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Figure 1: Visualizationof ow on the surfaceof anintake mani-
fold. Theidealintake manifolddistributes o w evenlyto thepiston
valves.

Abstract

We presenta novel techniquefor direct visualizationof unsteady
o w on surfacesfrom computationaluid dynamics.The method
generatesdenserepresentationsf time-dependenvector elds
with high spatio-temporalcorrelation using both Lagrangian-
Eulerian Advection and Image Based Flow Visualization as
its foundation. While the 3D vector elds are associatedwvith
arbitrary triangular surface meshesthe generationand adwection
of texture propertiess con ned to imagespace.Frameratesof up
to 20 framesper secondare realizedby exploiting graphicscard
hardware. We apply this algorithmto unsteadyo w on boundary
surfaces of, large, complex meshesfrom computational uid
dynamics composedof more than 250,000 polygons, dynamic
mesheswith time-dependengeometryand topology as well as
medicaldata.

CR Categories: 1.3.3 [ComputerGraphics]: Picture/ImageGen-
eration; 1.3.7 [ComputerGraphics]: Three-DimensionaGraphics
andRealism—Colarshading shadeving, andtexture; [Simulation
andModeling]: SimulationOutputAnalysis
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Figure2: Visualizationof ow atthe comple& surfaceof a cooling
jacket-a compositeof over 250,000polygons.

1 Introduction

Dense texture-basedunsteadyo w visualizationon surfaceshas
remainedan elusive problem since the introduction of texture-
basedo w visualizationalgorithmsthemseles. The classof uid

o w visualizationtechniqueshat generatedenserepresentations
basedon texturesstartedwith the SpotNoise[vanWijk 1991]and
LIC [CabralandLeedom1993]. The main advantageof this class
of algorithmsis theircompletedepictionof the o w eld while their
primarydrawbackis, in generalthecomputationatime requiredto
generateheresults.

Recentlytwo new algorithms namelyLagrangian-Euleriaéd-
vection(LEA) [Jobardet al. 2001] andImageBasedFlow Visual-
ization (IBFV) [van Wijk 2002], have beenintroducedthat over
comethe computatiortime hurdle by generatingwo-dimensional

o w visualizationatinteractve framerates evenfor unsteadyo w.
This paves the way for the introduction of new algorithmsthat
overcomethe sameproblemson boundarysurfacesandin three
dimensions.In this paperwe presenta new algorithmthatgener
atesdenserepresentationsf arbitrary uid o w on comple, non-
parameterizegurfaces,more speci cally, surfacesfrom compu-
tational uid dynamics(CFD). However, the algorithmis general
enoughto applyto othervector eld dataassociatedvith asurface
suchasbloodvesselo w.

Traditionalvisualizationof boundaryo w usingtexturemapping
rst mapsoneor more2D texturesto a surfacegeometryde nedin
3D space.Thetexturedgeometryis thenrenderedo imagespace.



Here,we alter the classicorderof operations.First we projectthe
surfacegeometryto imagespaceandthenapplytexturing. In other
words, conceptuallytexture propertiesare adwectedon boundary
surfacesin 3D but in factour algorithmrealizestexture adwection
solelyin imagespace.Theresultis a versatilevisualizationtech-
niguewith thefollowing characteristics:

generatea denseepresentationf unsteadyo w on surfaces

visualizes o w on complex surfacescomposedof polygons
whosenumberis on the orderof 200,0000r more

visualizes o w on dynamicmesheswith time-dependenge-
ometryandtopology

visualizes o w independenof the suriacemeshs compleity
andresolution

supportsuserinteraction such as rotation, translation,and
zoomingalways maintaininga constanthigh spatialresolu-
tion

thetechniquds fast,realizingup to 20 framespersecond

The performancds due,amongotherreasonsto the exploitation
of graphicshardwarefeaturesandutilization of frame-to-frameco-
hereng. Therestof the paperis organizedasfollows: in Section2
we discusgelatedwork, Section3 detailsunsteadyo w visualiza-
tion onsurfacesrom CFD. Implementatiordetailsaredescribedn
Section4 while resultsandconclusionsarediscussedn Section5.

