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ABSTRACT
In ordertomakedirectvolumerenderingpracticableconvenientvisualizationoptionsanddataanalysistools
have to be integrated. For example,direct renderingof semi-transparentvolumeobjectswith integrated
displayof lightediso-surfacesis oneimportantchallengeespeciallyin medicalapplications.Furthermore,
explicit useof multi-dimensionalimageprocessingoperationsoftenhelpsto optimizetheexplorationof the
availabledatasets.On theotherhand,only if interactive frameratescanbeguaranteed,suchvisualization
toolswill beacceptedin medicalplaningandsurgerysimulationsystems.

In this paperwe proposea volume visualizationtool for large scalemedicalvolume datawhich takes
advantageof hardwareassisted3D textureinterpolationandconvolutionoperations.We demonstratehow
to usethe3D texturemappingcapabilityof high-endgraphicsworkstationsto displayarbitraryiso-surfaces
whichcanbedirectlyilluminatedto enhancethespatialrelationsbetweenobjects.Back-to-front3D texture
slicing is usedto simultaneouslydisplaysemi-transparentmaterialdensities.In orderto enableon-the-fly
dataanalysis,first approachesusinghardwareassistedconvolution operationshave beenintegrated. An
implementationof theproposedmethodbasedon theOpenInventorrenderingtoolkit is describedoffering
interactive frameratesathigh imagequality includingsophisticateduserinteractions.

1 I NTRODUCTI ON

A numberof techniqueshave beendevelopedto di-
rectly visualize3D scalarfields on rectilinearCarte-
sian grids such as data sets from medical imaging
modalities. In orderto optimizethe explorationpro-
cessanimportantchallengeis theintegrationof differ-
ent renderingalgorithmswhich allow simultaneously
representingarbitrarymaterialquantitiessuchassoft
tissueor sharpboundaryregions.

Two widely usedvolumevisualizationmethodswhich
areoftenappliedconcurrentlyin medicalapplications
aresurfacefitting [16] anddirectvolumerendering[9].
However, dueto thelargeamountof voxelsto bepro-
cessedandgeometricprimitiveswhich maybegener-
atedboth techniquesrequiretime-intensive computa-
tions makingit difficult to achieve interactive visual-
ization.

Besidesthe useof dedicatedvolumerenderinghard-
ware[6, 10, 17] most impressive frameratesat high
imagequalityaredefinitelyobtainedby takingadvan-
tageof hardwareassisted3D texture interpolationon
modernhigh-endgraphicsworkstations[3]. On the
other hand, the direct volume ray-castingoffers the
highestflexibility in termsof integratedfeatureen-
hancement,e.g.thereconstructionof iso-contoursand
thesimulationof realisticlighting andshadingeffects.
Additionally, thereis noneedto generateintermediate
representationssuchaspolygonalmeshesif rendering
of iso-contoursis desired.

Anotherimportanttrendis thedevelopmentof graph-

ics hardwarethat is ableto supportimageprocessing
algorithmslike discreteconvolutionoperationson 2D
or 3D images.Of course,it is not yet clearhow these
operationscanbe seriouslyusedin medicalapplica-
tions,but ontheotherhand,it is quiteeasyto simulate
classicaledgedetectionor noiseremoval algorithms
whichcanthenbeappliedinteractively.

This paperproposesa visualizationsystemthat takes
advantageof specializedgraphicshardwareto obtain
flexible renderinganddataanalysisoptionsatoptimal
speed. The following major issuesareaddressedby
this tool:� Performance Tuning: We make optimal use of

hardwareresourcesby exploiting 3D texture inter-
polationfor theaccelerationof thevolumerender-
ing process.A selectionof classicalimageprocess-
ing algorithmsis implementedbasedonfastconvo-
lution operations.� Dir ectVolumeRendering: Weretainthefull flexi-
bility of volumeray-casting,in particular, wedonot
needanintermediatepolygonrepresentationfor the
visualizationof surfacefeatures.� SurfaceShading: We userealisticlighting effects
to enhancethe understandingof the spatialorien-
tation of iso-surfacesand their relation to semi-
transparentvolumestructures.� User Interface: Sincethevisualizationtool is em-
beddedinto the OpenInventor renderingtoolkit it
offers highestflexibility in termsof usermanipu-
lation andnavigation. Arbitrary objectswhich are
specifiedin theInventorfile formatcanbeincluded.



