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ABSTRACT

In orderto makedirectvolumerenderingoracticablecorvenientvisualizationoptionsanddataanalysigools
have to be integrated. For example,direct renderingof semi-transparentolume objectswith integrated
displayof lightediso-surbicess oneimportantchallengesspeciallyin medicalapplications Furthermore,
explicit useof multi-dimensionaimageprocessingperation®ftenhelpsto optimizetheexplorationof the
availabledatasets.On the otherhand,only if interactve frameratescanbe guaranteedsuchvisualization
toolswill beacceptedn medicalplaningandsuigerysimulationsystems.

In this paperwe proposea volume visualizationtool for large scalemedical volume datawhich takes
adwantageof hardwareassisteBD texture interpolationandconvolution operations We demonstratéion
to usethe 3D texturemappingcapabilityof high-endgraphicsworkstationgo displayarbitraryiso-surfices
which canbedirectlyilluminatedto enhancehe spatialrelationsbetweerobjects.Back-to-front3D texture
slicing is usedto simultaneoushdisplaysemi-transparemhaterialdensities.In orderto enableon-the-fly
dataanalysis first approachesising hardware assisteccorvolution operationshave beenintegrated. An
implementatiorof the proposednethodbasedon the Openlrventorrenderingtoolkit is describedffering

interactve frameratesat highimagequality includingsophisticatediserinteractions.

1 INTRODUCTION

A numberof techniqueshave beendevelopedto di-
rectly visualize 3D scalarfields on rectilinearCarte-
sian grids such as data setsfrom medical imaging
modalities. In orderto optimizethe exploration pro-
cesanimportantchallengds theintegrationof differ-
entrenderingalgorithmswhich allow simultaneously
representin@rbitrary materialquantitiessuchas soft
tissueor sharpboundaryregions.

Two widely usedvolumevisualizationmethodsvhich
areoftenappliedconcurrentlyin medicalapplications
aresurfacefitting [16] anddirectvolumerenderind9].
However, dueto the large amountof voxelsto be pro-
cessedindgeometrigprimitiveswhich may be gener
atedboth techniquegequiretime-intensve computa-
tions makingit difficult to achiese interactve visual-
ization.

Besidesthe useof dedicatedvolumerenderinghard-

ware[6, 10, 17] mostimpressie frame ratesat high

imagequality aredefinitely obtainedby takingadwan-

tageof hardwareassistedBD texture interpolationon

modernhigh-endgraphicsworkstations[3]. On the

other hand, the direct volume ray-castingoffers the

highestflexibility in termsof integratedfeatureen-

hancemente.g.thereconstructiomf iso-contourand

the simulationof realisticlighting andshadingeffects.

Additionally, thereis no needto generaténtermediate
representationsuchaspolygonalmeshesf rendering
of iso-contourss desired.

Anotherimportanttrendis the developmentof graph-

ics hardwarethatis ableto supportimageprocessing
algorithmslik e discretecorvolution operationn 2D
or 3D images.Of coursejt is notyet clearhow these
operationscan be seriouslyusedin medicalapplica-
tions,but onthe otherhandi,it is quiteeasyto simulate
classicaledgedetectionor noiseremoval algorithms
which canthenbeappliedinteractvely.

This paperproposesa visualizationsystemthat takes
adwantageof specializedyraphicshardwareto obtain
flexible renderinganddataanalysisoptionsat optimal
speed. The following major issuesare addressedy
thistool:

e Performance Tuning: We make optimal use of
hardwareresourcedy exploiting 3D textureinter
polationfor the acceleratiorof the volumerender
ing processA selectiorof classicaimageprocess-
ing algorithmsis implementedasedn fastconvo-
lution operations.

¢ DirectVolumeRendering We retainthefull flexi-
bility of volumeray-castingin particulaywedonot
needanintermediatgolygonrepresentatiofor the
visualizationof surfacefeatures.

¢ Surface Shading We userealisticlighting effects
to enhancehe understandingf the spatialorien-
tation of iso-surficesand their relation to semi-
transparertolumestructures.

¢ UserInterface: Sincethevisualizationtool is em-
beddedinto the Openlrventor renderingtoolkit it
offers highestflexibility in termsof usermanipu-
lation and navigation. Arbitrary objectswhich are
specifiedn thelnventorfile formatcanbeincluded.