2 Related Work

Ourwork focusesontexture-basedepresentationsf unsteadyo w
on compl&, non-parameterizesuriaces. The challengeof visual-
izing time-dependentector elds on surfacesat fastframe rates
remainsunsolhed in surneys of the researcHiterature[Postet al.
2002; Stalling 1997]. However, severaltechniqueshave beenpro-
posedto successfullyresole partsof the problem. In the next
two sectionswe describethe two main categyories of approaches
for denserepresentationsn surfacesanddenserepresentationsf
unsteady2D vector elds.

2.1 Texture-Based Flow Visualization on Surfaces

Previousresearchwith afocusonrepresentationsf thevector eld
on boundarysurfacesis generallyrestrictedto steady-stateo w.
This is mainly dueto the prohibitive computationatime required.
An enhancedrersionof Spot Noise is appliedto surfacesby de
Leeuw and van Wijk [de Leeuwandvan Wijk 1995]. Battke et
al. [Battke et al. 1997] describean extensionof LIC for arbitrary
surfacesn 3D. Someapproachearelimited to curvilinearsurfaces,
i.e.,surfaceshatcanbeparameterizedsing2D coordinatesFors-
sellandCohen[ForssellandCohen1995]extendLIC to curvilinear
surfaceswith animationtechniquesandadd magnitudeanddirec-
tional information. Mao et al. [Mao et al. 1997] presentan algo-
rithm for convolving solid white noise on triangle meshesn 3D
spaceandextendLIC for visualizingavector eld onarbitrarysur
facesn 3D. Stalling[Stalling 1997]providesa helpful overview of
LIC techniquesppliedto surfaces.In particular ausefulcompari-
sonof parameterizeds. non-parameterizeslrfacess given.

2.2 LEA and IBFV

Thealgorithmin this paperis anew approachhatincorporatesea-
turesof bothLEA andIBFV. Thesevery effective algorithmshave
recentlybeenintroducedto producedenserepresentationsf un-
steady2D vector elds.

Jobarcetal. introduceda Lagrangian-Euleriatexture advection
techniquefor 2D vector elds at interactve frame rates[Jobard

Figure 3: A wire frame view of the surface of two intake ports
shawing its 221,000polygonal composition: (left) an overview
from thetop, notethatmary polygonsarecover lessthanonepixel
(right) aclose-upview of themeshbetweerthetwo intake ports.

etal. 2001;Jobardetal. 2002]. Thealgorithmproducesnimations
with high spatio-temporatorrelation. Eachstill framedepictsthe
instantaneoustructureof the o w, whereasananimatedsequence
of framesrevealsthemotionof adensecollectionof particleswhen
releasednto the ow. Particle pathsareintegratedas a function
of time, referredto asthe Lagrangianstep,while the color distri-
bution of theimagepixelsis updatedn place(Eulerianstep). The
resultrepresents large stepforward in bringing the visualization
of unsteadyo w to interactve framerates.

ImageBasedFlow Visualizationby van Wijk [van Wijk 2002]
is the mostrecentalgorithm for dense,2D, unsteadyvector eld
representationdt is basedon the adwectionanddecayof textures
in image space. Eachframe of the visualizationis de ned asa
blend betweenthe previous image, warpedaccordingto the o w
direction,andanumberof backgroundmagescomposeaf Itered
white noisetextures.Performancéimesupto 50 framespersecond
areachievedthrougheffective useof the graphicshardvare.

3 Unsteady Flow Visualization on
Surfaces

In this sectionwe describeour techniquein detail, startingwith a
discussiorof thosefactorsmotivatingthe approach.

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

Oneapproactto adwectingtexture propertieson surfacesis via the
useof aparameterizatiorg topic thathasbeenstudiedad nauseam
(e.g.,Levy etal.[Lévyetal. 2002]). Accordingto Stalling[Stalling
1997], applying LIC to surfacesbecomegparticularly easywhen
thewholesurfacecanbeparameterizedloballyin two dimensions,
e.g.,in the mannerof Forsselland Cohen[Forssell1994; Forssell
andCohen1995]. However, therearedravbacksto this approach.
Texture distortionsareintroducedby the mappingbetweerparam-
eter spaceand physical spaceand, more importantly for a large
numberof surfaces,no global parameterizations available such
asisosurhicesfrom marchingcubesandmostunstructuredurface
meshegesultingfrom CFD. Surfacemeshedrom CFD may con-
sistof smoothlyjoined parametrigpatchesbut canhave a comple
topologyandtherefore,in general,cannotbe parameterizedlob-
ally. Figures2 and3 areexamplesof surfacesfor which a global
parameterizatiois not easilyderived.