The basicproblemin volumevisualizationis the ex-
traction and renderingof the information contentof
three
�

dimensionalstructurescontainedin the volume
in a way thatallowsalsofor accurateanalysis.An an-
alytic descriptionof thevolumevisualizationprocess
hasbeenproposedbyKrüger[11], whoshowedthatall
known directvolumerenderingapproachescanbeun-
derstoodasspecializationsof atransporttheorymodel
of thepropagationof light in materials.Differentap-
proximationsto theunderlyingtransportequationhave
beendeveloped[2, 5, 8, 18, 15] which differ substan-
tially in thephysicalphenomenathey accountfor and
in theway theemergingnumericalmodelsaresolved.

One fundamentaldifferencelies in the order of the
numericalevaluationof thearisingintegralequations.
This canbe doneeither in object-spaceorder, 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-spacemethods,i.e. ray-casting,are
known to producesuperiorquality imagesfor thecost
of repeatedre-samplingof the data. Although sev-
eralaccelerationtechniqueshave beenproposedsuch
asadaptingtheintegrationstepsizeto thevariancein
thedata[4, 14] or efficiently steppingthroughthevol-
ume[25] noneof thesemethodsallows for interactive
imagegenerationrates.Sincevoxel basedprojection
methods[13, 23, 24] in generalavoid thenumerically
complex re-samplingof the original domain,the ex-
pectedframeratesaremuchhigherthanthoseof typ-
ical ray-castingtechniques. Expressingthe rotation
of thevolumeobjectsby 2D shearsanda final image
warpandexploiting coherenceandparallelismaccel-
eratestheprocessconsiderably[12].

Figure1: Volumerenderingby 3D textureslicing.

Recently, the use of 3D texture mappinghardware
[1], now alsoavailable in desktopgraphicsworksta-
tions and PCs,hasbecomea powerful visualization
option for direct volume rendering[3]. The recti-
linear volumedatais first convertedto a 3D texture.
Then,anumberof planesperpendicularto theviewer’s
line of sightareclippedagainstthevolumebounding
box. Theresultingpolygonsareprojectedontotheim-
ageplaneusingadequateblendingoperationto real-
ize back-to-frontor front-to-backcompositing.Prior
to thedrawing proceduretexturecoordinatesin para-
metricobjectspaceareassignedto eachvertex of the
clippedpolygons. During rasterizationthe slice that
is cut out of the 3D texture accordingto the texture
coordinatesis mappedonto the generatedfragments
(seeFigure1). Sincethisprocessis supportedby spe-
cializedgraphicshardware the time it consumesde-

creasesconsiderablycomparedto a softwarerealiza-
tion. Thus,interactive frameratescanbeachieved.

However, thereis onemajorlimitation of thismethod:
It is not possibleto integrate realistic lighting and
shadingeffectswhich areknown to enhancethe per-
ceptionof spatialrelationsbetweenobjects. On the
otherhand,evenin medicalapplicationswheretheex-
pertoftennavigatesthroughhighly complex structures
it is importantto further improve theviewer’s spatial
sensation.Furthermore,it shouldnot be ignoredthat
also in medicaldatasetsthereare opaqueboundary
regionswhich arebestvisualizedby meansof lighted
iso-surfaces. In Figure2 an exampleis given which
comparesthevisualizationof aniso-surfaceof theskin
of a ������	 humananeurysmCTA-scan.On theleft the
renderingwasperformedwith 3D texturemappingand
appropriatelyadjustedtransferfunctionswhile on the
right a volumeray-castingtechniquewith integrated
lighting wasapplied. Note, thatalthoughabout1200
sliceswereusedto generatetheleft imageit caneas-
ily beseenthatthevisualsensationof fine detailsand
the spatialrelationof arbitrarystructuresis consider-
ably improvedby thelighting andshadingin theright
image.

