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Abstract

Line integral convolution (LIC) is aneffective techniqueor visual-
izing vectorfields. Theapplicationof LIC to 3D flow fieldshasyet

beenlimited by difficulties to efficiently display and animatethe
resulting3D—-images.Texture—basedolumerenderingallows in-

teractive visualizationandmanipulatiorof 3D—LIC textures.In or-

derto ensurghecomprehense andcorvenientexplorationof flow

fields, we suggesinteractive functionalityincludingtransferfunc-

tions and differentclipping mechanisms.Thereby we efficiently

substitutehe calculationof LIC basedn sparsenoisetexturesand
shaw thecorvenientvisualacces®f interior structuresFurtheron,

we introducetwo approachegor animatingstatic 3D—flow fields
without the computationakxpenseand the immensememoryre-

quirementdor pre—compute@D—texturesandwithout lossof in-

teractvity. Thisis achieredby usingasingle3D—-LIC textureanda

setof time surfacesasclippinggeometriesin ourfirstapproactwe

usetheclippinggeometnyto pre—computaspecial3D-LIC texture
that canbe animatedby time—dependertolor tables. Our second
approachusestime volumesto actuallyclip the 3D-LIC volume
interactively during rasterization. Additionally, several examples
demonstratéhe valueof our strategy in practice.

Keywords: Flow Visualization, Animated LIC, Direct Volume
Rendering3D-TexturesMapping,Interactize VolumeExploration

1 Introduction

The visualizationof 3D—flov phenomends an importanttopic of
researchOverthelastfew yearsthis hasled to a numberof differ-
enttechniquesiming at the meaningfulanalysisof vectorfields.
Traditionally simplearrav plotsareusedwhich directly shaw ev-
ery vector with a respectie graphicalrepresentation.More ad-
vancedmethodsuseicons [24] allowing to integrate several pa-
rameterglescribingthe field. However, theseiconsaresometimes
difficult to interpretdue to the unfamiliar way of representation
and the compledity of the information. More sophisticatedap-
proachedlepictthe propertiesof a vectorfield by usingmethods
like streamlines, streamsurfaceg[14], volumeflows [22] andvar
ioustechniguesf particletracing. Althoughthe polygonalprimi-
tivesusedfor thesemethodsallow a fastmanipulationof the 3D—
representatiorthey arerestrictecto a rathercoarsespatialresolu-
tion.

In orderto overcomethesdimitations,texture—basedpproaches
gainedncreasingttentiorsincethey takeinto accoungll theinfor-
mationof a dataset. The introductionof line integral corvolution
(LIC) [4] significantlyimprovedthevisualizationof 2D vectordata.
It is aneffective andversatiletechniqueor representinglow fields
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with small scalestructures.Although a LIC volumeis computed
in the sameway asa 2D-LIC image,the 3D—approachs rarely
used. This is mainly relatedto difficultiesin approachingnterior
structuresof the data, which is fundamentafor the analysisand
interpretatiorof the vectorfield.

A completelydifferentapproachs emplg/ing volumevisualiza-
tion. In this context texture splatswereintroduced[6] in orderto
accelerat¢hevisualizationprocesdy usinghardwareassiste@D—
texturemapping.Basedon the original techniquean extensionwas
developedto processvectorfields. Additionally, differentvolume
renderingapproachesire suggestedn [9] to visualizethe scalar
componentsf computationafluid dynamicg CFD) data.Thereby
the analysisis supportedoy differentfunctionality rangingfrom a
simpleillumination modelto transferfunctionsappliedto extract
specificfeatures.Due to the requiredload of calculationsthe ap-
proachedbasedn directly visualizingthe dataprohibit to manipu-
latethe 3D—representatioimteractvely.

As a solution to this bottleneck, modern high—endgraphics
workstationsprovide a large numberof trilinear interpolationop-
erationgersecond Therebydirectvolumerenderings performed
at highimagequality andinteractive framerates[3] which greatly
improvesthe spatialperceptiorwithin a 3D—representation-ow-
ever, the streamlines inside a 3D-LIC texture are too denseand
intricateto visualizethemasawhole. As proposedn [15] the ap-
plicationof sparseénputtexturesenhanceshevisualizationresults.

