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Abstract

Line integralconvolution(LIC) is aneffective techniquefor visual-
izing vectorfields.Theapplicationof LIC to 3D flow fieldshasyet
beenlimited by difficulties to efficiently displayandanimatethe
resulting3D–images.Texture–basedvolumerenderingallows in-
teractivevisualizationandmanipulationof 3D–LIC textures.In or-
derto ensurethecomprehensiveandconvenientexplorationof flow
fields,we suggestinteractive functionality includingtransferfunc-
tions anddifferentclipping mechanisms.Thereby, we efficiently
substitutethecalculationof LIC basedonsparsenoisetexturesand
show theconvenientvisualaccessof interiorstructures.Furtheron,
we introducetwo approachesfor animatingstatic 3D–flow fields
without the computationalexpenseand the immensememoryre-
quirementsfor pre–computed3D–texturesandwithout lossof in-
teractivity. This is achievedby usingasingle3D–LIC textureanda
setof timesurfacesasclippinggeometries.In ourfirst approachwe
usetheclippinggeometryto pre–computeaspecial3D–LIC texture
thatcanbe animatedby time–dependentcolor tables.Our second
approachusestime volumesto actuallyclip the 3D–LIC volume
interactively during rasterization.Additionally, several examples
demonstratethevalueof our strategy in practice.

Keywords: Flow Visualization,Animated LIC, Direct Volume
Rendering,3D–TexturesMapping,InteractiveVolumeExploration

1 Intr oduction

The visualizationof 3D–flow phenomenais an importanttopic of
research.Over thelastfew yearsthishasled to anumberof differ-
ent techniquesaiming at the meaningfulanalysisof vectorfields.
Traditionally, simplearrow plotsareused,whichdirectly show ev-
ery vector with a respective graphicalrepresentation.More ad-
vancedmethodsuse icons [24] allowing to integrateseveral pa-
rametersdescribingthefield. However, theseiconsaresometimes
difficult to interpretdue to the unfamiliar way of representation
and the complexity of the information. More sophisticatedap-
proachesdepict the propertiesof a vectorfield by usingmethods
like streamlines,streamsurfaces[14], volumeflows [22] andvar-
ioustechniquesof particletracing. Althoughthepolygonalprimi-
tivesusedfor thesemethodsallow a fastmanipulationof the3D–
representation,they arerestrictedto a rathercoarsespatialresolu-
tion.

In orderto overcometheselimitations,texture–basedapproaches
gainedincreasingattentionsincethey takeintoaccountall theinfor-
mationof a dataset. The introductionof line integral convolution
(LIC) [4] significantlyimprovedthevisualizationof 2Dvectordata.
It is aneffectiveandversatiletechniquefor representingflow fields�
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with small scalestructures.Although a LIC volumeis computed
in the sameway as a 2D–LIC image,the 3D–approachis rarely
used.This is mainly relatedto difficulties in approachinginterior
structuresof the data,which is fundamentalfor the analysisand
interpretationof thevectorfield.

A completelydifferentapproachis employing volumevisualiza-
tion. In this context texturesplatswereintroduced[6] in orderto
acceleratethevisualizationprocessby usinghardwareassisted2D–
texturemapping.Basedon theoriginal techniqueanextensionwas
developedto processvectorfields. Additionally, differentvolume
renderingapproachesare suggestedin [9] to visualizethe scalar
componentsof computationalfluid dynamics(CFD) data.Thereby,
theanalysisis supportedby differentfunctionality rangingfrom a
simpleillumination model to transferfunctionsappliedto extract
specificfeatures.Due to the requiredload of calculationsthe ap-
proachesbasedon directly visualizingthedataprohibit to manipu-
latethe3D–representationinteractively.

As a solution to this bottleneck,modern high–endgraphics
workstationsprovide a large numberof trilinear interpolationop-
erationspersecond.Thereby, directvolumerenderingis performed
at high imagequality andinteractive framerates[3] which greatly
improvesthespatialperceptionwithin a 3D–representation.How-
ever, the streamlines insidea 3D–LIC texture are too denseand
intricateto visualizethemasa whole. As proposedin [15] theap-
plicationof sparseinput texturesenhancesthevisualizationresults.