Figure2: Textureslicingvs. iso-surfaceshading.

Of course,combinationmethodscouldbeusedwhich
first extracta polygonalsurfaceby meansof a march-
ing cubestypealgorithm[16] which is thenintegrated
with texturebasedvolumerenderingin atwo-passpro-
cedure. However, especiallyfor large datasets,the
memoryandcomputationtime requirementsof even
themostadvancediso-surfacealgorithmdo not allow
for an interactive modificationof the iso values.Ad-
ditionally, the amountof geometricprimitiveswhich
maybegeneratedcanhardlyberenderedin anaccept-
ableamountof time.

Recently, first approachesfor combininghardwareac-
celeratedvolumerenderingvia 3D texture mapsand
volume lighting were presented. Van Geldern[20]
storesthe sumof precomputedambientandreflected
light componentsinto thetexturevolumeandperforms
standard3D texture compositingasdescribedabove.
The obvious drawback to this techniqueis the need
for reloadingthe texture memory eachtime any of
the lighting parameters(including rotationof object)
changes.On thecontraryHaubneret al. [7] precom-
putethe voxel gradientsandstorea quantizedrepre-
sentationof theorientationasthe3D texturemapto-
getherwith the volumedensity. Lighting is achieved
by indexing into an appropriatelyreplicatedcolor ta-
ble. However, smoothlyshadedsurfacesaredifficult



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

problems.

The basicideaof our approachlies in the utilization
of hardwaresupported3D texture interpolationto re-
samplethe data available on a rectilinear grid. So
thenumericallymostcritical partof traditionalvolume
ray-castingtechniquescanbeavoided. We proposea
methodto accessthere-sampledtexturevalueswhich
allows detectingarbitraryiso-surfaces.Oncetheir lo-
cationin objectspaceis determinedvariousillumina-
tion effects can be rendered. In a secondrendering
passwe perform3D textureslicing to integratedirect
renderingof semi-transparentdensityvolumes.

Anotherfeatureof thedevelopedvisualizationsystem
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 beenhanced
or eliminatedby modifying thetransferfunctionsin a
trial-and-errorprocess.Actually, we integratedhard-
waresupportedconvolutionoperationsinto thepresent
approach.Theseoperationscanbeappliedonarbitrar-
ily chosenclip planesandthusallow interactively per-
formingedgedetectionor noiseremovalalgorithmson
selectedportionsof thedata.

In theremainingsectionswediscussthebasicideasof
our approach.Oncewe have outlinedthe underlying
conceptsandalgorithmswealsodescribethewaythey
arerealizedwithin the OpenInventortoolkit. This is
importantsincetheacceptanceof sucha visualization
tool in practicalapplicationscanonly be guaranteed
if it providesanintuitiv userinterfacewith convenient
manipulationand navigation options. Finally, some
examplesaregivento demonstratethebasicfunction-
ality.

2 TEXTURED SWEEP-PL ANES

Sofar, all known methodsusing3D texturemapsfor
thedirectrenderingof scalarvolumedataoperatein a
back-to-frontor front-to-backorderparallelto theim-
ageplane. For a numberof equallyspacedclipping
planestheplanarcross-sectionsbetweentheseplanes
andthevolumeboundingboxarecomputedanddrawn
into theframebuffer. Multiple polygonsmappingonto
the samescreenregion areblendedappropriatelyac-
cordingto thefragmentopacity.

Apart from the advantagesof this approachthere is
oneobviousdisadvantagewhich disablesdirect light-
ing calculations.Sincetexturemappingoccursduring
rasterizationat theendof thegraphicspipelineandin-
comingfragmentsareimmediatelyaccumulatedwith
pixel valuesalreadydrawn, it seemsto beimpossible
to accessinterpolatedtexture samples.On the other
hand,in order to determinesmoothiso-surfacesand
to computerealisticlighting effectswe do needto re-
trievethesevaluesandtheir locationin objectspace.

To retainthewholeflexibility offeredby directvolume
ray-castingtechniqueswhile takingadvantageof real-
time3Dtextureinterpolationweproposeaslightlydif-
ferentapproach.