In additionto the interactve manipulationguaranteedy 3D—
texture mapping,we suggesta dedicatedselectionof supporting
functionality This is an essentiaprerequisitefor the comprehen-
sive explorationof flow fieldsusing3D-LIC representationsdt in-
cludestheinteractve andintuitive abilitiesto adjusttransferfunc-
tionsandto applydifferentclipping mechanisms.

Anothereffective way to enhancehe visualizationof staticvec-
tor fields is the animationof LIC volumes. As a dravback,tech-
nigueswhich are usedfor 2D-LIC are lessapplicablein the 3D
case. Above all, this includesthe computationof a separate.IC
texture for eachtime step,which resultsin a greatcomputational
expenseandanimmenseamountof data.To avoid the performance
penaltyandthe high memoryrequirementshatcomewith loading
andstoringlarge pre—compute@D—textures,we suggeshotto an-
imatethe 3D—LIC itself, but to useananimatedlipping objectin-
stead.In this context we introducetwo differentapproachesyhich
bothusea single3D-LIC texture anda setof clipping objects.To
displayanimated3D flow at interactive frameratesdirectvolume
renderingbasedn 3D—texture mappingis performed.

After a shortsuney aboutthe basicideasof LIC in section2,
direct volume renderingusing 3D—texture mappingis briefly de-
scribedin section3. Subsequentlysection4 discussesppropri-
ate settingsof transferfunctionswhich are interactvely adjusted.
In the samecontet we shav how to producemeaningfulsemi—
transparentepresentationsvhich efficiently substitutethe calcu-
lation of LIC basedon sparsenoisetextures. Thereafter section
5 presentdlifferentclipping mechanismsind explainshow to use
them effectively for the analysisof flow fields. Then, animating
3D-LIC usingtime—dependentolor lookuptables(section6) and



using suitableclipping objects(section7) is introduced. Finally,
section8 presentseveralresultsachieved with technicalandmed-
ical imagedatademonstratinghe valueof our approach.

2 Line Integral Convolution

In an early texture—like method,introducedby van Wijk [31] in
1991, oval spotswith white noisearedistortedalonga straightline
segmentorientedparallelto the local vectordirection. LIC itself
wasintroducedby CabralandLeedom([4] in 1993who presented
analgorithmwhich performedhecorvolutionalongcurvedstream
line sggments. In 1995 Stalling and Hege [29] madeLIC much
faster moreaccurateandindependenbf resolution. Due to these
improvementd IC turnedoutto beverysuitablefor displayingvec-
tor fields on two—dimensionabkurfacesand becamevery popular
Hence,a vast quantity of differentalgorithmsandimprovements
have beendevelopedin the lastyears. In 1994 Forssell[10] pre-
sentedan extensionthatallows to mapflat LIC imagesonto curvi-
linearsurfacesn threedimensionsA problemof thismethods the
distortionof lengthduring the mappingprocess.In 1997 Teitzel
etal. [30] solved this problemby computingLIC imagesdirectly
on triangulatedsurfacesin three—dimensionadpacewithout map-
ping. Anothermethodfor creating_IC imagesnsurfacesn three—
dimensionabpacavaspresentethy Maoetal. [21] usingsolid tex-
turing. Wegenkittl et al. [32] introducedorientedLIC in orderto
visualizethe orientationof the flow and Risquet[25] presentedh
drasticsimplificationfor acceleratinghe imaging process.Many
otherauthorshave beenworking on enhancementsy color coding
[26] or animatingLIC [2, 11, 16], by acceleratingheimagegen-
eration[1, 35], or by developing speciallyadaptedechniquedor
applyingLIC to unsteadyflows [27].

The LIC algorithmfilters an input volume along streamlines,
alsodenotedintegral curves or flow lines, of a given vectorfield
andgenerates 3D—textureasoutput.In mostcasesn scientificvi-
sualizatioratexturewith white noiseis usedasinput. Theintensity
I of anoutputtexturevoxel locatedatzo = o (so) is givenby

so+L
/ k(s —s0)T(o(s))ds,

so—L

I(zo) =

wherea (s) denotes streamline of the vectorfield parameterized
by arc length, T' the intensity of the input texture and k£ a filter
kernel.If we chooseaconstanfilter kernelk andconsidethatT is
constanateachvoxel, thecorvolutionintegral canbecomputedy
samplingthe input texture T' atlocationsz; alongthe streamline

o(s):
I(@o) =k Y T(w),

i=—n

wherewe choosek = 1/(2n + 1) to normalizetheintensity The
corvolution causes/oxel intensitiesto be highly correlatedalong
individual streamlines but independenin directionsperpendicular
to them.In theresultingimageshestreanlinesareclearlyvisible.