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



eld. Thiswould have the advantageof simplifying the mapping
betweentexture and physical spaceandwould resultin no distor
tion of thetexture. However, this visualizationwould be limited to
the maximumresolutionof the 3D texture, thus causingproblems
with zooming. Also, this approachwould not be very ef cient in
thatmostof thetexelsarenot used.Theamountof texturememory
requiredwould alsoexceedthatavailableonourgraphicscard,e.g.,
we would needapproximatelyb00MB of texture memoryif we use
4 bytespertexel anda512 resolutiontexture.

Canthe problembe reducedto two dimensions?The surface
patchesanbe pacledinto texture spacevia a triangle packingal-
gorithmin themannerescribedy Stalling[Stalling 1997]. How-
ever, thepackingproblembecomegomples sinceour CFD meshes
arecomposedf mary scalendrianglesasopposedo the equilat-
eral andisosceledrianglesoften found in computationalgeome-
try. The problemof packingscaleneriangleshasbeenstudiedby
Carretal. [CarrandHart 2002]. For CFD meshestrianglesgener
ally have very disparatesizes.For a giventextureresolutionmary
triangleswould have to be pacled that cover lessthan one texel.
To by-passhis, the surfacescould be divided into several patches
which could be storedinto a texture atlas[L évy et al. 2002]. In
ary casecomputatiortime would be spentgeneratingexelswhich
cover polygonshiddenfrom the currentpoint of view. The pre-
cedingdiscussioneadsus to an alternatve solutionthat, ideally,
hasthefollowing characteristicsworksin imagespaceef ciently
handledarge numbersof surfacepolygons,spendsno extra com-
putationtime on occludedpolygons,doesnot spendcomputation
time on polygonscovering lessthana pixel, and supportsuserin-
teractionsuchaszooming,translationandrotation.

3.2 Method Overview

The algorithmpresentederesimpli es the problemby con ning

the adwectionof texture propertieso imagespace.We projectthe
surfacegeometnito imagespaceandthenapplyaseriesof textures.
This orderof operationsliminatesportionsof the surfacehidden

from theviewer. In short,our proposednethodfor visualizationof

o w onsurfacesis comprisedf thefollowing procedure:

1. associatehe 3D o w datawith the polygonsat the boundary
surfacei.e., a velocity vectoris storedat eachpolygonvertex
of thesurface

2. projectthe surfaceandits vector eld ontotheimageplane
. identify geometricdiscontinuities

4. adwecttexturepropertiesaccordingo thevector eld inimage
space

5. injectandblendnoise

6. applyadditionalblendingalongthe geometriadiscontinuities
previouslyidenti ed

7. overlayall optionalvisualizationcuessuchasshaving asemi-
transparentepresentationf the surfacewith shading

w

Thesestagesaredepictedschematicallyin Figure4. Eachstepof
the pipelineis necessaryor the dynamiccasesof unsteadyo w,
time-dependengeometry rotation, translation,and scaling, and
only a subsetis neededor the static casesinvolving steady-state
o w andno changego the view-point. We considereachof these
stagesn moredetailin the sectionghatfollow.