In addition to the interactive manipulationguaranteedby 3D–
texture mapping,we suggesta dedicatedselectionof supporting
functionality. This is an essentialprerequisitefor the comprehen-
siveexplorationof flow fieldsusing3D–LIC representations.It in-
cludesthe interactive andintuitive abilitiesto adjusttransferfunc-
tionsandto applydifferentclippingmechanisms.

Anothereffective way to enhancethevisualizationof staticvec-
tor fields is the animationof LIC volumes. As a drawback,tech-
niqueswhich are usedfor 2D–LIC are lessapplicablein the 3D
case. Above all, this includesthe computationof a separateLIC
texture for eachtime step,which resultsin a greatcomputational
expenseandanimmenseamountof data.To avoid theperformance
penaltyandthehigh memoryrequirementsthatcomewith loading
andstoringlargepre–computed3D–textures,wesuggestnot to an-
imatethe3D–LIC itself, but to useananimatedclippingobjectin-
stead.In thiscontext we introducetwo differentapproaches,which
bothusea single3D–LIC textureanda setof clipping objects.To
displayanimated3D flow at interactive frameratesdirect volume
renderingbasedon 3D–texturemappingis performed.

After a shortsurvey aboutthe basicideasof LIC in section2,
direct volumerenderingusing 3D–texture mappingis briefly de-
scribedin section3. Subsequently, section4 discussesappropri-
atesettingsof transferfunctionswhich are interactively adjusted.
In the samecontext we show how to producemeaningfulsemi–
transparentrepresentationswhich efficiently substitutethe calcu-
lation of LIC basedon sparsenoisetextures. Thereafter, section
5 presentsdifferentclipping mechanismsandexplainshow to use
themeffectively for the analysisof flow fields. Then,animating
3D–LIC usingtime–dependentcolor lookuptables(section6) and



usingsuitableclipping objects(section7) is introduced. Finally,
section� 8 presentsseveralresultsachievedwith technicalandmed-
ical imagedatademonstratingthevalueof ourapproach.

2 Line Integral Convolution

In an early texture–like method,introducedby van Wijk [31] in
1991,oval spotswith whitenoisearedistortedalongastraightline
segmentorientedparallel to the local vectordirection. LIC itself
wasintroducedby CabralandLeedom[4] in 1993who presented
analgorithmwhichperformedtheconvolutionalongcurvedstream
line segments. In 1995 Stalling and Hege [29] madeLIC much
faster, moreaccurateandindependentof resolution.Due to these
improvementsLIC turnedoutto beverysuitablefor displayingvec-
tor fields on two–dimensionalsurfacesandbecamevery popular.
Hence,a vast quantityof differentalgorithmsand improvements
have beendevelopedin the last years. In 1994Forssell[10] pre-
sentedanextensionthatallows to mapflat LIC imagesontocurvi-
linearsurfacesin threedimensions.A problemof thismethodis the
distortionof lengthduring the mappingprocess.In 1997Teitzel
et al. [30] solved this problemby computingLIC imagesdirectly
on triangulatedsurfacesin three–dimensionalspacewithout map-
ping.Anothermethodfor creatingLIC imagesonsurfacesin three–
dimensionalspacewaspresentedby Maoetal. [21] usingsolidtex-
turing. Wegenkittl et al. [32] introducedorientedLIC in orderto
visualizethe orientationof the flow andRisquet[25] presenteda
drasticsimplificationfor acceleratingthe imagingprocess.Many
otherauthorshavebeenworkingon enhancementsby colorcoding
[26] or animatingLIC [2, 11, 16], by acceleratingthe imagegen-
eration[1, 35], or by developingspeciallyadaptedtechniquesfor
applyingLIC to unsteadyflows [27].

The LIC algorithmfilters an input volumealong streamlines,
alsodenotedintegral curves or flow lines, of a given vectorfield
andgeneratesa3D–textureasoutput.In mostcasesin scientificvi-
sualizationatexturewith whitenoiseis usedasinput. Theintensity�
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3"� to normalizetheintensity. The
convolution causesvoxel intensitiesto be highly correlatedalong
individual streamlinesbut independentin directionsperpendicular
to them.In theresultingimagesthestreamlinesareclearlyvisible.