As a drawvbackthe original LIC algorithmdoesnot provide in-
formationaboutthe absolutevalueof thevelocity. In consequence,
severalapproacheweredevelopedto portraytheflow directionand
velocity aswell asotherscalarvalues.Thisis accomplishedby us-
ing color coding[2, 26, 29], asymmetridilter kernels[13, 29] and
avaryingline width [15, 33]. In orderto enhancehe insightinto
LIC volumes,techniquedike volumerenderingseemto be appli-
cablesincethe LIC methodtransformsa 3D vectorfield into a 3D
scalarfield of grayvalues.In this contet the animationof a static
LIC volumeallows to integratevelocity information, if the frame
rateis suficiently high.

3 Direct Volume Rendering with 3D-
Texture Mapping

For the visualizationof 3D scalarfields, direct volume rendering
provedto beverysuitable Accordingto [18], all known approaches
of directvolumerenderingcanbe reducedo the transporttheory
modelwhich describeghe propagatiorof light in materials. Ap-
proximationsof the underlyingequatiornof light transferhave been
developed. They differ considerablyin the physical phenomena
they accountfor andin the way the emeging numericalmodels
aresolved. Theexpensve basicray castingapproach20] hasbeen
accelerateth variousways.Amongotherstratgiesthis comprises
adaptve sampling[8, 7], exploiting coherencd19], usingspecial
purposearchitecture$l7, 23] andtakingadwantageof hardwarein
graphicswvorkstationd3].
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Figurel: Volumerenderingwith 3D—texturemapping.

Thebasicideaof the 3D—texture mappingapproachs to usethe
scalarfield asa 3D—texture. At the coreof the algorithm, multiple
equidistantplanes(sliceg parallelto the imageplaneare clipped
againstthe boundingbox of the volume (seeFigure 1). During
rasterizatiorhardvareis exploitedto interpolate3D—texture coor
dinatesat the polygonverticesandto reconstructhe texture sam-
plesby trilinearly interpolatingwithin thevolume.Finally, the 3D—
representatioiis producedby successie blendingof the textured
polygonsback-to—fronbntothe viewing plane.Sincethis process
usesthe blendingand interpolationcapabilitiesof the underlying
hardware,thetime consumedor thegeneratiorof animageis neg-
ligible comparedo softwarebasedapproaches.

As an adwantageof this approach,interactive frame ratesare
achived evenif appliedto scalarfields of high resolution. This is
animportantprerequisitdor thecomprehense analysiof volume
information. Due to the appliedtrilinear interpolationschemeand
the numberof samplingpoints, which are appropriatelyadjusted,
theresultingimagesare of high quality. This guaranteeso repro-
ducefine structuresand ensuregheir cleardelineation,especially
if they arezoomedcloselyfor a detailedinspection.

4 Interactive Assignment of Color and

Opacity Values

The graphicshardvare is also exploited to modify the texture
lookuptablesusedfor the assignmentf color and opacityvalues.
Thisis anindispensabléaturein orderto enhancer supprespor
tionsof dataspecifiedby certainscalarvalues.Theinteractve ma-
nipulationof the respectie transferfunctionsandthedirectupdate
of the3D-representatioconsiderablysimplify the procesf find-
ing an appropriatesetting. Using predefinedookup tables,which
areadjustedby a few manipulationoperationsgnsurego quickly
producea meaningfulvisualizationof aLIC volume.Therebyit is
easyto obtainamoretransparentisualizationwhichallowsto see



Figure2: Visualizationof a LIC volume:Theflow field is exploredusinga clip plane whichis interactvely translated.

an underlyinggeometry(seeFigures4 and11). In the sameway,
complementarinformationis visuallyintegratedfor betterorienta-
tion if fusionwith anothewolumeis performed.As demonstrated
in Figure 15 a 3D—LIC calculationwithin the aortais combined
with thesurroundinganatomy In contrastthefully opagqueassign-
mentshavs theflow informationdirectly attheoutersurfaceof the
vectorfield. Accordingto Figure? this is usefulif a clip planeis
appliedin orderto exploretheLIC volume.