3.3 Vector Field Projection

In orderto adwecttexturepropertiesn imagespaceywe mustproject
thevector eld associateavith the surfaceto theimageplane tak-
ing into accountthatthe velocity vectorsare storedat the polygon
vertices. We choseto take advantageof the graphicshardwareto
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Figure4: Flow diagramof texture-basedo w visualizationoncom-
plex surfaces-k representime asaframenumber

projectthevector eld to theimageplane.We assigra colorwhose
R, G, andB valuesencodethe x, y, andz component®f the local

vectorsto eachvertex of the boundarysurfacerespectrely. The

velocity-coloredgeometryis renderedo the frameluffer. We use
the term velocityimage to describethe resultof encodingthe ve-

locity vectorsat the meshverticesinto color values. The velocity

imageis interpretedasthe vector eld andis usedfor the texture

adwectionin imagespace More preciselythecolorassignmentan

bedonewith asimplescalingoperation.For eachcolorcomponent,
h.,,, We assignavelocity, vx,; componenaccordingo:

rgb’
hy = Vx_ Viminx
Vmaxx  Vminx
hy = Vy Vminy 1
v )
maxy miny
Vz V..
hb= minz

Vmaxz  Vminz

Theminimumvelocity components subtractedor eachcolorcom-
ponentrespectiely, in aneffort to minimizelossof accurag.

The useof a velocity imageyields the following bene ts: (1)
the advectioncomputationandnoiseblendingis simplerin image
spacethuswe inherit advantagegrom the LEA andIBFV, (2) the
vector eld andpolygonmesharedecoupledtherebyfreeingup ex-
pensve computatiortime dedicatedo polygonssmallerthana sin-
gle pixel, (3) conceptuallythis is performinghardware-accelerated
occlusionculling, sinceall polygonshiddenfrom the viewer, are
immediatelyeliminatedfrom ary further processingand (4) this
operationis supportedby the graphicshardware. Saving the ve-
locity imageto main memoryis simple,fast,andeasy A sample
velocityimageis shavn in Figure5 (top, left).

The constructionof the velocity imageallows usto take advan-
tageof hardware-accelerated w eld reconstructionDuring the
constructionof the velocity image, we enableGouraudShading,
alsosupportedy thegraphicshardware. Sinceeachvelocity com-
ponentis storedas hue at eachpolygonvertex of the surface,the
smoothinterpolationof hueamountgo hardware-acceleratedec-
tor eld reconstruction.This is importantfor a minimum of two
reasons First, the polygonalprimitive we chooseat imageadwec-
tion time is independenbf the original meshpolygons(morein
Section3.4). In otherwords,theverticesof themeshwe useto dis-



Figure5: The 5 componenimages,plus a 6" compositeimage,
usedfor the visualizationof surface o w on aring: (top, left) the
velocityimage ,(top, right) thegeometricedgeboundariesimiddle,
left) the adwectedand blendedtextures, (middle, right) a sample
noiseimage,(bottom,left) animageoverlay, (bottom,right) there-
sult of thecompositedmageswith anoptionalvelocity color map.
Thegeometricedgeboundariesredrann in blackfor illustration.

tort theimagearenot the sameverticeswherethe original velocity
vectorsarestored. Secondjnterpolationis essentiafor ow eld
reconstructionWhenthesurfaceis renderedvith velocity encoded
ashue,theverticesof somepolygonsareclippedduringthe projec-
tion processHowever, we still needto accesshevector eld values
insidethosepolygons,andnot just at the vertices,hencethe need
for reconstructionWe alsonotethatwe arenot necessarilyimited
to linear interpolationfor reconstruction.Higher orderinterpola-
tion schemescan be supportedby graphicshardware [Hadwiger
etal. 2001].

The velocity vectorsare de-codedrom the velocity imageac-
cordingto:

Vx = hr (Vmax Vminx) * Viminx
Vy = hQ (Vmaxy Vminy) + Vminy @)

Vz= hb (Vmaxz Vminz) * Viinz

Thede-codedelocity vectorsusedto computethe advectionmesh
(Sec3.4)arethenprojectedontotheimageplane.

The magnitudeof the velocity vectorsat thosepartsof the sur
faceorthogonalto the image plane may be shortenedas a result

of perspectie projection,i.e., if the dot productbetweenthe im-
age planenormal and the 3D surface normalis zero or closeto
zero. This canreducethe visual clarity of the vector eld' s direc-
tion duringanimation.In ourimplementationwe addedan option
thatallows the userto apply a biasto the velocity vectorsthatare
shortenectloseto zerodueto the projection. We canusethis bias
to reducethe scalingeffect for curved surfaces.Conceptuallyit is
like applyingareversevelocity clamp.