As a drawbackthe original LIC algorithmdoesnot provide in-
formationabouttheabsolutevalueof thevelocity. In consequence,
severalapproachesweredevelopedto portraytheflow directionand
velocityaswell asotherscalarvalues.This is accomplishedby us-
ing color coding[2, 26, 29], asymmetricfilter kernels[13, 29] and
a varying line width [15, 33]. In orderto enhancethe insight into
LIC volumes,techniqueslike volumerenderingseemto be appli-
cablesincetheLIC methodtransformsa 3D vectorfield into a 3D
scalarfield of grayvalues.In this context theanimationof a static
LIC volumeallows to integratevelocity information,if the frame
rateis sufficiently high.

3 Direct Volume Rendering with 3D–
Texture Mapping

For the visualizationof 3D scalarfields, direct volumerendering
provedtobeverysuitable.Accordingto [18], all known approaches
of direct volumerenderingcanbe reducedto the transporttheory
modelwhich describesthe propagationof light in materials.Ap-
proximationsof theunderlyingequationof light transferhavebeen
developed. They differ considerablyin the physicalphenomena
they accountfor and in the way the emerging numericalmodels
aresolved.Theexpensive basicraycastingapproach[20] hasbeen
acceleratedin variousways.Amongotherstrategiesthiscomprises
adaptive sampling[8, 7], exploiting coherence[19], usingspecial
purposearchitectures[17, 23] andtakingadvantageof hardwarein
graphicsworkstations[3].
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Figure1: Volumerenderingwith 3D–texturemapping.

Thebasicideaof the3D–texturemappingapproachis to usethe
scalarfield asa 3D–texture. At thecoreof thealgorithm,multiple
equidistantplanes(slices) parallel to the imageplaneareclipped
againstthe boundingbox of the volume (seeFigure 1). During
rasterizationhardwareis exploitedto interpolate3D–texturecoor-
dinatesat thepolygonverticesandto reconstructthe texturesam-
plesby trilinearly interpolatingwithin thevolume.Finally, the3D–
representationis producedby successive blendingof the textured
polygonsback–to–frontontotheviewing plane.Sincethis process
usesthe blendingand interpolationcapabilitiesof the underlying
hardware,thetimeconsumedfor thegenerationof animageis neg-
ligible comparedto softwarebasedapproaches.

As an advantageof this approach,interactive frame ratesare
achievedevenif appliedto scalarfieldsof high resolution.This is
animportantprerequisitefor thecomprehensiveanalysisof volume
information. Due to theappliedtrilinear interpolationschemeand
the numberof samplingpoints,which areappropriatelyadjusted,
theresultingimagesareof high quality. This guaranteesto repro-
ducefine structuresandensurestheir cleardelineation,especially
if they arezoomedcloselyfor adetailedinspection.

4 Interactive Assignment of Color and
Opacity Values

The graphicshardware is also exploited to modify the texture
lookuptablesusedfor theassignmentof color andopacityvalues.
Thisis anindispensablefeaturein orderto enhanceor suppresspor-
tionsof dataspecifiedby certainscalarvalues.Theinteractive ma-
nipulationof therespective transferfunctionsandthedirectupdate
of the3D–representationconsiderablysimplify theprocessof find-
ing an appropriatesetting. Usingpredefinedlookuptables,which
areadjustedby a few manipulationoperations,ensuresto quickly
produceameaningfulvisualizationof aLIC volume.Thereby, it is
easyto obtainamoretransparentvisualization,whichallows to see



Figure2: Visualizationof aLIC volume:Theflow field is exploredusingaclip plane,which is interactively translated.

an underlyinggeometry(seeFigures4 and11). In the sameway,
complementaryinformationis visuallyintegratedfor betterorienta-
tion if fusionwith anothervolumeis performed.As demonstrated
in Figure15 a 3D–LIC calculationwithin the aortais combined
with thesurroundinganatomy. In contrast,thefully opaqueassign-
mentshows theflow informationdirectlyat theoutersurfaceof the
vectorfield. Accordingto Figure2 this is usefulif a clip planeis
appliedin orderto exploretheLIC volume.