In Figure 3 the settingof the transferfunctionsfor color and
opacityvaluesis shavn which leadsto the visualizationpresented
in Figure4. Althougharbitrarytransferfunctionsare applicablea
piecavise linear mappingis suficient. The arrons indicatethe lo-
cationandthe direction of simple manipulationoperationswhich
arerequiredto adjustthe lookup tables. As an additionalorienta-
tion theintensity histogramof the volumedatais displayedwithin
the diagram. If an opaquerepresentatioris envisaged(left side)
opacityis setto a constantigh value. However, it is usefulto de-
creasat slightly in orderto improve the visual continuity andim-
pression.Thereby streamlines becomevisible which aredirectly
belav theactualsurface.Simultaneouslya linearrampis specified
for theluminancevaluesenhancinghe contrasof theresultingim-
age. Within the histogramthis rampis positionedin the centerof
themainpeak.
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Figure3: Intensityhistogramandtransferfunctionsfor the visual-
izationof theLIC volumeshavnin Figure4: Settingfor theopaque
representatiofleft) — Settingfor the semi-transparemepresenta-
tion (right).

The semi—transparemepresentatiofright side)requiresto use
low opacityvaluesfor low datavaluesandhigh opacityvaluesfor
high datavalues.Furtheron, alinearrampof high gradientis used
in betweenin orderto producea smoothtransition. Dependingon
the selectedbackgroundcolor, the contrastis intensifiedif there
is anotherlinear ramp for opacity valuesthat increasedo lower
datavalues. This is of importanceif light backgroundcolorsare

chosen. The transferfunction for luminancevaluesis positioned
within the transitionfrom low to high opacity values. This leads
to a goodimpressionof depth,ascanbe seenon the right side of
Figure4. Moreover, theinteractve adjustmenbf transferfunctions
is an efficient way to substitutethe separateapplicationof sparse
noisetexturesasproposedn [15].

Figure 4: Simulatedflow aroundwheelwith different setting of
transferfunctions: (left) Opaquerepresentatioshaving detailsat
the surfaceand (right) semi-transparemnepresentatiorfficiently
substitutingheapplicationof sparsenoisetextures.

5 Clipping Functionality

Additional scalarfields suchasdensity pressuregr absolutevalue
of velocity arefrequentlyusedn orderto specifyavolumeof inter-

est(VOI) to restrictthe renderingprocesgo significantpartsof the
flow. ThisVOI is usuallyapplieda priori to theinputtexture or as
apostprocesto theresulting3D—-LIC texture. Sincethis operation
modifiesthe voxel data,it is impossibleto changethe VOI during
thevisualizationprocess.

Theabose mentionedstratgyy aimsata visualizationof the LIC
volumeas an opaqueobjectextractedby the VOI. Due to the in-
tricateanddensestructureof streamlinesinsidea 3D—LIC texture,
highertransparenc will resultin cluttereddisplays. In orderto
explore the interior structuresthe useof clip planesis a straight
forward approach.However, for a staticvisualizationclip planes
are not sufficient when visualizing 3D-LIC, becauselanar sur
facesdo not generallyfollow the direction of the flow, resulting
in discontinuoustreamlines. However, the interactvity provided



by 3D-texture basedsolumerenderinggreatlyimprovesthe under
standingof interior structures.Using a clip planein motion, the
useris very well capableof trackinglinesor surface—shapestruc-
tureswithin the 3D-LIC texture. Figure2 demonstratethe contri-
bution of interactve clip planego significantlyimprove the spatial
understandingf the comple turbulentflow attherearof acar.