Figure3: Textureslicingorthogonalto imageplane.

Insteadof slicing the3D texturemapperpendicularto
theviewer’s line of sightwe performthesameproce-
durebut with cutting planesorthogonalto the image
planeasoutlinedin Figure3. The numberof cross-
sectionswe cut out of thetextureis equalto thenum-
berof scanlinesdefinedby theactualviewport.

This approachis very similar to the algorithm pro-
posedin [6] which wasintegratedinto a specialpur-
pose architecturefor interactive volume rendering.
However, it is interestingto seethat the samealgo-
rithm canbe efficiently implementedon generalpur-
pose graphicsworkstationsand also low-cost PCs.
Additionally, we will show that even if we only aim
at renderingopaqueiso-surfacesandsemi-transparent
densityvolumeswithout lighting effectswecansavea
lot of memoryresources.

At first glance,slicingthetextureorthogonalto theim-
ageplanedoesnot allow us to gain anything. Since
the cross-sectionsare parallel to the scanlines,ren-
deringwith respectto theactualviewing transforma-
tion wouldjustprojecteachtexturedpolygonontoone
uniquepixel row. Meaningful imageswould not be
producedbecauseit is impossibleto compositethese
polygonsalongtheviewing direction.

However, note that one cross-sectiongeneratedin
this way covers all interpolateddatasampleswhich
would have beenre-sampledby a standardvolume
ray-castingapproachfor the correspondingscanline.
Theentireinterpolationprocedureis performedby ef-
ficiently using of the available hardware resources.
Neverthelessit is still an open problem how to re-
trievethetexturesamplesin thecuttingplanefrom the
graphicspipelinein orderto simulatean imagespace
drivenapproach.



2.1 Adjusted Projection

W



e solve this problemby temporarilyadjustingthe
globalviewing transformation.Theeyepointis rotated
in sucha waythatwearelooking from abovedown to
the object. Now, the viewing direction is parallel to
theformerviewing up vector. Thenew viewing plane
becomesorthogonalto theoriginalone.

Figure4: Changingtheviewing system.

In the new viewing system3D texture basedvolume
renderingisperformedasusualby intersectingthevol-
ume’sboundingboxwith theslicingplanes.By draw-
ing the textured polygonsslice by slice the material
valueswhichwouldhavebeeninterpolatedwithin one
scanlinearegenerated.In orderto accessthe texture
sampleswereadthepixel valuesfrom theframebuffer
into localmainmemory. Now, all theinformationnec-
essaryto processan arbitraryscanlineis availableat
theexpenseof oneframebuffer operation.Of course,
this operationis quite expensive, but it is still much
fasterthanthe interpolationof all datasampleswith-
outhardwaresupport.

Themajor benefitof this approachis that volumere-
sampling,whichaccountsfor about60-70� of theto-
tal timeof astandardray-caster, iscompletelyavoided.
Instead,this is accomplishedby 3D textureinterpola-
tionandaframebufferoperation.In contrastto thevol-
umerenderingpipelineasproposedbyLevoy [14] (see
Figure5) two differentdataandcomputationflowsare
now possible.We shouldalsomentionthat in general
only a small fraction of the entireframebuffer hasto
beread.Thiswill bediscussedbelow.

2.2 VolumeIntegration

We arenow readyto renderthe volumescanlineby
scanline.After readingthe frambuffer all re-sampled
datavalueswhich arenecessaryto processan entire
scanlineare available in main memory. Each col-
umn of the rectangularmemory segment in which
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Figure5: Overview of volumerenderingpipelines.

the pixel datais storedcontainsthe materialsamples
whichwouldhavebeenreconstructedalongonerayof
sightemanatingfromtheimageplanewithin theactive
scanline.