In Figure 3 the settingof the transferfunctionsfor color and
opacityvaluesis shown which leadsto thevisualizationpresented
in Figure4. Althougharbitrarytransferfunctionsareapplicablea
piecewise linearmappingis sufficient. Thearrows indicatethelo-
cationandthe directionof simplemanipulationoperationswhich
arerequiredto adjustthe lookup tables.As an additionalorienta-
tion theintensityhistogramof thevolumedatais displayedwithin
the diagram. If an opaquerepresentationis envisaged(left side),
opacityis setto a constanthigh value. However, it is usefulto de-
creaseit slightly in orderto improve thevisualcontinuityandim-
pression.Thereby, streamlinesbecomevisible which aredirectly
below theactualsurface.Simultaneously, a linearrampis specified
for theluminancevaluesenhancingthecontrastof theresultingim-
age. Within thehistogramthis rampis positionedin the centerof
themainpeak.
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Figure3: Intensityhistogramandtransferfunctionsfor thevisual-
izationof theLIC volumeshown in Figure4: Settingfor theopaque
representation(left) — Settingfor thesemi-transparentrepresenta-
tion (right).

Thesemi–transparentrepresentation(right side)requiresto use
low opacityvaluesfor low datavaluesandhigh opacityvaluesfor
highdatavalues.Furtheron,a linearrampof highgradientis used
in betweenin orderto producea smoothtransition.Dependingon
the selectedbackgroundcolor, the contrastis intensifiedif there
is anotherlinear ramp for opacity valuesthat increasesto lower
datavalues. This is of importanceif light backgroundcolorsare

chosen.The transferfunction for luminancevaluesis positioned
within the transitionfrom low to high opacityvalues. This leads
to a goodimpressionof depth,ascanbe seenon the right sideof
Figure4. Moreover, theinteractiveadjustmentof transferfunctions
is an efficient way to substitutethe separateapplicationof sparse
noisetexturesasproposedin [15].

Figure 4: Simulatedflow aroundwheel with different settingof
transferfunctions: (left) Opaquerepresentationshowing detailsat
the surfaceand (right) semi–transparentrepresentationefficiently
substitutingtheapplicationof sparsenoisetextures.

5 Clipping Functionality

Additionalscalarfieldssuchasdensity, pressure,or absolutevalue
of velocityarefrequentlyusedin orderto specifyavolumeof inter-
est(VOI) to restricttherenderingprocessto significantpartsof the
flow. This VOI is usuallyapplieda priori to theinput textureor as
apostprocessto theresulting3D–LIC texture.Sincethisoperation
modifiesthevoxel data,it is impossibleto changetheVOI during
thevisualizationprocess.

Theabove mentionedstrategy aimsat avisualizationof theLIC
volumeasan opaqueobjectextractedby the VOI. Due to the in-
tricateanddensestructureof streamlinesinsidea3D–LIC texture,
higher transparency will result in cluttereddisplays. In order to
explore the interior structures,the useof clip planesis a straight
forward approach.However, for a staticvisualizationclip planes
are not sufficient when visualizing 3D–LIC, becauseplanarsur-
facesdo not generallyfollow the direction of the flow, resulting
in discontinuousstreamlines. However, the interactivity provided



by 3D–texturebasedvolumerenderinggreatlyimprovestheunder-
standing: of interior structures.Using a clip planein motion, the
useris very well capableof trackinglinesor surface–shapedstruc-
tureswithin the3D–LIC texture.Figure2 demonstratesthecontri-
butionof interactive clip planesto significantlyimprove thespatial
understandingof thecomplex turbulentflow at therearof acar.

OriginalLIC texturesdonotcontaininformationabouttheabso-
lutevalueof velocityandthesignof theflow direction.To remove
this deficiency, the approachesmentionedin section2 encodethe
missinginformationby theuseof differentshapeandcolor. How-
ever, theunderstandingof theserepresentationsis extremelydiffi-
cult in 3D. Point iconssuchasvectorplots area straightforward
approachto depictboth direction and absolutevalue of velocity,
althoughin 3D they generatecluttereddisplays.Sincedrawing ar-
rowsleadsto goodresultsin 2D, theideais to restrictthearrow plot
to anotherkind of clip planein 3D. This planecanbe placedand
movedin real–time.Then,vectorsaredrawn only at discreteinte-
ger coordinateswithin the 3D flow field domainto avoid trilinear
interpolationof the vectordata. To determinethesevectorposi-
tionsa standard3D scanconversionof thespecifiedplaneis com-
puted.Thedensityof arrows canadditionallybeadjustedin order
not to produceimagesoverloadedwith information. The impres-
sionof flow is furtherenhancedby animatingthevectorlengthlin-
earwithin a specifiedrange.Thisvectorplanecanbeeitherplaced
insideasemi–transparent3D–LIC textureor attachedto oneof the
clip planesfor thevolume(seeFigure14).

