk 2002]:

F(p;k) = a
k� 1

å
i= 0

(1� a ) iG(pk� i ;k � i) (6)

wherep representsapathline,a de�nesablendingcoef�cient, and
k representstime asa framenumber. Thusa point, pk, of an im-
ageFk, is theresultof aconvolutionof aseriesof previousimages,
G(x; i), alongthepathlinethroughpk, with andecay�lter de�ned
by a (1� a ) i . Theblendednoiseimageshavebothspatialandtem-
poral characteristics.In the spatialdomain,a singlenoiseimage,
g(x), is describedasa linearly interpolatedsequenceof n random
values,Gi , in therange[0;n� 1], i.e.,

g(x) = å hs(x� is) Gi modn (7)

wherethe spacing,s, betweennoisesamplesis generallygreater
thanor equalto thedistancetraversedby animagepropertyin one
advectionstepandhs representsa triangularblackandwhite pulse
function. Herex representsa locationin the�o w domain.In prac-
tice,we give theusercontrolof s, resultingin multi-frequency tex-
ture resolutionsin the spacialdomain. The backgroundtextures
usedfor blendingalsovary in time. In the temporaldomain,each
point, Gi in thebackgroundtexture,periodicallyincreasesandde-
caysaccordingto apro�le, w(t), e.g.,

Gi;k = w((k=M + f i) mod1) (8)

wheref i representsa randomphase,drawn from theinterval [0,1),
M is thetotalnumberof backgroundnoiseimagesused,andwhere
w(t) is de�ned for all timesteps.Weuseasquarewavepro�le, i.e.,
w(t) = 1 if t < 1=2 and0 otherwise. In our application,the user
hastheoptionof varyingM. Smallervaluesof M resultin higher
frequency noisein the temporaldomainwhereashighervaluesM
resultin alowertemporalfrequency. Figure5 (middle,left) showsa
sampleblendedimageandFigure5 (middle,right) showsasample
noiseimage.



Figure 9: Here we seea 2D slice througha 3D geometryfrom
a CFD simulation. (top) With no edgeblending,the background
colorshows throughboundaryareaswith incoming�o w. (bottom).
With edgeblending,theseartifactsareno longeradistraction.

3.7 Image Overla y Application

The renderingof the advectedimageandthe noiseblendingmay
befollowedby anoptionalimageoverlay. An overlayenhancesthe
resultingtexture-basedrepresentationof surface�o w by applying
color, shading,or any attribute mappedto color (Fig. 5, bottom,
left). In implementation,we generatethe imageoverlay following
the constructionof the velocity image. This overlay may render
any CFD simulationattributemappedto hue. Theoverlay is con-
structedoncefor eachstaticsceneandappliedafter the imagead-
vection,edgeblending,andnoiseblendingphases.Sincetheimage
advectionexploits frame-to-framecoherency, the overlay mustbe
appliedaftertheadvectionin orderto preventthesurfaceitself from
beingsmeared.Also worthy of mention,is thattheopacityvalueof
theimageoverlayis a freeparameterweprovide to theuser.

4 Implementation

In this section we considersome aspectsof the algorithm not
previously discussedwhich are important for implementation.
Our implementationis basedon the highly portableOpenGL1.1
(www.opengl.org ) library.

4.1 Texture Clipping

In our application,theresolutionof thequadrilateralmeshusedto
warptheimagecanbespeci�edby theuser. Theusermayspecify
acoarseresolutionmesh,e.g.,128� 128,for fasterperformanceor
a �ne resolutionmesh,e.g.,512� 512,for higheraccuracy. How-
ever, if theresolutionof theadvectionmeshis too coarsein image
space,artifactsbegin to appear. Figure10, left, illustratesthesear-
tifactszoomedin on theedgeof asurface.In orderto minimizethe
jaggededgescreatedby coarseresolutiontexturequadrilaterals,we
applya textureclipping function. Subsetsof texturedquadrilateral
that do not cover the surfaceareclippedfrom the visualizationas

shown in Figure10, right. This canbe implementedsimply with
the imageoverlay by maximizingthe opacitywherever the depth
buffer valueis maximized,i.e.,wherever thereis agreatdepth.