The projectionof the vectorsto the imageplaneis doneafter
velocityimageconstructiorfor 2 reasons(1) notall of thevectors
have to be projected(Sec.3.4), thussasing computatiortime and
(2) we usetheoriginal 3D vectorsfor the velocity mask(Sec.4.2).

3.4 Advection Mesh Computation and Boundary
Treatment

After the projectionof the vector eld we computethe meshused
to adwectthe texturessimilar to IBFV. We distort a regular, recti-
linear meshaccordingto the velocity vectorsstoredat meshgrid
intersectionsThedistortedmeshverticescanthenbe computecoy
adwectingeachmeshgrid intersectioraccordingto the discretized
Eulerapproximatiorof a pathline,p, (the sameasa streamlinefor
steady o w) expresse@s:

Ps1 = Pt VP(p;t) Dt (3)

wherevP represents magnitudeand direction after projectionto

the imageplane. The texture coordinatedocatedat the regular,

rectilinearmeshverticesarethenmappedo the (forward)distorted
meshpositions. The distortedmeshpositionsare storedfor fast
adwectionof texture propertiesfor staticscenes.

Specialattentionmustbepaidin orderto handle o w atgeomet-
ric boundarieof the surface. Figure 6 shavs an overview of the
original IBFV process.During the visualization,eachframeis ad-
vected,renderedandblendedin with a backgroundmage. If we
look carefully at the distort phaseof the algorithm,we noticethat
thereis nothingto stopthe imagefrom beingadwectedoutsideof
the physicalboundaryof thegeometry While this is nota problem
whenthegeometrycoverstheentirescreenthis canleadto artifacts
for geometriesrom CFD, especiallyin the caseof boundariesvith
anon-zerocoutboundo w, e.g., o w outlets.

To addresshis problemwe borron anotionfrom LEA thattreats
non-rectangularo w domains,namely the useof backward coor
dinate integration (also proposedby Max and Beclker [Max and
Becker 1999]). Using backwardintegration,equation3 becomes:

P 1= Py Vp(pk ) Dt 4)

In this casethe texture coordinatedocatedat the (backward) dis-
torted meshpositionsare mappedto the regular, rectilinearmesh
vertices. Backward integrationdoesnot allow adwectionof image
propertiegpastthegeometricooundaries.

OOOO ooo
+ o 8 °
o o

image k distort render blend

T K=k+1 |

Figure6: An overview of the originalimagebasedo w visualiza-
tion



3.5 Edge Detection and Blending

While we gainmary adwantage$y decouplingheimageadwection
processwith the 3D surface geometry artifacts can result, espe-
cially in the caseof geometriewith sharpedges.If we look care-
fully at the resultof adwecting texture propertiesin imagespace,
we noticethatin somecasesa visual o w continuityis introduced
whereit may be undesirable A samplecaseis shawvn in Figure?7.

World Space

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

A portion of the 3D geometry shavn colored,is muchlessvisi-
ble after the projectiononto the imageplane. If the ow texture
propertiesareadwectedacrosghis edgein imagespacealsoshavn
colored,anarti cial continuityresults.To handlethis, we incorpo-
ratea geometricedgedetectionprocessnto the algorithm. During
the imageintegration computationwe comparespatially adjacent
depthvaluesduring oneintegrationand adwectionstep. We com-
paretheassociatedepthvaluesz, ; andz, in world spaceofp, ,
andp, from equatiord, respectiely. If

iz, 1 zi>eipg 1 P %)

wheree is a thresholdvalue, thenwe identify an edge. All posi-
tions,p, for which equatiorb is true,areclassi ed asedgecrossing
startpoints. Specialtreatmenimustbe given whenadwectingtex-
ture propertiesrom thesepoints. This processloesnot detectall
geometricedgespnly thoseedgesacrosswhich o w texture prop-
ertiesshouldnotbeadwected.