The amountof light impinging on the view planeat
a certainpositioncanbe simulatedby evaluatingthe
volumerenderingintegral (1)

Z\[?]�^�_.].`YacbedgfNh
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alongeachray. It sumsupthecontributionsof thevol-
umeemissionj

[:]la
alongthe ray, which is scaledby

the optical depthaccordingto the volumeabsorption| [~}=a . Traditionally, the evaluationof the integral is
performedusinganEuleriansum: theray is split into
segmentsof equallengthover which the sourceterm
andtheopacityareassumedto beconstant.Thecon-
tinuousintegral evaluatesinto a discretesumover the
segmentsalongeachray:
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| � � n
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Usually, the volumeemissionandabsorptionareas-
signed to eachvoxel before the integration is per-
formed, or both valuesare obtainedfrom a transfer
function which mapsthe re-sampledmaterialvalues
to aRGB-coloranda | -component.

In thelattercase,aslongasweassumeanorthographic
projection,thevolumeintegrationalonga rayof sight
collapsesto thetraversalof columnsin therectilinear
2D framebuffer segmentin main memory. For each
columnequation(2) is evaluatedin front-to-backorder
which allows us to apply arbitraryaccelerationtech-
niqueslike | -terminationor � -acceleration.



3 I SO-CONTOUR EXTRACTI ON

Maybethe most importantdrawbackof volumepro-
jection techniquesvia 3D texture maps is that the
visual appearanceof iso-contourscan hardly be en-
hancedby realisticillumination effects. Iso-contours,
in general,canbe polygonalized,by determiningthe
cross-sectionbetweenthesurfaceandthevolumecells
[16]. Oncethe polygonmodelhasbeengeneratedit
canberenderedtakingadvantageof hardware-assisted
renderingof lit andshadedtrianglemeshes.

Basically, surfacefitting techniquesanddirectvolume
renderingwith 3D texturemapscanbeintegratedquite
easily. But neithertheemergingmemoryoverheadnor
thetimeneededto reconstructarbitrarysurfacesis ac-
ceptablefor largedatasets.Onthecontrary, in volume
ray-castingno intermediatesurfacerepresentationis
generated.The surfaceis directly visualizedby suc-
cessively testingwhetherthedatasamplesalonga ray
meetcertaincriteria.Thecommonapproachthatdoes
not alwaysyield accurateresultsis to traversetheray
until an iso-value is hit. Thenthe surfacenormalat
this point is computedandarbitrarylighting or shad-
ing modelscanbeevaluated.In [14] a differentpro-
cedurewasemployed.Prior to re-sampling,themate-
rial valuesareshadedandclassifiedwith respectto an
iso-valueand the local greyscalegradient. Different
materialtypescanbe enhancedor suppressedin this
way.

Our presentapproachoffers thewholeflexibility vol-
ume ray-castingdoes. Classificationand shadingas
proposedin [14] canbeappliedto theacquiredor pre-
paredscalarvalues,but alsothe visualizationof iso-
surfacesby iso-valuetestingcanbeintegratedstraight
forwardly. While the sweep-planeis traversedeach
datavalue is comparedto the specifiediso-value. If
a hit with the iso-contouris determinedthe normal
is calculatedandthe contourat the actuallocationis
shaded.

Figure6: Gradientapproximationonoriginaldata.

Very fastresultscanbeachievedby directly comput-
ing the normalfrom the valuesalreadyin thesweep-
planebuffer. On the other hand, the generatedim-
agesshow typical block artifactswhich emerge from
the discretizationof the buffer, and additionally two
further sweep-planeshave to be storedin memoryin
orderto accessthetopandbottomneighbors.

Insteadwe transformthelocationof eachdatasample

whichbelongsto acontourbackinto theoriginalvoxel
array (seeFigure 6). Then, the normalat this point
is interpolatedfrom the normalsat the eight nearest
neighbors.This yieldssmoothresultsandis alsoless
memoryintensive. Notethatthenormalswe approxi-
mateat thediscretegrid pointsaretemporarilystored
until a completescanlineis processed,thusavoiding
multipleapproximationsof thesamenormal.

In order to acceleratethe shadingprocesswe usean
additional3D RGB| texture, which is pre-computed
from the volume data set. In eachtexture element
theoriginal scalarvalueis storedin the | component
while in theRGB color channelsthegradientcompo-
nentsarestored. Sincetexture elementsareclamped
to the range[0,1] thegradientshave to bescaledand
translatedby a factorof 0.5 beforethey are inserted
into thetexturemap.