Figure10: The resultof, left, a coarseresolutionadvectionmesh
with artifactsand, right, the applicationof texture clipping. The
resolutionof theadvectionmeshshown on the left is 32 � 32 for
illustration.

4.2 Velocity Mask

In order to dim high frequency noisein low velocity regions, the
useralsohastheoptionof applyinga velocity mask.We adoptthe
velocity maskof Jobardet al. [Jobardet al. 2001]for our purposes
here,namely:

a = 1� (1� v)m (9)

wherea decreasesasafunctionof velocitymagnitude.In ourcase,
theimageoverlaybecomesmoreopaquein regionsof low velocity
andmoretransparentin areasof high velocity. With the velocity
maskenabled,the viewer's attentionis drawn away from areasof
stagnant�o w, andtowardsareasof high �o w velocity. Wenotethat
in thecontext of CFDsimulationdata,engineersareoftenverycon-
cernedaboutareasof stagnant�o w. In thecaseof acoolingjacket,
stagnant�o w may representa region of the geometrywherethe
temperatureis too high,possiblyleadingto boiling conditionsthus
reducingthe effectivenessof the cooling jacket itself. Therefore,
in our casetheengineersmaydisablethevelocity maskor usethe
velocitymaskto highlightareasof �o w, e.g.,makethehuebrighter
in areasof low velocity.

5 Performance and Results

Our visualizationtechniqueis appliedprimarily to large,highly ir-
regular, adaptive resolutionmeshescommonlyresultingfrom com-
putational�uid dynamicssimulations.1 Theideal intake manifold
(Fig. 1) suppliesanequalamountof �uid �o w to eachpistonvalve.
Visualizingthe �o w at the surfacegives the engineerinsight into
any imbalancesbetweentheinlet pipes,in thiscase,the3 longnar-
row pipesof thegeometry. Figure13 shows our methodappliedto
a surfaceof an intake port mesh(from Fig. 3) composedof 221K
polygons. The intake port meshis composedof highly adaptive
resolutionsurfacepolygonsand for which no global parameteri-
zationis readily available. The methoddescribedhereallows the
userto zoomin at arbitraryview pointsalwaysmaintaininga high
spatialresolutionvisualization.Thealgorithmappliesequallywell
to mesheswith time-dependentgeometryandtopology. Figure11
shows the surfaceof a piston cylinder with the piston head(not
shown) de�ning the bottomof the surface. The methodhereen-
ablesthevisualizationof fuel intakeasthepistonheadslidesdown
thecylinder. Theresulting�o w visualizationhasa smoothspatio-
temporalcoherency. Ouralgorithmalsohasapplicationsin the�eld

1Supplementaryvideoavailableat
http://www.VRVis.at/ar3/pr2/vis03/



Figure11: Snapshotsfrom the visualizationof a time-dependentsurfacemeshcomposedof a 79K polygonswith dynamicgeometryand
topology. This intake valve andpistoncylinder canalsobeusedto analysethe formationof wall �lm , the termusedto describethe liquid
builduponsurfaces.

of medicine.Figure12 shows thecirculationof bloodat the junc-
tion of 3 bloodvessels.An abnormalcavity hasdevelopedthatmay
hindertheoptimaldistributionof blood.

Figure12: Visualizationof blood �o w at the surfaceof the junc-
tion of 3 bloodvessels.Stagnantblood�o w mayoccurwithin the
abnormalpocketat thejunction.