The basicproblemin volume visualizationis the ex-
traction and renderingof the information contentof
threedimensionalktructurescontainedn the volume
in away thatallows alsofor accuratenalysis.An an-
alytic descriptionof the volumevisualizationprocess
hasbeerproposedy Kriger[11], whoshavedthatall
known directvolumerenderingapproachesanbeun-
derstoodasspecializationsf atransportheorymodel
of the propagatiorof light in materials.Differentap-
proximationgo theunderlyingtransporequatiornave
beendeveloped[2, 5, 8, 18, 15 which differ substan-
tially in the physicalphenomenahey accountor and
in theway theemepging numericaimodelsaresolved.

One fundamentaldifferencelies in the order of the
numericalevaluationof thearisingintegral equations.
This canbe doneeitherin object-spacerder, where
for eachvoxel the projection onto the image plane
is computedand visualized, or in image-spaceor-
der, wherefor eachpixel thosevoxelsaredetermined
and renderedwhich contribute to the final pixel in-
tensity Image-spacenethods,i.e. ray-casting,are
known to producesuperiorqualityimagesfor the cost
of repeatedre-samplingof the data. Although sev-
eral acceleratiortechniqueshave beenproposedsuch
asadaptingthe integrationstepsizeto thevariancein
thedata[4, 14] or efficiently steppinghroughthevol-
ume[25] noneof thesemethodsallows for interactive
imagegeneratiorrates. Sincevoxel basedprojection
methodq13, 23, 24] in generalavoid the numerically
comple re-samplingof the original domain,the ex-
pectedframeratesaremuchhigherthanthoseof typ-
ical ray-castingtechniques. Expressingthe rotation
of the volumeobjectsby 2D shearsanda final image
warp andexploiting coherenceandparallelismaccel-
erateghe processonsiderably12].

Figurel: Volumerenderingoy 3D textureslicing.

Recently the use of 3D texture mappinghardware
[1], now also availablein desktopgraphicsworksta-
tions and PCs, hasbecomea powerful visualization
option for direct volume rendering[3]. The recti-
linear volume datais first corvertedto a 3D texture.
Then,anumbernf planegerpendiculato theviewer's
line of sightareclippedagainstthe volumebounding
box. Theresultingpolygonsareprojectedontotheim-
ageplaneusing adequatélendingoperationto real-
ize back-to-frontor front-to-backcompositing. Prior
to the drawing proceduretexture coordinatesn para-
metric objectspaceareassignedo eachvertex of the
clipped polygons. During rasterizatiorthe slice that
is cut out of the 3D texture accordingto the texture
coordinateds mappedonto the generatedragments
(seeFigurel). Sincethis processs supportedy spe-
cialized graphicshardware the time it consumegle-

creasegonsiderablycomparedo a softwarerealiza-
tion. Thus,interactie frameratescanbeachiezed.

However, thereis onemajorlimitation of this method:
It is not possibleto integrate realistic lighting and
shadingeffectswhich are known to enhancehe per
ceptionof spatialrelationsbetweenobjects. On the
otherhand,evenin medicalapplicationavherethe ex-
pertoftennavigatesthroughhighly complec structures
it is importantto furtherimprove the viewer’s spatial
sensation.Furthermorejt shouldnot be ignoredthat
alsoin medicaldatasetsthereare opaqueboundary
regionswhich arebestvisualizedby meanof lighted
iso-surfices. In Figure 2 an exampleis given which
compareshevisualizationof aniso-surfceof theskin
of a128% humananeurysnCTA-scan.On theleft the
renderingvasperformedvith 3D texturemappingand
appropriatelyadjustedransferfunctionswhile on the
right a volume ray-castingtechniquewith integrated
lighting wasapplied. Note, that althoughabout1200
sliceswereusedto generateheleft imageit caneas-
ily beseenthatthevisualsensatiorof fine detailsand
the spatialrelationof arbitrarystructureds consider
ably improvedby thelighting andshadingn theright
image.

Figure2: Textureslicing vs. iso-surficeshading.

Of course combinatiormethodscould be usedwhich

first extracta polygonalsurfaceby meansof amarch-
ing cubegypealgorithm[16] whichis thenintegrated
with texturebasedsolumerenderingn atwo-pasgro-

cedure. However, especiallyfor large datasets,the
memoryand computationtime requirement®f even
the mostadwancedso-surficealgorithmdo not allow

for aninteractve modificationof theiso values. Ad-

ditionally, the amountof geometricprimitiveswhich

maybe generated¢anhardlyberenderedn anaccept-
ableamountof time.