In addition to the describedfunctionality, an approachfor in-
teractive clipping with arbitrarygeometryis outlinedin section7.
Usingthismethod,it is possibleto suppresseithertheinterioror the
exterior volume.Theability to useevery closedtrianglesurfaceas
clipping geometryallows the applicationof fastvisualizationand
animationtechniquesof high flexibility. To specifya VOI for the
LIC texture,theboundaryof theclip objectshouldroughlyfollow
the courseof the streamlines. Therefore,a straightforward ap-
proachis to computestreamsurfaces,thatform asolidobject.This
is a fastalternative to thecomputationof LIC on streamsurfaces.
In contrastto this,whenusingtime–dependentclippingobjectsfor
animation,streamlinesshouldintersecttheboundarysurfaceof the
clippinggeometryorthogonally, unlike theVOI. For thispurposeit
is obviousto usetimesurfacesor timevolumesasdescribedin the
following section.

Figure5: Surfacesof equaltime insideasimplecavity flow field.

6 Animating LIC with Time–Dependent
Color Tables

To obtaina setof time–dependentclipping objects,anappropriate
trianglesurfaceis placedinside the flow field in sucha way that
streamlines intersectthe surfaceat an angleof preferably90 de-
grees. This initial surfaceis evolved throughtime by computing
particletracesfor eachvertex of thesurface.Theresultis a setof
surfacesof equaltimeasshown in Figure5.

To allow for divergentflow regionsthat causesurfacetriangles
to grow fast in size, a simplesubdivision scheme(seeFigure 6)
is appliedto split edgeswhoselength exceeda specifiedthresh-
old limit. Whenever a triangleis found thathasat leastoneover-
sizededge,theneighboringtrianglesarecheckedto decidewhether
subdivision canbe avoidedor not. If the neighboringtriangle is
smallenough,in certaincasestheoversizededgecanbeeliminated
by swappingtheedgeinsteadof subdividing it. For betterperfor-
manceof thesubsequentstepsanadditionalpolygonreductional-
gorithm [5] is appliedafterwardsto the completeset of surfaces
to minimizethetotal numberof triangles.Thetime consumedfor
thispre–processingis negligible in comparisonto thecalculationof
3D–LIC.

3 subdivisions

3 edges  too long2 edges too long

edge swap +
1 subdivision

2 subdivisions

1 edge too long

edge swap subdivision

Figure 6: Subdivision of triangleswhoseedgelength exceedsa
specifiedthresholdlimit.

Subsequently, this pre–computedsetof time surfacesis usedto
divide the LIC volumeinto disjoint sub–volumesthat arelocated
betweentwo adjacenttime surfaces.Thesesubsetsarenumbered
consecutively andtheindex is assignedto everyvoxel of thesubset.
Theresultof thiscomputationis a secondvolumeof thesamesize
asthe3D–LIC thatcontainsthesubsetindicesof thevoxels. Note
thatif timesurfacesareintersectingeachother, theassignmentmay
be ambiguous,i.e. the subsetsmay not be disjoint. In this case
prioritiesfor thesubsetsmustbespecified.

Usingthetexture–basedvolumerenderer, thesubsetindicescan
be usedto assigna uniquecolor to every subsetwhen rendering
the 3D–LIC texture. Thus, the LIC volume can be animatedby
sequentiallyshifting anappropriatecolor lookuptablethroughthe
volumesubsets.As mentionedabove, high–endgraphicworksta-
tions provide hardwareacceleratedtexture color tablesof a fixed
size(usually8 bit). The availablecolor tabledepthmustbe split
into fixednumbersof bits for thesubsetindex andfor theLIC color
index. Accordingto this decision,thevoxel valuesof theoriginal
LIC volumemustbereducedto theappropriatecolor index depth.
Furthermore,a modulofunctionmustbe appliedto the subsetin-
dicesif thenumberof subsetsexceedstheavailablerange.Finally,
the reducedLIC volumeandthevolumecontainingthesubsetin-
dicesaremergedtogether.