Figure5 top, right shavs one setof edgesfrom the detection
process.The geometricedgesareidenti ed andstoredduring the
dynamicvisualizationcaseandadditionalblendingis applied(de-
pictedschematicallyin Figure4). During the edgeblendingphase
of thealgorithmwe introducediscontinuitiedn thetexturealigned
with the geometricdiscontinuitiesfrom the surface,i.e., gray val-
uesareblendedn attheedgesThis hasthe effect of addinga gray
scalephaseshift to thepixel valuesalreadyblended.This could ob-
viously behandledn differentways,e.g.,choosingarandomnoise
valueto adwector inverting the noisevaluealreadypresent.Some
resultsof the edgedetectionandblendingphaseareillustratedin
Figure 8. In our datasetsan e of 1-2% of depthbuffer is practi-
cal. However, theusersamaysettheirown valueif ne tuningof the
visualizationis needed.

Thesameedgedetectiorandblendingbene tsincomingbound-
ary ow. Also anartifactof thelBFV algorithm,geometricoound-
arieswith incoming o w may appeardimmerthanthe restof the
geometry This is aresultof the noiseinjection andblendingpro-
cesgescribedn Section3.6. In short,thebackground:olor shavs
throughmorein areasof incoming o w becaus@otasmuchnoise
hasbeenblendedin theseareas. Figure 9, top, shawvs a 2D slice
througha 3D meshfrom a CFD simulationwith incomingbound-
ary ow comingin throughthe narrowv inlet from theright. Note
thatthe edgeof theinlet appearslim. Figure9, bottom,shavs 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. Edgedetectiorandblendingalsoplaysin importantrole while

anobjectis rotating. Without specialtreatmentcontoursin image
spacebecomeblurredwhendifferentportionsof a surfacegeome-
try overlap,suchaswhenbloodvesselsn Figure12 overlapduring

rotation.

3.6 Noise Blending

By reducingtheimagegeneratiorprocessackto two dimensions,
the noiseinjection and blendingphasefalls in line with the origi-
nal IBFV techniquenhamely animage,F, is relatedto a previous
image,G, by [vanWijk 2002]:

k 1 )
F(K=ad (1 a)Gp, ;k i) (6)
i=0

wherep represents pathline,a de nesablendingcoefcient, and
k representsime asa framennumber Thusa point, p,, of anim-
ageF,, is theresultof aconvolution of a seriesof previousimages,
G(x;1), alongthe pathlinethroughp,, with andecay Iter de ned

bya(1 a)'. Theblendedhoiseimageshave bothspatialandtem-
poral characteristicsIn the spatialdomain,a single noiseimage,
g(x), is describedasa linearly interpolatedsequencef n random
valuesG,, in therange[O;n 1], i.e.,

9% = & hs(x  i9) Gi1non @)

wherethe spacing,s, betweennoise sampless generallygreater
thanor equalto the distanceraversedby animagepropertyin one
adwectionstepandhs represents triangularblack andwhite pulse
function. Herex represents: locationin the o w domain.In prac-
tice, we give theusercontrolof s, resultingin multi-frequeny tex-

ture resolutionsin the spacialdomain. The backgroundextures
usedfor blendingalsovary in time. In thetemporaldomain,each
point, G; in the backgroundexture, periodicallyincreasesandde-
caysaccordingto apro le, w(t), e.g.,

Gy = w((k=M+ f;) mod1) (8)

wheref; representarandomphasedrawvn from theintenval [0,1),
M is thetotal numberof backgroundoiseimagesused,andwhere
w(t) is de ned for all time steps.We usea squarevave pro le, i.e.,
w(t) = 1if t < 1=2 and 0 otherwise. In our application,the user
hasthe option of varying M. Smallervaluesof M resultin higher
frequeng noisein the temporaldomainwhereashighervaluesM

resultin alowertemporaffrequeng. Figure5 (middle,left) shavsa
sampleblendedmageandFigure5 (middle,right) shovs asample
noiseimage.



Figure 9: Here we seea 2D slice througha 3D geometryfrom

a CFD simulation. (top) With no edgeblending,the background
color shaws throughboundaryareaswith incoming o w. (bottom).
With edgeblending theseartifactsareno longera distraction.