Recentlyfirst approachefor combininghardwareac-
celeratedvolumerenderingvia 3D texture mapsand
volume lighting were presented. Van Geldern[20]

storesthe sumof precomputecdimbientandreflected
light componentito thetexturevolumeandperforms
standard3D texture compositingas describedabove.
The obvious drawvbackto this techniqueis the need
for reloadingthe texture memory eachtime ary of

the lighting parametergincluding rotation of object)
changes.On the contraryHaubneret al. [7] precom-
putethe voxel gradientsand storea quantizedrepre-
sentatiorof the orientationasthe 3D texture mapto-

getherwith the volumedensity Lighting is achieved
by indexing into an appropriatelyreplicatedcolor ta-
ble. However, smoothlyshadedsurfacesare difficult



to achieve dueto the limited quantizationof the nor-
mal orientationand the intrinsic hardware interpola-
tion problems.

The basicideaof our approacHies in the utilization

of hardwaresupported3D texture interpolationto re-

samplethe data available on a rectilineargrid. So
thenumericallymostcritical partof traditionalvolume
ray-castingechniquesanbe avoided. We proposea
methodto accesshere-sampledexture valueswhich

allows detectingarbitraryiso-surfices.Oncetheir lo-

cationin objectspaces determinedsariousillumina-

tion effects can be rendered. In a secondrendering
passwe perform3D texture slicing to integratedirect
renderingof semi-transparemtensityvolumes.

Anotherfeatureof the developedvisualizationsystem
is the integrationof specificdataanalysisalgorithms.
Up to now most of the available volume visualiza-
tion tools basedon 3D texture interpolationdo not
offer additionalfunctionality to analyzethe dataap-
propriately Specificstructurescanonly be enhanced
or eliminatedby modifying thetransferfunctionsin a
trial-and-erromprocess.Actually, we integratedhard-
waresupporteatornvolutionoperationsnto thepresent
approachTheseoperationganbeappliedonarbitrar
ily choserclip planesandthusallow interactvely per
formingedgedetectioror noiseremoval algorithmson
selectecportionsof the data.

In theremainingsectionsve discusghebasicideasof
our approach.Oncewe have outlinedthe underlying
conceptandalgorithmswe alsodescribeheway they
arerealizedwithin the Openlrventortoolkit. This is
importantsincethe acceptancef suchavisualization
tool in practicalapplicationscan only be guaranteed
if it providesanintuitiv userinterfacewith corvenient
manipulationand navigation options. Finally, some
examplesaregivento demonstrat¢he basicfunction-
ality.

2 TEXTURED SWEEP-PLANES

Sofar, all known methodsusing 3D texture mapsfor

thedirectrenderingof scalarvolumedataoperaten a

back-to-frontor front-to-backorderparallelto theim-

ageplane. For a numberof equally spacedclipping

planesthe planarcross-sectionbetweertheseplanes
andthevolumeboundingboxarecomputedanddravn

into the framehuffer. Multiple polygonsmappingonto
the samescreerregion are blendedappropriatelyac-
cordingto thefragmentopacity

Apart from the advantagesof this approachthereis
oneolviousdisadwantagevhich disablegdirectlight-
ing calculations Sincetexture mappingoccursduring
rasterizatiorattheendof thegraphicsipelineandin-
comingfragmentsareimmediatelyaccumulatedvith
pixel valuesalreadydrawn, it seemdo beimpossible
to accesdnterpolatedtexture samples. On the other
hand,in orderto determinesmoothiso-surbicesand
to computerealisticlighting effectswe do needto re-
trieve thesevaluesandtheirlocationin objectspace.

To retainthewholeflexibility offeredby directvolume
ray-castingechniquesvhile takingadvantageof real-
time 3D textureinterpolationwe proposeaslightly dif-

ferentapproach.

Figure3: Textureslicing orthogonato imageplane.

Insteadof slicing the 3D texturemapperpendiculato
theviewer’s line of sightwe performthe sameproce-
dure but with cutting planesorthogonalto the image
planeasoutlinedin Figure3. The numberof cross-
sectionswe cut out of thetextureis equalto the num-
berof scanlineslefinedby theactualviewport.

This approachis very similar to the algorithm pro-
posedin [6] which wasintegratedinto a specialpur-
pose architecturefor interactve volume rendering.
However, it is interestingto seethat the samealgo-
rithm canbe efficiently implementedon generalpur-
pose graphicsworkstationsand also low-cost PCs.
Additionally, we will shav thatevenif we only aim
atrenderingopaqudso-suraicesandsemi-transparent
densityvolumeswithoutlighting effectswe cansave a
lot of memoryresources.

At first glance slicingthetextureorthogonato theim-

ageplanedoesnot allow usto gain anything. Since
the cross-sectionsire parallel to the scanlines,ren-
deringwith respecto the actualviewing transforma-
tion would just projecteachtexturedpolygonontoone
unique pixel row. Meaningfulimageswould not be
producedbecauseét is impossibleto compositethese
polygonsalongtheviewing direction.