Whentexturedwith thenew RGB| map,afterrender-
ing thecrosspolygonsandtransferringthepixelvalues
into mainmemory, eachsampleconsistsof a quadru-
pel in which the first three componentscorrespond
to the tri-linearly interpolatedvoxel gradientandthe
fourthcomponentrepresentsthescalarmaterialvalue.
In orderto determinethenormalata surfacepoint the
RGB valueshave to be scaleand translateappropri-
ately.

In thiswaywecandirectlyevaluatethelighting model
basedin the retrieved gradientvalues. This can be
donewith respectto oneor multiple iso-valuesor for
eachre-sampleddataitemseparately.

4 CONVOL UTI ON OPERATI ONS

Particularlyin imageprocessingtheapplicationof dis-
creteconvolutionoperationsontheavailablepixel val-
uesis acommonlyuseddataanalysisoption.Depend-
ing on the desiredresult different kinds of convolu-
tion kernelsareappliedwhichoffer distinctchoicesto
enhanceor suppressspecificfeatures. For example,
differenceoperatorsto detectedgesor simpleaverage
operatorsto performnoisereductionareoftenapplied
separatelyor oneby anotherto improvetheoverallun-
derstandingof the data. However, althoughfastsoft-
warerealizationsexist which efficiently performdis-
creteconvolutionoperationson2D images,in general
theiruseis limited to non-realtimeapplicationsdueto
thenumericalcomplexity of thefiltering process.On
the otherhand,specialpurposehardwareexists,now
alsoavailableonmoderngraphicsworkstations,which
enablestheconvolutionof largescaleimageswith ar-
bitraryfilter kernelsinteractively.

In particular, the newer SGI machinesprovide ex-
tensionswhich allow hardwaresupportedconvolution
of multi-channelpixel data. While the data is sent
through the renderingpipeline, e.g., drawing from
mainmemoryinto theframebuffer, convolutionof the
data takes placebeforeit getswritten to the frame-
buffer. Thus,the convolution of arbitraryslicesfrom
thevolumedatacanbeperformedquiteeasily. In the



Figure7: Clip planewithoutconvolutionand
with enabledhigh-passfiltering.

presentwork thekey ideawastoextentthisfunctional-
ity to arbitraryclip planespassingthroughthevolume.

Whenever a clip planeis activatedandconvolution is
enabledthepixel valueswithin theclip planearecon-
volved with a filter kernel that canbe chosenfrom a
pre-definedtoolbox.Severalkernelshavebeenimple-
mented,e.g.,sobel,median,laplacian,Maar-Hildreth,
blurr etc. In this way it is possibleto detectedges,
to sharpenthe clip planeimageor to suppressnoise
within. Of course,it is not obviouswhetherit really
makes senseto perform the convolution on arbitrar-
ily sliced imagesfrom the data. Sincethe dataval-
ueswithin theclip planeareinterpolatedfrom thedis-
cretevoxel values,filter operationscanleadto results
which may be in somesensemisleading. However,
since the operationsare completelyinteractive their

applicationcanoften help to enhancethe overall un-
derstanding(seeFigure7).

In orderto performtheconvolution theclip planeex-
tenthasto beretrieved. This is accomplishedin three
steps. First, we requestthe clip planeequationfrom
the Open-GLstate. Then, the viewing transforma-
tion is adjustedsuchthat we are looking orthogonal
to theclip plane. Finally, theplaneis clippedagainst
thevolumeboundingbox andtheobtainedpolygonis
texturedwith the 3D volumeand projectedonto the
viewport. Now we have all theinterpolatedvoxel val-
ueswithin theclip planein the framebuffer. Reading
theframebuffer, enablingconvolutionanddrawing the
imageback into the framebuffer leadsto the desired
result.

5 Clipping Geometries

In addition to interactive frame ratesthe possibility
to flexibly edit the datato be processedis oneof the
mostimportantrequirementsin practicalapplications.
Direct manipulationof transferfunctionsavailablein
the extendedOpenGL functionality allows the user
to arbitrarily mapscalarvaluesto RGB| color com-
ponents. Although this techniqueenableseasyand
intuitive enhancementof structuresbasedon simple
thresholdingit fails whenever differentmaterialsare
representedby similar scalarvalues.