Original LIC texturesdo not containinformationabouttheabso-
lute valueof velocity andthe sign of theflow direction.To remove
this deficieng, the approachesnentionedn section2 encodethe
missinginformationby the useof differentshapeandcolor. How-
ever, the understandingf theserepresentations extremelydiffi-
cultin 3D. Pointiconssuchasvectorplots area straightforward
approachto depictboth direction and absolutevalue of velocity,
althoughin 3D they generatecluttereddisplays.Sincedraving ar
rows leadsto goodresultsin 2D, theideais to restrictthearrow plot
to anotherkind of clip planein 3D. This planecanbe placedand
movedin real-time.Then,vectorsaredravn only at discreteinte-
ger coordinateswithin the 3D flow field domainto avoid trilinear
interpolationof the vectordata. To determinethesevector posi-
tionsa standard3D scancorversionof the specifiedplaneis com-
puted. The densityof arravs canadditionallybe adjustedn order
not to produceimagesoverloadedwith information. The impres-
sionof flow is furtherenhancedy animatingthe vectorlengthlin-
earwithin aspecifiedrange.This vectorplanecanbe eitherplaced
insidea semi—transparer®D—LIC texture or attachedo oneof the
clip planedfor thevolume(seeFigurel4).

In additionto the describedfunctionality an approachfor in-
teractive clipping with arbitrarygeometryis outlinedin section?.
Usingthismethodit is possibleto suppressithertheinterioror the
exterior volume. Theability to useevery closedtrianglesurfaceas
clipping geometryallows the applicationof fastvisualizationand
animationtechniquef high flexibility. To specifya VOI for the
LIC texture,the boundaryof theclip objectshouldroughly follow
the courseof the streamlines. Therefore,a straightforward ap-
proachis to computestreamsurfacesthatform asolid object. This
is a fastalternatve to the computationof LIC on streamsurfaces.
In contrasto this, whenusingtime—dependertlipping objectsfor
animation streandinesshouldintersectheboundarysurfaceof the
clipping geometryorthogonally unlike the VOI. For this purposet
is obviousto usetime surfacesor time volumesasdescribedn the
following section.

Figure5: Surfacesof equaltime insidea simplecavity flow field.

6 Animating LIC with Time-Dependent
Color Tables

To obtaina setof time—dependertlipping objects,an appropriate
triangle surfaceis placedinsidethe flow field in sucha way that
streamlines intersectthe surfaceat an angleof preferably90 de-
grees. This initial surfaceis evolved throughtime by computing
particletracesfor eachvertex of the surface. Theresultis a setof

surfacesof equaltime asshavn in Figure5.

To allow for divergentflow regionsthat causesurfacetriangles
to grow fastin size, a simple subdvision scheme(seeFigure 6)
is appliedto split edgeswhoselength exceeda specifiedthresh-
old limit. Wheneer atriangleis foundthathasat leastoneover
sizededge theneighboringrianglesarechecledto decidewhether
subdvision canbe avoided or not. If the neighboringtriangleis
smallenoughjn certaincasesheoversizededgecanbeeliminated
by swappingthe edgeinsteadof subdviding it. For betterperfor
manceof the subsequengtepsan additionalpolygonreductional-
gorithm [5] is appliedafterwardsto the completeset of surfaces
to minimize the total numberof triangles. The time consumedor
this pre—processinig negligible in comparisorio the calculationof
3D-LIC.

1 edge too long

L7
Vo
<7

edge swap

2 edges too long 3 edges too long

VAVA
o A

2 subdivisions

edge swap +
1 subdivision

subdivision 3 subdivisions

Figure 6: Subdvision of triangleswhoseedgelength exceedsa
specifiedthresholdimit.

Subsequentjythis pre—computedetof time surfacesis usedto
divide the LIC volumeinto disjoint sub—wlumesthat arelocated
betweentwo adjacentime surfaces. Thesesubsetsare numbered
consecutiely andtheindex is assignedo every voxel of thesubset.
Theresultof this computationis a secondvolumeof the samesize
asthe 3D-LIC thatcontainsthe subseindicesof the voxels. Note
thatif time surfacesareintersectingeachother theassignmentay
be ambiguous,.e. the subsetanay not be disjoint. In this case
prioritiesfor the subsetsnustbe specified.