However, note that one cross-sectiongeneratedin
this way covers all interpolateddata sampleswhich
would have beenre-sampledby a standardvolume
ray-castingapproachfor the correspondingscanline.
Theentireinterpolationproceduras performedoy ef-
ficiently using of the available hardware resources.
Neverthelesst is still an openproblemhow to re-
trieve thetexturesamplesn thecuttingplanefrom the
graphicspipelinein orderto simulateanimagespace
drivenapproach.



2.1 Adjusted Projection

We solwe this problem by temporarily adjustingthe
globalviewing transformationTheeyepointis rotated
in suchaway thatwe arelooking from above down to
the object. Now, the viewing directionis parallelto
theformerviewing up vector The new viewing plane
becomeorthogonato theoriginal one.

Figure4: Changingheviewing system.

In the new viewing system3D texture basedvolume
renderings performedasusualby intersectinghevol-

ume’s boundingbox with theslicing planes By draw-

ing the textured polygonsslice by slice the material
valueswhichwould have beeninterpolatedwithin one
scanlineare generated.In orderto accesshe texture
samplesve readthepixel valuesfrom the frametuffer

into localmainmemory Now, all theinformationnec-
essaryto processan arbitrary scanlineis available at
the expenseof oneframeluffer operation.Of course,
this operationis quite expensve, but it is still much
fasterthanthe interpolationof all datasampleswith-

outhardwaresupport.

The major benefitof this approachs that volumere-

samplingwhich accountdor about60-70 of theto-

taltime of astandarday-casteris completelyavoided.
Instead this is accomplishedby 3D textureinterpola-
tionandaframeluffer operation.n contrasto thevol-

umerenderingpipelineasproposedy Levoy [14] (see
Figure5) two differentdataandcomputatiorflows are
now possible.We shouldalsomentionthatin general
only a smallfraction of the entire frameluffer hasto

beread.Thiswill bediscussedbelow.

2.2 Volume Integration

We are now readyto renderthe volume scanlineby
scanline.After readingthe framhuffer all re-sampled
datavalueswhich are necessaryo processan entire
scanlineare available in main memory Each col-
umn of the rectangularmemory segmentin which

il

Figure5: Overview of volumerenderingpipelines.

the pixel datais storedcontainsthe materialsamples
whichwould have beenreconstructedlongoneray of
sightemanatingrom theimageplanewithin theactve
scanline.

The amountof light impinging on the view planeat
a certainposition canbe simulatedby evaluatingthe
volumerenderingntegral (1)

1)

alongeachray. It sumsupthecontributionsof thevol-
ume emission alongthe ray, which is scaledby
the optical depthaccordingto the volume absorption

. Traditionally, the evaluationof the integral is
performedusingan Euleriansum: theray is split into
segmentsof equallengthover which the sourceterm
andthe opacityareassumedo be constant.The con-
tinuousintegral evaluatesinto a discretesumover the
se@gmentsalongeachray:

1 @)

Usually the volume emissionand absorptionare as-
signedto eachvoxel before the integration is per

formed, or both valuesare obtainedfrom a transfer
function which mapsthe re-sampledmaterialvalues
to aRGB-coloranda -component.

In thelattercaseaslongaswe assumeanorthographic
projection the volumeintegrationalonga ray of sight
collapsedo thetraversalof columnsin therectilinear
2D frameluffer sgmentin main memory For each
columnequation(2) is evaluatedn front-to-backorder
which allows us to apply arbitrary acceleratiortech-
nigueslike -terminationor -acceleration.



3 1s0-CONTOUR EXTRACTION

Maybe the mostimportantdravback of volume pro-
jection techniquesvia 3D texture mapsis that the
visual appearancef iso-contourscan hardly be en-
hancedy realisticillumination effects. Iso-contours,
in general,canbe polygonalized by determiningthe
cross-sectiobetweerthesurfaceandthevolumecells
[16]. Oncethe polygonmodelhasbeengeneratedt
canberenderedakingadwantageof hardware-assisted
renderingof lit andshadedrianglemeshes.

Basically surfacefitting techniquesnddirectvolume
renderingwith 3D texturemapscanbeintegratedjuite
easily But neithertheemegingmemaoryoverheador
thetime neededo reconstrucarbitrarysurfacess ac-
ceptabldor largedatasets.Onthecontraryin volume
ray-castingno intermediatesurface representatiotis
generated.The surfaceis directly visualizedby suc-
cessiely testingwhetherthedatasamplesalongaray
meetcertaincriteria. Thecommonapproactthatdoes
not alwaysyield accurateresultsis to traversetheray
until aniso-valueis hit. Thenthe surfacenormalat
this point is computedandarbitrarylighting or shad-
ing modelscanbe evaluated.In [14] a differentpro-
cedurewasemployed. Prior to re-samplingthe mate-
rial valuesareshadedndclassifiedwith respecto an
iso-value andthe local greyscalegradient. Different
materialtypescanbe enhancedr suppresseth this
way.