Quiteoftenlymultiple planarclippingplanesareused
to constructmorecomplex geometries.However, this
strategy seemsto berathercumbersomeandeventhe
simpletaskof clippinganarbitrarilyscaledboxcannot
berealizedusingthis approach.However, this feature
and even more flexibility can be achieved by taking
advantageof the per-pixel operationsprovided in the
rasterizationunit of moderngraphicsworkstations.

 

lock   
stencil bits     render                                             

         

Figure 8: The use of arbitrary clipping geometries
is demonstratedfor the polygonalobject. In regions
wheretheobjectintersectstheactualslice thestencil
buffer is locked. The texturedslice is only rendered
into thelocked/unlockedpixels.

As outlinedin [22] thebasicideais that for eachcut-
ting planeusedin the texture slicing algorithmthose



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

texturedfragmentswhicharenotcontainedin theclip-
ping objectareprevent from contributing to the final
image(seeFigure8). The OpenGLstencil buffer is
usedto restrict the renderingof the texture mapped
slice to only thosepixels. With thestencilbuffer test
is enableda pixel is drawn only if it passesthe test
betweena userdefinedreferencevalueandthe value
of thecorrespondingentryin thestencilbuffer. Thus,
by initializing theentriesin thestencilbuffer properly
andby choosinganadequatecomparisonfunctionpix-
elscanbelockedagainstfurtherdrawing operations.

In orderto determinefor eachplanewhethera pixel
is coveredby a cross-sectionthe clipping object is
renderedin polygon mode, therebysettingthe sten-
cil buffer whenever a pixel is affected. First, an ad-
ditional clipping planewith the sameorientationand
positionastheslicing planeis enabled.Second,back
facesaredrawn with respectto thepresentviewing di-
rectionandeverythingthat is in front of the planeis
clipped. In a secondpassall stencilbits which areset
improperlyhave to beupdated.This is accomplished
by renderingthe front facesand clearingthe stencil
buffer at eachpositionwherea pixel passesthedepth
testandthestencilbuffer test.

In our visualizationtoolkit we integrateddifferental-
ternative clipping geometrieswhich can be further
modifiedby differentkindsof manipulators.Our tool
offers the usersimpleobjectslike boxesandspheres
but also more complex and userdefinedshapes. In
Figure9 the advantagesof this approacharedemon-
stratedby asimpleexample.

Let us assumethat a MRI-Scanis given andthat the
user wants to separatethe brain. Usually this can
hardly be achieved by simplethresholdingsinceval-
uesrepresentingthe brain aresimilar to thoserepre-
sentingtheskin. Only a time consumingmanualseg-
mentationof therelevantstructureswould leadto suf-
ficient results.In thepresentexamplewe constructed
apolygonalobjectwhichcompletey containsthebrain
by interactivelydistortingtheverticesof acoarselyde-
fined sphere. After a few minutesneededto model
thebrainshull theobjectcanbeusedimmediateltyto
separatetherelevantstructures.Evenmoreefficiently,
now thetranferfunctioncanbeadaptedappropriately
in orderto supressnon-relevantstructures.

6 USI NG OPENI NVENTOR

The presentedalgorithm was implemented using
OpenInventor, anobjectorientedgraphicstoolkit built
on top of OpenGL,which hasbecomea defactostan-
dardfor interactive modeling,renderingandmanipu-
lation of 3D scenes[21]. Onepart of the work pre-
sentedhereis thecompleteintegrationof texturemap-
ping basedvolume renderinginto the OpenInventor
framework in orderto obtainthewholeflexibility and
functionality offered by the toolkit. By introducing
a new classthe volume rendereris representedas a
separateobjectwithin thehierarchicalstructureof the
scenegraph. This allows convenientapplicationof
built-in manipulators,sensors,editorsandotherpre-
definedclasses,methodsand features(light sources,
anti-aliasing,stereomode,perspective/parallelrender-
ing, fly, walk, trackball).