Usingthetexture—basedolumerendererthe subseindicescan
be usedto assigna uniquecolor to every subsetwhen rendering
the 3D—-LIC texture. Thus,the LIC volume can be animatedby
sequentiallyshifting an appropriatecolor lookuptablethroughthe
volumesubsets.As mentionedabove, high—endgraphicworksta-
tions provide hardware acceleratedexture color tablesof a fixed
size (usually 8 bit). The available color table depthmustbe split
into fixednumbersof bitsfor thesubseindex andfor theLIC color
index. Accordingto this decision the voxel valuesof the original
LIC volumemustbereducedo the appropriatecolor index depth.
Furthermorea modulofunction mustbe appliedto the subsetn-
dicesif thenumberof subset&xceedghe availablerange.Finally,
thereducedLIC volumeandthe volume containingthe subsetin-
dicesaremergedtogether

For the exampledataanimated_IC with 8 bit lookuptableswas
used. A subsetindex depthof 3 bit waschosenwhich allows to
display8 differentsubsetgachwith 32 differentcolors(seeFigure
7 top). Figure 13 shavs animationframesof a cavity flow field.
Thecolor tableis usedto move regionsof differentcolorsthrough
the 3D-LIC volumewith equalopacitycuresfor eachsubse{see
Figure7 middlg. The animationis doneby shifting the color in-
dicessequentiallyby 32. Anotheranimationtechniqueis to keep
thecolor curve constanandto shift avaryingopacityvaluethrough
thesubsetgseeFigure7 botton). This causeshedifferentsubsets
to appearand disappeathroughtime. Alternatively, color tables
with 4 bit for subsetndicescanbeusedto display16 differentsub-
setseachwith a colorindex rangeof 16.



8 bit Col or Table Indices

subset col or

128 64 32 16 8 4 2 1

Exanpl e Tabl e ( RGBA)
col or
opacity
index 0 32 64 96 128 160 192 224 255

Exanpl e Tabl e (LA)

col or
opacity

index 0 32 64 96 128 160 192 224 255

Figure 7: Look—uptablesfor color animation: (top) assignment
of available bits to access8 subseteachwith 32 color andopac-
ity values, (middle) RGBA—table shifting color values, (bottom)
luminance—alphé_A)-tableshifting opacityvalues.

7 Animating LIC with Arbitrar y Clipping
Geometries

Westermann{34] introduceda nen methodthat combines3D—
texturebasedvolumerenderingwith a perpixel framebuffer lock-
ing mechanisnto clip the volumeagainstarbitrarygeometriesAs
long asthe objectis a closedtriangle surfacewith definite vertex
ordering,it canefficiently be usedasclipping geometry

The basicideais to determineall pixelsthatare coveredby the
cross—sectiohetweertheobjectandthecurrentslicing planewhen
renderingthe volume. Then,in orderto preventthe texturedpoly-
gon from getting dravn to theselocations,the pixels are locked.
To implementthis framebuffer locking mechanismthe stenciltest
providedby OpenGLis used.Whenwriting pixelsto aframebuffer
positionduringrasterizationthe contentf thestencilbuffer atthe
correspondingpositionis comparedo a userspecifiedreference
valueto decidewhetherthe framebuffer write shouldbe accepted
or rejected.To efficiently determinewhethera pixel is coveredby
thecross—sectioor not, the clipping geometryis renderedn poly-
gonmodedirectly into the stencilbuffer, leaving the framebuffer
untouchedAfterwardsthetexturedpolygonscanbedrawn into the
framebuffer usingthe stencilbuffer contentsaspixel mask.

Thistechniquecanbe usedto interactiely clip the 3D—LIC tex-
ture againsta pre—computedetof time volumes. Sincethe clip-
ping objectfor this methodmustbe solid, the computatiorof time
surfacesusedin the previous sectionmustbe adaptedo produce
closedsurfaces.Generallytherearetwo waysto obtainsuchclosed
clipping objects.On the onehandyou canusea closedsurfaceas
initial surfacefor time surfacecomputationandtake carethatthe
topologyis not corrupted,e.g. by high vorticity or verticesthat
leave theflow field boundariesOnthe otherhandyou cancompute
arbitrary2D time surfacesasin the previous sectionandusethem
to constructvolumeobjectsafterwards,for instanceby joining two
adjacentime surfacesto form a closedobject.Figure8 shaws vol-
ume objectswhich are computedby combining2D time surfaces
with the boundingbox of the flow field. Using theseclipping ge-
ometriesthe3D-LIC textureis animatedy sequentiallyswitching
betweerdifferenttime volumes.