Our presentapproactoffersthe whole flexibility vol-

ume ray-castingdoes. Classificationand shadingas
proposedn [14] canbeappliedto theacquiredor pre-
paredscalarvalues,but alsothe visualizationof iso-
surfacesby iso-valuetestingcanbeintegratedstraight
forwardly. While the sweep-planés traversedeach
datavalueis comparedo the specifiediso-value. If

a hit with the iso-contouris determinedthe normal
is calculatedandthe contourat the actuallocationis
shaded.

Figure6: Gradientapproximatioron original data.

Very fastresultscanbe achiezed by directly comput-
ing the normalfrom the valuesalreadyin the sweep-
plane buffer. On the other hand,the generatedm-
agesshaw typical block artifactswhich emege from
the discretizationof the buffer, and additionally two
further sweep-planebkave to be storedin memoryin
orderto accesshetop andbottomneighbors.

Insteadwe transformthe locationof eachdatasample

whichbelonggo acontourbackinto theoriginalvoxel
array (seeFigure 6). Then,the normalat this point
is interpolatedfrom the normalsat the eight nearest
neighbors.This yields smoothresultsandis alsoless
memoryintensive. Notethatthe normalswe approxi-
mateat the discretegrid pointsaretemporarilystored
until a completescanlineis processedthus avoiding
multiple approximation®f the samenormal.

In orderto acceleratehe shadingprocesswve usean

additional3D RGB texture, which is pre-computed
from the volume dataset. In eachtexture element
the original scalarvalueis storedin the component
while in the RGB color channelghe gradientcompo-

nentsare stored. Sincetexture elementsare clamped
to the range[0,1] the gradientshave to be scaledand

translatedby a factorof 0.5 beforethey areinserted
into the texturemap.

Whentexturedwith thenew RGB map,afterrender
ing thecrosspolygonsandtransferringhepixelvalues
into mainmemory eachsampleconsistof a quadru-
pel in which the first three componentscorrespond
to the tri-linearly interpolatedvoxel gradientandthe
fourthcomponentepresentthe scalamaterialvalue.
In orderto determinghe normalat a surfacepointthe
RGB valueshave to be scaleand translateappropri-
ately.

In thiswaywe candirectly evaluatethelighting model
basedin the retrieved gradientvalues. This can be
donewith respecto oneor multiple iso-valuesor for
eachre-samplediataitem separately

4 CONVOLUTION OPERATIONS

Particularlyin imageprocessingheapplicationof dis-

cretecornvolutionoperation®ntheavailablepixel val-

uesis acommonlyuseddataanalysisoption. Depend-
ing on the desiredresult differentkinds of corvolu-

tion kernelsareappliedwhich offer distinctchoiceso

enhanceor suppresspecificfeatures. For example,
differenceoperatorgo detectedgesor simpleaverage
operatorgo performnoisereductionareoftenapplied
separatelyr oneby anotheito improvetheoverallun-

derstandingf the data. However, althoughfastsoft-

warerealizationsexist which efficiently performdis-

cretecorvolutionoperation®n 2D imagesjn general
their useis limited to non-realtimeapplicationgdueto

the numericalcompleity of thefiltering process.On

the otherhand,specialpurposehardware exists, now

alsoavailableonmoderngraphicsvorkstationsyhich

enableghe corvolution of large scaleimageswith ar

bitrary filter kernelsinteractvely.

In particular the newer SGI machinesprovide ex-
tensionswhich allow hardwaresupportecconvolution
of multi-channelpixel data. While the datais sent
through the renderingpipeline, e.g., drawing from
main memoryinto the framehuffer, corvolution of the
datatakes place beforeit getswritten to the frame-
buffer. Thus,the corvolution of arbitraryslicesfrom
the volumedatacanbe performedquite easily In the



Figure7: Clip planewithout cornvolutionand
with enablechigh-pasdiltering.

presentvork thekey ideawasto extentthisfunctional-
ity to arbitraryclip planegpassinghroughthevolume.