3.7 Image Overlay Application

The renderingof the adwectedimageandthe noiseblendingmay
befollowedby anoptionalimageoverlay An overlayenhancethe
resultingtexture-basedepresentationf surface o w by applying
color, shading,or ary attribute mappedto color (Fig. 5, bottom,
left). In implementationwe generatehe imageoverlay following

the constructionof the velocity image. This overlay may render
ary CFD simulationattribute mappedo hue. The overlayis con-
structedoncefor eachstaticsceneandappliedaftertheimagead-
vection,edgeblending,andnoiseblendingphasesSincetheimage
adwection exploits frame-to-framecohereny, the overlay mustbe
appliedaftertheadwectionin orderto preventthesurfaceitself from

beingsmearedAlso worthy of mention,is thatthe opacityvalueof

theimageoverlayis afree parametewe provide to the user

4 Implementation

In this sectionwe 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,the resolutionof the quadrilateraimeshusedto
warptheimagecanbe speci ed by theuser The usermay specify
acoarsaesolutionmeshe.g.,128 128,for fastemperformancer
a ne resolutionmesh,e.g.,512 512, for higheraccurag. How-
ever, if theresolutionof the adwectionmeshis too coarsen image
spaceatrtifactsbegin to appearFigure10, left, illustratesthesear
tifactszoomedn ontheedgeof asurface.In orderto minimizethe
jaggededgesreateddy coarsaesolutiontexturequadrilateralswe
apply a texture clipping function. Subset®f texturedquadrilateral
that do not cover the surfaceare clippedfrom the visualizationas

shavn in Figure 10, right. This canbe implementedsimply with
the imageoverlay by maximizingthe opacity wherever the depth
buffer valueis maximized,.e., wherever thereis a greatdepth.

Figure 10: Theresultof, left, a coarseresolutionadwectionmesh
with artifactsand, right, the applicationof texture clipping. The
resolutionof the adwectionmeshshavn ontheleft is 32 32 for
illustration.

4.2 Velocity Mask

In orderto dim high frequeng noisein low velocity regions, the
useralsohasthe option of applyinga velocity mask.We adoptthe
velocity maskof Jobardetal. [Jobardet al. 2001]for our purposes
here,namely:

a=1 (1 v 9

wherea decreaseasafunctionof velocity magnitudeln ourcase,
theimageoverlaybecomesnoreopaquen regionsof low velocity
andmoretransparentn areasof high velocity. With the velocity
maskenabledthe viewer's attentionis dravn away from areasof

stagnanto w, andtowardsareasf high o w velocity. We notethat
in thecontet of CFD simulationdata,engineersreoftenvery con-
cernedaboutareasof stagnanto w. In thecaseof acoolingjacket,

stagnanto w may represenia region of the geometrywherethe
temperaturés too high, possiblyleadingto boiling conditionsthus
reducingthe effectivenessof the cooling jacket itself. Therefore,
in our casethe engineersnay disablethe velocity maskor usethe
velocity maskto highlightareasf o w, e.g.,make thehuebrighter
in areasof low velocity.

5 Performance and Results

Our visualizationtechniquds appliedprimarily to large, highly ir-
regular, adaptve resolutionmeshegommonlyresultingfrom com-
putational uid dynamicssimulations! Theidealintake manifold
(Fig. 1) suppliesanequalamountof uid o w to eachpistonvalve.
Visualizingthe ow at the surfacegivesthe engineerinsightinto
ary imbalancedetweertheinlet pipes,in this casethe 3 long nar
row pipesof the geometry Figure 13 shavs our methodappliedto
a surfaceof anintake port mesh(from Fig. 3) composedf 221K
polygons. The intake port meshis composedf highly adaptve
resolutionsurface polygonsand for which no global parameteri-
zationis readily available. The methoddescribechereallows the
userto zoomin atarbitraryview pointsalwaysmaintaininga high
spatialresolutionvisualization.The algorithmappliesequallywell
to meshewith time-dependengeometryandtopology Figurell
shaws the surface of a piston cylinder with the piston head(not
shawvn) de ning the bottom of the surface. The methodhereen-
ablesthevisualizationof fuel intake asthe pistonheadslidesdown
the cylinder. Theresulting o w visualizationhasa smoothspatio-
temporakohereng. Ouralgorithmalsohasapplicationsn the eld

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



Figure11: Snapshot$rom the visualizationof a time-dependensurfacemeshcomposedf a 79K polygonswith dynamicgeometryand
topology This intake valve andpistoncylinder canalsobe usedto analysethe formationof wall Im, the term usedto describethe liquid

buildup on surfaces.

of medicine.Figure12 shows the circulationof blood at the junc-
tion of 3 bloodvesselsAn abnormakavity hasdevelopedthatmay
hinderthe optimaldistribution of blood.