For theexampledataanimatedLIC with 8 bit lookuptableswas
used. A subsetindex depthof 3 bit waschosen,which allows to
display8 differentsubsetseachwith 32differentcolors(seeFigure
7 top). Figure13 shows animationframesof a cavity flow field.
Thecolor tableis usedto move regionsof differentcolorsthrough
the3D–LIC volumewith equalopacitycurvesfor eachsubset(see
Figure7 middle). The animationis doneby shifting the color in-
dicessequentiallyby 32. Anotheranimationtechniqueis to keep
thecolorcurveconstantandto shift avaryingopacityvaluethrough
thesubsets(seeFigure7 bottom). Thiscausesthedifferentsubsets
to appearanddisappearthroughtime. Alternatively, color tables
with 4 bit for subsetindicescanbeusedto display16differentsub-
setseachwith acolor index rangeof 16.



8 bit Color Table Indices

128 64 32 16 8  4  2  1 

subset color

Example Table (RGBA) 
color

opacity

index 0 25532 64 96 128 160 192 224

color

opacity

index

Example Table (LA)

0 25532 64 96 128 160 192 224

Figure 7: Look–up tablesfor color animation: (top) assignment
of availablebits to access8 subsetseachwith 32 color andopac-
ity values, (middle) RGBA–table shifting color values,(bottom)
luminance–alpha(LA)–tableshiftingopacityvalues.

7 Animating LIC with Arbitrar y Clipping
Geometries

Westermann[34] introduceda new methodthat combines3D–
texturebasedvolumerenderingwith aper–pixel framebuffer lock-
ing mechanismto clip thevolumeagainstarbitrarygeometries.As
long asthe object is a closedtrianglesurfacewith definitevertex
ordering,it canefficiently beusedasclippinggeometry.

Thebasicideais to determineall pixels thatarecoveredby the
cross–sectionbetweentheobjectandthecurrentslicingplanewhen
renderingthevolume. Then,in orderto prevent thetexturedpoly-
gon from gettingdrawn to theselocations,the pixels are locked.
To implementthis framebuffer lockingmechanism,thestenciltest
providedby OpenGLis used.Whenwriting pixelsto aframebuffer
positionduringrasterization,thecontentsof thestencilbuffer at the
correspondingposition is comparedto a userspecifiedreference
valueto decidewhethertheframebuffer write shouldbeaccepted
or rejected.To efficiently determinewhethera pixel is coveredby
thecross–sectionor not, theclippinggeometryis renderedin poly-
gonmodedirectly into the stencilbuffer, leaving the framebuffer
untouched.Afterwardsthetexturedpolygonscanbedrawn into the
framebuffer usingthestencilbuffer contentsaspixel mask.

This techniquecanbeusedto interactively clip the3D–LIC tex-
ture againsta pre–computedsetof time volumes. Sincethe clip-
ping objectfor this methodmustbesolid, thecomputationof time
surfacesusedin the previous sectionmustbe adaptedto produce
closedsurfaces.Generally, therearetwowaysto obtainsuchclosed
clipping objects.On theonehandyou canusea closedsurfaceas
initial surfacefor time surfacecomputationandtake carethat the
topology is not corrupted,e.g. by high vorticity or verticesthat
leavetheflow field boundaries.Ontheotherhandyoucancompute
arbitrary2D time surfacesasin theprevioussectionandusethem
to constructvolumeobjectsafterwards,for instanceby joining two
adjacenttimesurfacesto form aclosedobject.Figure8 showsvol-
umeobjectswhich arecomputedby combining2D time surfaces
with the boundingbox of theflow field. Using theseclipping ge-
ometries,the3D–LIC textureis animatedby sequentiallyswitching
betweendifferenttimevolumes.

Thecavity flow field (seeFigure9) wasanimatedby closedclip-
pingvolumesconstructedfrom initially paralleltimesurfaces.The
flow field is the sameasthe oneusedfor color–animationin Fig-
ure13. In Figure10 a flat box wasplacedinto thea turbulentflow

Figure8: Closedsurfacesbuilt by combiningthe time surfacesof
Figure5 with theflow field boundingbox. Theseobjectscaneffec-
tively beusedasclippinggeometry.

field and evolved throughtime, resultingin rathercomplex time
volumes.