Wheneer a clip planeis activatedandcorvolution is
enabledhe pixel valueswithin theclip planearecon-
volved with a filter kernelthat canbe chosenfrom a
pre-definedoolbox. Severalkernelshave beenimple-
mentedge.g.,sobel,median|aplacian,MaarHildreth,
blurr etc. In this way it is possibleto detectedges,
to sharperthe clip planeimageor to suppressoise
within. Of course,it is not obvious whetherit really
makes senseto perform the corvolution on arbitrar
ily slicedimagesfrom the data. Sincethe dataval-
ueswithin theclip planeareinterpolatedrom thedis-
cretevoxel values filter operationsanleadto results
which may be in somesensemisleading. However,
sincethe operationsare completelyinteractie their

applicationcan often help to enhancehe overall un-
derstanding(sekEigure?).

In orderto performthe corvolutionthe clip planeex-

tenthasto beretrieved. This is accomplishedh three
steps. First, we requesthe clip planeequationfrom

the Open-GL state. Then, the viewing transforma-
tion is adjustedsuchthat we are looking orthogonal
to the clip plane. Finally, the planeis clippedagainst
thevolumeboundingbox andthe obtainedpolygonis

textured with the 3D volume and projectedonto the

viewport. Now we have all theinterpolatedvoxel val-

ueswithin theclip planein the framehuffer. Reading
theframehuffer, enablingcorvolutionanddrawing the

imagebackinto the framehuffer leadsto the desired
result.

5 Clipping Geometries

In addition to interactve frame ratesthe possibility
to flexibly edit the datato be processeds one of the
mostimportantrequirementn practicalapplications.
Direct manipulationof transferfunctionsavailablein

the extendedOpenGL functionality allows the user
to arbitrarily map scalarvaluesto RGB color com-
ponents. Although this techniqueenableseasyand
intuitive enhancemenof structuresbasedon simple
thresholdingit fails whenever differentmaterialsare
representedy similar scalarvalues.

Quite oftenly multiple planarclipping planesareused
to constructmorecomplex geometriesHowever, this
stratgly seemdo berathercumbersomendeventhe
simpletaskof clippinganarbitrarily scaledboxcannot
berealizedusingthis approachHowever, this feature
and even more flexibility can be achieved by taking
adwantageof the perpixel operationgprovidedin the
rasterizatiorunit of moderngraphicswvorkstations.

lock
stencil bits

render

Figure 8: The use of arbitrary clipping geometries
is demonstratedor the polygonalobject. In regions
wherethe objectintersectghe actualslice the stencil
buffer is locked. The texturedslice is only rendered
into thelocked/unlocledpixels.

As outlinedin [22] the basicideais thatfor eachcut-
ting planeusedin the texture slicing algorithmthose



Figure 9: Clipping the brain by applying advanced
pixel operations.

texturedfragmentswvhich arenotcontainedn theclip-
ping objectare preventfrom contrikbuting to the final
image (seeFigure 8). The OpenGLstencil buffer is
usedto restrictthe renderingof the texture mapped
slice to only thosepixels. With the stencilbuffer test
is enableda pixel is drawvn only if it passeghe test
betweena userdefinedreferencevalue andthe value
of the correspondingntryin the stencilbuffer. Thus,
by initializing the entriesin the stencilbuffer properly
andby choosinganadequateomparisorfunctionpix-
elscanbelockedagainstfurtherdraving operations.

In orderto determinefor eachplanewhethera pixel
is covered by a cross-sectiorthe clipping object is
renderedin polygon mode,therebysettingthe sten-
cil buffer wheneer a pixel is affected. First, an ad-
ditional clipping planewith the sameorientationand
positionasthe slicing planeis enabled.Secondback
facesaredrawn with respecto the presentiewing di-
rectionandeverythingthatis in front of the planeis
clipped. In asecondpassall stencilbits which areset
improperlyhave to be updated.This is accomplished
by renderingthe front facesand clearingthe stencil
buffer at eachpositionwherea pixel passeshe depth
testandthe stencilbuffer test.

In our visualizationtoolkit we integrateddifferental-
ternative clipping geometrieswhich can be further
modifiedby differentkinds of manipulatorsOur tool
offers the usersimple objectslike boxesand spheres
but also more complex and userdefinedshapes. In
Figure 9 the advantagef this approachare demon-
stratecby asimpleexample.

Let us assumahata MRI-Scanis givenandthatthe
userwantsto separatethe brain. Usually this can
hardly be achieszed by simple thresholdingsinceval-
uesrepresentindghe brain are similar to thoserepre-
sentingthe skin. Only atime consumingmanualseg-
mentationof therelevantstructuresvould leadto suf-
ficientresults.In the presenexamplewe constructed
apolygonalobjectwhich complete containghebrain
by interactively distortingtheverticesof acoarselyde-
fined sphere. After a few minutesneededto model
the brainshull the objectcanbe usedimmediateltyto
separateherelevantstructuresEvenmoreefficiently,
now thetranferfunctioncanbe adaptedappropriately
in orderto supression-releantstructures.