Figure 12: Visualizationof blood o w at the surfaceof the junc-
tion of 3 blood vessels.Stagnanblood o w may occurwithin the
abnormabocketatthejunction.

Performancevasevaluatedon anHP Visualizeworkstationwith
an HP fx graphicscard,runningRedHat Linux 7.2 with a 1 GHz
Pentiumlll dual processoand 1 GB of RAM. The performance
times reportedin Table 1 supportinteractize exploration of un-
steady o w on surfaces.The rst time reportedin the FPScolumn
is for the staticcasef steady-stateisualizationandthe absence
of changedo the view point. The timesshavn in parenthesisn-
dicatethedynamiccaseof unsteadyo w andinteractve zooming
androtation. More speci cally, the dynamiccasegequirethe con-
structionof a velocity image,imageoverlay, aswell asgeometric
edgedetection.We includegeometricedgedetectionin the frame
ratesreportedn Tablel. It doesnotintroducesigni cant overhead
sinceit is easilybuilt into theadwectionprocesstself.

The performanceime of our algorithmdependsn the resolu-
tion of the meshusedto performthe adwectionandthe numberof
polygonsin the original surfacemesh. In the caseof steady-state
o w, thealgorithmnolongerdepend®nthenumberof polygonsin

the surfacemesh but ontheareacoveredin imagespace Thedata
setshavn in Figurel, left, doesnot coverasmuchimagespaceso
its performancdimesaresomavhathigherin the staticcase.

data numberof | advectionmesh frames
set polygons resolution persecond
ring 10K 128 128 18(5)
(Fig 5) 256 256 9(3)
512 512 3D
intake 48K 128 128 22(2)
manifold 256 256 14(2)
(Fig1) 512 512 6(1)
comlustion 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)

Tablel: Sampleframeratesfor thevisualizationalgorithm.

6 Conclusions and Future Work

We have presented novel techniquefor denserepresentationsf
unsteadyo w on boundarysurfacesrom CFD. Thealgorithmsup-
portsvisualizationof ow onarbitrarysurfacesatupto 20 FPSvia
thecarefuluseof graphicshardware. |t supportexplorationandvi-
sualizatiorof o w onlarge,unstructuregholygonalmeshesandon
time-dependenneshewith dynamicgeometryandtopology The
methodgeneratesienserepresentationsf time-dependentector
elds building onboththe LEA andIBFV algorithms.It alsodoes
notwastecomputatiortime on occludedpolygonsor polygonscov-
eringlessthanonepixel. While thevector elds arede nedin 3D
andassociateavith arbitrarytriangularsurfacemeshesthegenera-
tion andadwectionof texture propertieds con ned to imagespace.

Futurework cango in mary directionsincluding visualization
of unsteadydD o w, somethingve expectto seesoon.Challenges
will include both interactve performancdime and perceptuals-
sues.Futurework alsoincludestheapplicationof morespecialized
graphicshardvwarefeaturedik e programmabl@erpixel operations
in the mannerof Weiskopf et al. [Weiskopf et al. 2002; Weiskopf
etal. 2001]andthe useof pixel textureslike Heidrich et al. [Hei-
drichetal. 1999].

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



Figure13: A view of the surfaceof an221K polygonalintake port
meshshawv in Figure3. Texture-basedo w visualizationis applied
to the surface.

J.J.vanWijk for helpingusto understandhe IBFV algorithmand
to Jurgen Schneideof AVL for his valuableinsightinto the CFD
simulationdatasets. Thanksto Jeroenvan der Zijp andthe FOX
Windowing Toolkit (www.fox-toolkit.org ) for help with the im-
plementationThanksto MichaelMayerfor medicalthesimulation
data. We also thank Helmut Doleischfor his contritutions. All
CFD simulationdatapresentedh this researclis courtesyof AVL.
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