8 Results

The availability of the presentedapproachesstronglydependson
thecapabilitiesof theunderlyinghardware.Throughoutour exper-
imentswe useda SGI OctaneMXE with 4 MB of texturememory
anda SGI Onyx2 (R10000,195MHz) with BaseRealitygraphics
hardware providing 64 MB of texture memory. The frame rates
arecomparableonbotharchitectureswith theOnyx2 giving higher
performancefor bigger3D–texturessinceno bricking is required.
However, thelimiting factorfor clippingwith arbitrarygeometryis
accessof thestencilbuffer.

Thepresentedalgorithmswereintegratedinto aninteractivevol-
ume viewer basedon OpenInventor presentedby Hastreiter[12]
and Sommer[28], which provides a standardizeduser interface.
The basicfunctionality of OpenInventor, including different3D–
viewersandavarietyof objectmanipulators,enablesintuitivehan-
dling andpreciseplacementof clipping planes.This is indispens-
ablefor themeaningfulvisualizationof scientificvectordata.

Figure11 shows the visualizationof a simulatedvelocity field
within a wheelcasingof a car. On theleft sidetheentireandfully
opaqueLIC volumeis presented,giving anoptimal impressionof
thesituationat theboundarysurfacebetweenobjectandandflow
field. In orderto view interior structuresa clip planeis translated
throughthevolumeascanbeseenin themiddle image.Notethat
thespatialunderstandingis conveyed by motionandis hardto be
obtainedfrom astill image.Thesemi–transparentvolumeis reveal-
ing partsof thewheelgeometry. Interactive adjustmentof transfer
functionsallows to producea variety of different representations
of the data,usinga singleLIC texture. This is a fasterandmore
flexible approachin comparisonto the computationof LIC with
multiplesparsenoisetexturesof varyingdensity. For theimageon
theright amodifiedlookuptablefor colorandopacityis appliedto
thefull 3D–LIC texture.

Interactive clippingusingframebuffer locksallows theapplica-
tion of arbitraryclipping geometries.Figure12 presentsframesof
ananimationsequenceof thesamevelocity field, generatedwithin
auser–definedregionof interest.Thesuccessivesub–volumeswere
computedwith theapproach,presentedin section7, usinga semi-
circularobjectasinitial time surface. Comparedto thestatic3D–
representation,the animationsequencesignificantlyenhancesthe
understandingof air flow aroundtheaxleandtheresultingvorticity
insidethewheelcasing.

As for eachvolumeslicetheclippinggeometrymustbetraversed
twice, objectswith a largenumberof triangleswill noticeablyde-
gradeperformance(seeTable1). To achieve interactiveframerates
in mostcasesit is vital to decreasethe numberof trianglesusing
somepolygonreductionalgorithm.



Figure9: Cavity flow field visualizedby clipped3D–LIC.

Figure10: Pegasedatasetvisualizedby clipped3D–LIC

performanceof color–animatedLIC

dataset LIC frames
resolution persecond

cavity (Fig. 13) 3"6,;=< 16–20

performanceof clipped LIC

dataset LIC triangles frames
resolution perframe persecond

Cavity (Fig. 9) 3"6,; < 269 3–4
Pegase(Fig. 10) 3"6,;?>A@B6DCDE 653 2–3
Wheel(Fig. 12) 6=C,E < 4367 FG3

Table 1: Performanceof displayinganimated3D–LIC on a SGI
OctaneMXE with awindow sizeof EDH?IJ@9H?IDI pixel

While usingcolor tableanimationaspresentedin section6, the
maximumnumberof grayvaluesor color indicesis limited. How-
ever, noisetextures,thatareusedasinput for LIC algorithms,usu-
ally aregeneratedby randomfunctionswhichcaneasilybeadapted
to a reducedrangeof values. From experiencethe useof sparse
noisetexturesassuggestedin [15] will alsoresult in LIC images
with a limited numberof grayvalues.Figure13 demonstratesthe
applicationof animatedLIC with time-dependenttransferfunctions
in caseof a cavity flow field. Usinghardware–acceleratedtexture
color tablesthe animationsequencecan be displayedwith high
framerates(seeTable1).