6 USING OPENINVENTOR

The presentedalgorithm was implemented using
Openlrventor anobjectorientedgraphicgoolkit built

on top of OpenGL,which hasbecomea defactostan-
dardfor interactve modeling,renderingand manipu-
lation of 3D sceneqd21]. One part of the work pre-

sentechereis the completantegrationof texturemap-
ping basedvolume renderinginto the Openlrventor
frameawork in orderto obtainthe wholeflexibility and
functionality offered by the toolkit. By introducing
a new classthe volume rendereris representeds a

separat®bjectwithin the hierarchicaktructureof the

scenegraph. This allows corvenientapplicationof

built-in manipulators sensorsgditorsand other pre-

definedclassesmethodsand features(light sources,
anti-aliasing stereanode perspectie/parallerender

ing, fly, walk, trackball).

In particulay the designof the new volume object
takesadwantagef theOpenlrventorstructuringmech-
anism of node kits which organizesthe newly im-
plementednodesas separatelymanagedsubgraphs
(seeFigure 10). Our SoVol uneKi t is subclassed
from SoBaseKit and containsclip planes with
a geometricrepresentationwhich can be accessed
from the Openlrventor standardmanipulatorsand a
SoVol une: : SoShape node. The internal struc-
ture is designedto supportthe handling of multi-
ple volumes. During renderingan object of type
SoGLRender Act i on traverseghe scenegraphand
asksall objectsto renderthemselesby calling their
local GLRender method. Within this method of
SoVol une all objectspecificOpenGLcalls are per
formed.

We canarbitrarily switch betweertraditionalback-to-
front 3D texture projectionandour new techniqueof
ray-castinghroughtexturedsweep-planesnplement-
ing realisticlighting effects. If the expensve lighting
modeis enabledwe automaticallyswitch backto 3D
texture projectionwhile the camerapositionis mod-
ified returningto lighting modeafter a certaintime-
out. For the lighting calculationduring ray traver-
sal we usethe lighting parametergposition, direc-
tion, etc.) of the interactively placed Openlrventor
lights. Theseandotherpartsof thetraversalstatelike
color, clip planestransformatiommatricesetc. canbe
accessedrom the SoSt at e objectdeliveredby the
SoGLRender Act i on andby directOpenGLcalls.

Sincewe have to cut multiple slicesout of the vol-
umeorthogonalo the active viewport we needa sep-
araterenderareain which the textured polygonscan
be drawvn from the adjustedview point. Choosing
the back buffer hasseveral disadwantages.First, ob-
jectsalreadydrawn into the backbuffer would be de-
stroyed. Second the actualrenderareacould be too
smallor couldbe overlayedby otherwindows, which
malkescallsto gl Dr awPi xel s fail. Therefore,we
decidedto usethe SG X pbuf f er extensionwhich
providesa partof the physicalframehuffer which can
be directly accessedy the graphicshardware, but



Figure10: Subgraptof So\WblumekKit: It containsa geometriaepresentationf the boundingbox, the sub-
graphof upto six clip planesandthe So\lumenodewhichis responsibldor therendering.

which is not displayedon the screen. Furthermore,
p-bufferscanbelockedexclusively by a certainappli-
cationagainsbtheraccess.

In orderto minimize the amountof p-buffer needed,
only theboundingregionthatis coveredby thevolume
objectis takeninto accountduring slicing. First, we

determinghe boundingbox extent,andthenwe slice

thatextentscanlineby scanline.Arbitrarily translated
objectscanbehandledn thisway.

Our approacheasily extendsto perspectie projec-
tions. All whichhasto bedoneis to modify thecurrent
projectionmatrix in sucha way thatan additionalro-
tation of 90 degreesaroundthe x-axisis appliedafter
the perspectie projection. Also, the texturedsweep-
planesmustbe inclined accordingto the chosenper
spectve for eachscanline. However, this procedure
doesnotproducecorrectresultsonall typesof graphic
hardware sinceperspectie correctionduring 3D tex-
ture mappingon the slicing planesis not alwayssup-
ported.

7 RESULTS

The results were computedon a Silicon Graphics
Indigo? MaximumImpactwith a250Mhz R4400pro-
cessor128 MB memoryand TRAM option. Our ex-
perimentswere run on differentdatasetsto demon-

stratetheimpactof the dataresolutionto certainparts
of our algorithm and alsoto showv the functionality
of the implementedvisualizationtool. Two datasets
wereused:a humanheadMRI-Scanwith 1282 voxels
anda?2 128 CTA-Scanof ahumananeurysm.