Thecavity flow field (seeFigure9) wasanimatedy closedclip-
ping volumesconstructedrom initially paralleltime surfaces.The
flow field is the sameasthe one usedfor colo~animationin Fig-
ure13. In Figure10a flat box wasplacedinto the a turbulentflow

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

field and evolved throughtime, resultingin rathercomple time
volumes.

8 Results

The availability of the presentedapproachestrongly dependson
the capabilitiesof the underlyinghardware. Throughouour exper
imentswe useda SGI OctaneMXE with 4 MB of texture memory
anda SGI Onyx2 (R10000,195MHz) with BaseRealitygraphics
hardware providing 64 MB of texture memory The frame rates
arecomparablen botharchitecturesvith the Onyx2 giving higher
performancdor bigger3D—texturessinceno bricking is required.
However, thelimiting factorfor clippingwith arbitrarygeometryis
acces®f thestencilbuffer.

Thepresentealgorithmswereintegratedinto aninteractve vol-
ume viewer basedon Openlventor presentedby Hastreiter[12]
and Sommer[28], which provides a standardizediser interface.
The basicfunctionality of Openlwventor including different3D—
viewersanda variety of objectmanipulatorsenablesntuitive han-
dling andpreciseplacemenbf clipping planes.This is indispens-
ablefor the meaningfulvisualizationof scientificvectordata.

Figure 11 shaws the visualizationof a simulatedvelocity field
within awheelcasingof a car Ontheleft sidethe entireandfully
opaquellC volumeis presentedgiving an optimalimpressionof
the situationat the boundarysurfacebetweenobjectandandflow
field. In orderto view interior structuresa clip planeis translated
throughthe volumeascanbe seenin the middleimage. Note that
the spatialunderstandings corveyed by motionandis hardto be
obtainedrom astill image.Thesemi—transparenblumeis reveal-
ing partsof thewheelgeometry Interactve adjustmentf transfer
functionsallows to producea variety of differentrepresentations
of the data,usinga single LIC texture. This is a fasterandmore
flexible approachin comparisornto the computationof LIC with
multiple sparsenoisetexturesof varyingdensity For theimageon
theright amodifiedlookuptablefor color andopacityis appliedto
thefull 3D—LIC texture.

Interactive clipping usingframebuffer locks allows the applica-
tion of arbitraryclipping geometriesFigure 12 presentsramesof
ananimationsequencef the samevelocity field, generateavithin
auser-definedegionof interest. Thesuccessie sub—olumeswere
computedwith the approachpresentedn section?, usinga semi-
circular objectasinitial time surface. Comparedo the static3D—
representationthe animationsequencssignificantly enhanceshe
understandingf air flow aroundtheaxleandtheresultingvorticity
insidethewheelcasing.

Asfor eachvolumeslicetheclippinggeometrymustbetraversed
twice, objectswith a large numberof triangleswill noticeablyde-
gradeperformancgseeTablel). To achieve interactve framerates
in mostcasest is vital to decrease¢he numberof trianglesusing
somepolygonreductionalgorithm.



Figure9: Cavity flow field visualizedby clipped3D-LIC.

Figurel0: Pggasedatasetvisualizedby clipped3D—-LIC

performanceof color-animatedLIC

dataset LIC frames
resolution persecond

cavity (Fig. 13) 12 16-20

performanceof clipped LIC

dataset LIC triangles  frames
resolution perframe persecond

Cavity (Fig.9) 12 269 3-4

Pegase(Fig. 10) 12 2 653 2-3

Wheel(Fig. 12) 2 4367 1

Table 1: Performanceof displayinganimated3D-LIC on a SGI
OctaneMXE with awindow sizeof pixel

While usingcolor tableanimationaspresentedn section6, the
maximumnumberof grayvaluesor colorindicesis limited. How-
ever, noisetextures,thatareusedasinputfor LIC algorithms,usu-
ally aregeneratedy randomfunctionswhich caneasilybeadapted
to a reducedrangeof values. From experiencethe useof sparse
noisetexturesassuggestedn [15] will alsoresultin LIC images
with a limited numberof gray values. Figure 13 demonstratethe
applicationof animated.IC with time-dependerttansferfunctions
in caseof a cavity flow field. Using hardware—acceleratedxture
color tablesthe animationsequencecan be displayedwith high
framerates(seeTablel).