PerformancewasevaluatedonanHPVisualizeworkstationwith
an HP fx graphicscard,runningRedHat Linux 7.2 with a 1 GHz
PentiumIII dual processorand1 GB of RAM. The performance
times reportedin Table 1 support interactive exploration of un-
steady�o w on surfaces.The�rst time reportedin theFPScolumn
is for thestaticcasesof steady-statevisualizationandtheabsence
of changesto the view point. The timesshown in parenthesisin-
dicatethedynamiccasesof unsteady�o w andinteractive zooming
androtation.More speci�cally, thedynamiccasesrequirethecon-
structionof a velocity image,imageoverlay, aswell asgeometric
edgedetection.We includegeometricedgedetectionin the frame
ratesreportedin Table1. It doesnot introducesigni�cant overhead
sinceit is easilybuilt into theadvectionprocessitself.

The performancetime of our algorithmdependson the resolu-
tion of themeshusedto performtheadvectionandthenumberof
polygonsin the original surfacemesh. In the caseof steady-state
�o w, thealgorithmnolongerdependsonthenumberof polygonsin

thesurfacemesh,but on theareacoveredin imagespace.Thedata
setshown in Figure1, left, doesnotcoverasmuchimagespace,so
its performancetimesaresomewhathigherin thestaticcase.

data numberof advectionmesh frames
set polygons resolution persecond
ring 10K 128� 128 18 (5)

(Fig 5) 256� 256 9 (3)
512� 512 3 (1)

intake 48K 128� 128 22 (2)
manifold 256� 256 14 (2)
(Fig 1) 512� 512 6 (1)

combustion 79K 128� 128 17 (2)
chamber 256� 256 10 (2)
(Fig 11) 512� 512 4 (1)
intake 221K 128� 128 17 (0.5)
port 256� 256 7 (0.5)

(Fig 13) 512� 512 2 (0.3)

Table1: Sampleframeratesfor thevisualizationalgorithm.

6 Conc lusions and Future Work

We have presenteda novel techniquefor denserepresentationsof
unsteady�o w onboundarysurfacesfrom CFD.Thealgorithmsup-
portsvisualizationof �o w onarbitrarysurfacesatup to 20FPSvia
thecarefuluseof graphicshardware.It supportsexplorationandvi-
sualizationof �o w onlarge,unstructuredpolygonalmeshes,andon
time-dependentmesheswith dynamicgeometryandtopology. The
methodgeneratesdenserepresentationsof time-dependentvector
�elds building on boththeLEA andIBFV algorithms.It alsodoes
notwastecomputationtimeonoccludedpolygonsor polygonscov-
eringlessthanonepixel. While thevector�elds arede�ned in 3D
andassociatedwith arbitrarytriangularsurfacemeshes,thegenera-
tion andadvectionof texturepropertiesis con�ned to imagespace.

Futurework cango in many directionsincluding visualization
of unsteady3D �o w, somethingwe expectto seesoon.Challenges
will includeboth interactive performancetime andperceptualis-
sues.Futurework alsoincludestheapplicationof morespecialized
graphicshardwarefeatureslikeprogrammableper-pixel operations
in the mannerof Weiskopf et al. [Weiskopf et al. 2002;Weiskopf
et al. 2001]andtheuseof pixel textureslike Heidrichet al. [Hei-
drichetal. 1999].

Portions of this work have been done via a cooperation
between two researchprojects of the VRVis ResearchCen-
ter (www.VRVis.at) which is funded by AVL (www.avl.com)
and an Austrian governmental researchprogram called Kplus
(www.kplus.at) . We would alsolike to extenda specialthanksto



Figure13: A view of thesurfaceof an221K polygonalintake port
meshshow in Figure3. Texture-based�o w visualizationis applied
to thesurface.

J.J.vanWijk for helpingusto understandtheIBFV algorithmand
to JürgenSchneiderof AVL for his valuableinsight into the CFD
simulationdatasets. Thanksto Jeroenvan der Zijp andthe FOX
Windowing Toolkit (www.fox-toolkit.org ) for help with the im-
plementation.Thanksto MichaelMayerfor medicalthesimulation
data. We also thank Helmut Doleischfor his contributions. All
CFDsimulationdatapresentedin this researchis courtesyof AVL.
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