As mentionedbefore,intersectingtime surfacesmight lead to
voxel subsetsthat arenot disjoint. Although the problemcanbe
solvedby specificationof priorities,theresultinganimationin such
ambiguousregionsis incorrect. In somecasesthis canbeavoided
by intelligentlyplacingtheinitial timesurface.In generalhowever,
theapproachbasedontime-dependentcolortablesis limited to less
intricateflow fields.

Figure14 demonstratesthe flow situationat the rearsideof a

car. A clip planeis usedto reveal the interior turbulence.Color–
encodedvectorplots areintegratedon the plane,addinginforma-
tion aboutdirectionandabsolutevalueof velocity. With this rep-
resentationit is easyto identify regionsof the flow with opposite
directionsthatcausevorticity. Again, interactive placementof the
planesis vital for acomprehensive analysis.

Figure 15 shows the applicationof interactive flow visualiza-
tion for an improvedmedicaldiagnosisof bloodvesselmalforma-
tions. In this casethe analysisis basedon vector dataacquired
with 3D–phasecontrastangiography(PCA). PCAis aspecificpulse
sequenceusedfor magneticresonanceimaging,which is not yet
commonlyestablishedin medicalroutine. This is relatedto long
acquisitiontimesandstill limited spatialresolution. However, as
this techniqueevolves, it will significantly contribute to improve
thediagnosisof aneurysmsandstenosis.

The left imageshows the aorta, the big artery in front of the
spinalcolumn.A vectorplot of theoriginal PCA datasetis added
to theclipping planewithin theanatomicalvolumedata.Different
timestepsareusedto animatethearrow plot. In orderto computea
3D–LIC volume,preprocessingsuchasnoisereductionis required
to remove artifactsandenhancenoisydata.Subsequently, standard
magneticresonanceangiography(MRA) datashowing the vessel
anatomyathighresolutionis usedto extractthevascularstructures.
Thissegmentationis usedasvoxel maskfor thevectorfield before
computingtheLIC texture. Integrationof LIC datainto theoriginal
anatomicalimagedataasdisplayedin themiddleandtheleft image,
ensuresgoodanatomicalorientation.

9 Conc lusion

In this paperwe have introducedinteractive directvolumerender-
ing asmeansfor efficiently visualizing3D–LIC. Volumerendering
basedon 3D–texturemappingproved to be idealsinceit provides
thenecessaryinteractivity andimagequality. In thesamecontext
theapplicationof transferfunctionswhich areintuitively manipu-
latedarean indispensableprerequisitefor a convenientandcom-
prehensive explorationof LIC volumes. In order to improve the



informationcontentof the3D–visualizationvectorplotsareoption-
ally combinedK with clip planes.Thereby, theabsolutevalueandthe
orientationof thevelocity is effectively integrated.

Wehavepresentedtwo approachesto displayanimated3D–LIC
by using time surfacesfor clipping. The animationwasdoneon
the onehandby computinga special3D–LIC texture for the use
with color tableanimationandon the otherhandby clipping the
3D–volumeinteractively againstpre–computedtimevolumes.

Our resultshave shown that animationof 3D–LIC greatly im-
provestheperceptionof flow in 3D, andcanbedoneinteractively
without the useof pre–computed3D–textures. Furthermore,we
haveshown thathigh frameratescanbeachievedonmodernhigh–
endgraphicsworkstationsby exploiting hardwarefeaturessuchas
texturecolor tablesor framebuffer locks.

Efficient computationof time surfacesandautomaticplacement
of theinitial surface,aswell astheadaptationof thepresentedap-
proachesto medicalflow datasuchas3D–phasecontrastangiogra-
phyaretopicsof our futurework.
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Figure11: Visualizationof LIC showing asimulationof flow aroundawheel.

Figure12: Animationof LIC showing asimulationof flow aroundawheel.

Figure13: Coloranimated3D–LIC. Figure14: Visualizationof LIC combinedwith anarrow plot.
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Figure15: Fusionof anatomicalinformationand3D–LIC within theaortabasedonphasecontrastangiographydata.