As mentionedbefore,intersectingtime surfacesmight lead to
voxel subsetghat are not disjoint. Although the problemcanbe
solvedby specificatiorof priorities,theresultinganimationin such
ambiguougegionsis incorrect. In somecaseghis canbe avoided
by intelligently placingtheinitial time surface.In generahowever,
theapproactbasedntime-dependertolortablesis limited to less
intricateflow fields.

Figure 14 demonstratethe flow situationat the rear side of a

car A clip planeis usedto reveal the interior turbulence. Color—
encodedvector plots are integratedon the plane,addinginforma-
tion aboutdirectionandabsolutevalue of velocity. With this rep-
resentatiorit is easyto identify regionsof the flow with opposite
directionsthat causevorticity. Again, interactve placemenof the
planesds vital for acomprehense analysis.

Figure 15 shaws the applicationof interactve flow visualiza-
tion for animproved medicaldiagnosisof blood vesselmalforma-
tions. In this casethe analysisis basedon vector dataacquired
with 3D—phase&ontrastingiographyPCA). PCAis aspecificpulse
sequenceisedfor magneticresonancémaging, which is not yet
commonlyestablishedn medicalroutine. This is relatedto long
acquisitiontimesandstill limited spatialresolution. However, as
this techniqueevolves, it will significantly contrikute to improve
thediagnosiof aneurysmandstenosis.

The left image shavs the aorta, the big arteryin front of the
spinalcolumn. A vectorplot of the original PCA datasetis added
to the clipping planewithin the anatomicalolumedata. Different
time stepsareusedto animatethearraw plot. In orderto computea
3D-LIC volume,preprocessinguchasnoisereductionis required
to remove artifactsandenhancenoisydata.Subsequent/ystandard
magneticresonancexngiography(MRA) datashaving the vessel
anatomyathighresolutionis usedto extractthevascularstructures.
This sggmentatioris usedasvoxel maskfor thevectorfield before
computingtheLIC texture. Integrationof LIC datainto theoriginal
anatomicalmagedataasdisplayedn themiddleandtheleftimage,
ensuregoodanatomicabrientation.

9 Conclusion

In this paperwe have introducedinteractive directvolumerender

ing asmeandor efficiently visualizing3D-LIC. Volumerendering
basedon 3D—texture mappingproved to beideal sinceit provides
the necessanynteractvity andimagequality. In the samecontext

the applicationof transferfunctionswhich areintuitively manipu-
lated are an indispensablrerequisitfor a cornvenientand com-
prehensie exploration of LIC volumes. In orderto improve the



informationcontentof the3D-visualizatiorvectorplotsareoption-
ally combinedwith clip planes.Therebytheabsolutevalueandthe
orientationof thevelocity is effectively integrated.

We have presentedwo approacheto displayanimated3D-LIC
by usingtime surfacesfor clipping. The animationwas doneon
the onehandby computinga special3D—LIC texture for the use
with color table animationand on the otherhandby clipping the
3D-wlumeinteractiely againstpre—compute¢ime volumes.

Our resultshave shavn that animationof 3D—LIC greatlyim-
provesthe perceptiorof flow in 3D, andcanbe doneinteractvely
without the use of pre—computed@D—textures. Furthermorewe
have shavn thathigh frameratescanbeachieved on modernhigh—
endgraphicsworkstationgby exploiting hardwarefeaturessuchas
texture color tablesor framebuffer locks.

Efficient computatiorof time surfacesandautomaticplacement
of theinitial surface,aswell asthe adaptatiorof the presentedyp-
proacheso medicalflow datasuchas3D—phaseontrastangiogra-
phy aretopicsof our futurework.
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Figurel1l: Visualizationof LIC shawing a simulationof flow aroundawheel.

Figure12: Animationof LIC shaving a simulationof flow aroundawheel.

Figure13: Coloranimated3D-LIC.
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Figurel4: Visualizationof LIC combinedwith anarrow plot.
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Figure15: Fusionof anatomicainformationand3D-LIC within theaortabasen phasecontrastangiographydata.