Table 1 shavs accuratetimings for all distinct parts
of the algorithm.Basically we distinguishedetween
four different tasks: (1) All operationswithin the
graphicspipeline(GrPipe) including framehuffer ac-
cess. (2) Volumere-samplingby tri-linear interpola-
tion (Sample. (3) Mappingvia the transferfunction
and compositing(Comp). (4) Gradientcalculations
in theiso-contourreconstructior(Grad). Finally, the
overalltimesaregiven (All).

Density Iso
Mode | pw | sw || Hw | sw
GrPipe | 1.01| — 101 —
Sample| — | 424 — 151
Comp || 32.20| 33.4 — —
Grad — — 1.80| 1.9
| Al [[33.21]75.8] 1.01 [ 17.0]

Tablel: Timingsin secondgor 1282 human
headdatasetusingonetexturemap.
Imageresolutionwas

If we useanRGB texture mapwith pre-computedyradients



First, the front-to-backcompositingof materialcolor
and opacity valueswas applied (Density). This is
equivalentto the standardrolumerenderingechnique
using3D texture maps.Secondwe focusedon a spe-
cific contour surface belongingto a given iso value
(Iso). Within eachcolumnwe comparedhe results
of thehardware(HW) assistedpproactwith its soft-
ware (SW) pendant.Note that re-samplings almost
negligible in our approachandthatwe do not needto

procesghewholevolumeif theiso valueis changed.

This is donein shell-renderingwhere thosevoxels
which belongto a certainiso-surbcehave to be clas-
sifiedin adwance.

We can seethat the frameluffer operationsindeed
dominatethe overall times during surfacerendering.
For eachscanlinea 128  framehufferarray
wasreadandtraversedin main memory This corre-
sponddo a stepsizeof onevoxel size,which hasalso
beenchosern thereferencenethod.No timefor vol-
umere-samplings usedwhichis in factthedominant
timein astandaraay-castingnethod.We seethatgra-
dient calculationssignificantly slow down the overall
times. This overheadcanbe avoided as describedf
we storethevolumedataasanRGB texturemap.

We shouldmentionthatin orderto optimizeour algo-
rithm we completelyavoid the software compositing
in theactualimplementation!f theiso-contours de-
terminedandwritten to the framehuffer we storethe
z-huffer valuesand performa secondrenderingpath
usingthe traditional back-to-front3D texture projec-
tion. Consequentlyin thefirst columnof Table1 the

overall time decrease$o approximately0.3 seconds.

This methodwas usedto generatehe imagesin the
color pagebelow.

Our secondexperimentwas run on the 2 128
aneurysmCT-scan. Dueto the limited texture mem-
ory of our targetarchitecturewe first hadto split the
volumeinto distinctblocks. In orderto obtaina tex-
tureslicebelongingo acertainscanlinell brickshave
to bereloadednto texture memory This slows down
the renderingprocessconsiderably The overall time
increasedy aboutafactorof 4.

Thelasttwo imagesn thecolor platebelov shav ad-
ditionalexamplesoutof aninteractve sessiorwith the
presentedsisualizationtool. Thetime neededo ren-

derthe headdatasetwasapproximately3.0 seconds.

Renderingthe bricked aneurysntook about8.7 sec-
onds.

8 DISCUSSION

We have extendedhevolumerenderingechniquesia
3D texture mapsby combininghardwareassistedex-
tureinterpolationwith realisticillumination effectsfor
shadedso-surfices.Thewhole flexibility of front-to-
backvolumeray-castings maintainedn thisway i.e.

thetime which is neededo performthe gradientcalculationss al-
mostnegligible.

simultaneousisualizationof softtissueandsolid iso-

contourscanbeachieved. Of coursewe cannotcom-

petewith interactve frame ratesas achieved by 3D

texture slicing techniquesput on the otherhand,the

integrationof iso-surficereconstructiorandhardware
assistedorvolution operationsllows almostinterac-
tively analyzindargedatasets.In contrasto otherap-

proachesvhich useextendedcolor mapsandprecom-
putedvoxel gradientgo simulatedirectvolumelight-

ing, we save memory getsmoothcontoursandavoid

the numericalre-calculationgluringmovements One
drawvback is the handling of multiple texture maps.
Successiely reloadingtexture mapsfor eachscanline
processinglows down thealgorithm.
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Figurell: Exampleimagesfrom an Openlrventorsession.They shaw thefiltering of a clip planeextent
with a high-pasdilter, multiple clip planes]ightediso-surficesandintegrateddisplayof semi-
transparentnaterialandopaquesurfaces.