In particular, the designof the new volume object
takesadvantageof theOpenInventorstructuringmech-
anism of node kits which organizesthe newly im-
plementednodesas separatelymanagedsubgraphs
(seeFigure 10). Our SoVolumeKit is subclassed
from SoBaseKit and contains clip planes with
a geometric representationwhich can be accessed
from the OpenInventor standardmanipulatorsand a
SoVolume::SoShape node. The internal struc-
ture is designedto support the handling of multi-
ple volumes. During renderingan object of type
SoGLRenderAction traversesthescenegraphand
asksall objectsto renderthemselvesby calling their
local GLRender method. Within this method of
SoVolume all objectspecificOpenGLcallsareper-
formed.

We canarbitrarilyswitchbetweentraditionalback-to-
front 3D textureprojectionandour new techniqueof
ray-castingthroughtexturedsweep-planesimplement-
ing realisticlighting effects. If theexpensive lighting
modeis enabledwe automaticallyswitchbackto 3D
texture projectionwhile the cameraposition is mod-
ified returningto lighting modeafter a certaintime-
out. For the lighting calculationduring ray traver-
sal we use the lighting parameters(position, direc-
tion, etc.) of the interactively placedOpenInventor
lights. Theseandotherpartsof thetraversalstatelike
color, clip planes,transformationmatricesetc. canbe
accessedfrom theSoState objectdeliveredby the
SoGLRenderAction andby directOpenGLcalls.

Sincewe have to cut multiple slicesout of the vol-
umeorthogonalto theactive viewport we needa sep-
araterenderareain which the texturedpolygonscan
be drawn from the adjustedview point. Choosing
the backbuffer hasseveral disadvantages.First, ob-
jectsalreadydrawn into thebackbuffer would bede-
stroyed. Second,the actualrenderareacould be too
smallor couldbeoverlayedby otherwindows,which
makescalls to glDrawPixels fail. Therefore,we
decidedto usetheSGIX pbuffer extensionwhich
providesa partof thephysicalframebuffer which can
be directly accessedby the graphicshardware, but
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Figure10: Subgraphof SoVolumeKit: It containsa geometricrepresentationof theboundingbox, thesub-
graphof up to six clip planes,andtheSoVolumenodewhich is responsiblefor therendering.

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

In order to minimize the amountof p-buffer needed,
only theboundingregionthatis coveredby thevolume
object is taken into accountduring slicing. First, we
determinetheboundingbox extent,andthenwe slice
thatextentscanlineby scanline.Arbitrarily translated
objectscanbehandledin thisway.

Our approacheasily extends to perspective projec-
tions.All whichhastobedoneis tomodify thecurrent
projectionmatrix in sucha way thatanadditionalro-
tationof 90 degreesaroundthex-axis is appliedafter
the perspective projection. Also, the texturedsweep-
planesmustbe inclined accordingto the chosenper-
spective for eachscanline. However, this procedure
doesnotproducecorrectresultsonall typesof graphic
hardwaresinceperspective correctionduring3D tex-
turemappingon theslicing planesis not alwayssup-
ported.

7 RESULTS

The results were computedon a Silicon Graphics
Indigo2 MaximumImpactwith a250Mhz R4400pro-
cessor, 128MB memoryandTRAM option. Our ex-
perimentswere run on differentdatasetsto demon-

stratetheimpactof thedataresolutionto certainparts
of our algorithm and also to show the functionality
of the implementedvisualizationtool. Two datasets
wereused:a humanheadMRI-Scanwith ���X�o	 voxels
anda ��®X¯o°²±³�=�X� CTA-Scanof a humananeurysm.

Table 1 shows accuratetimings for all distinct parts
of thealgorithm.Basically, we distinguishedbetween
four different tasks: (1) All operationswithin the
graphicspipeline(GrPipe) includingframebuffer ac-
cess. (2) Volumere-samplingby tri-linear interpola-
tion (Sample). (3) Mappingvia the transferfunction
and compositing(Comp). (4) Gradientcalculations
in the iso-contourreconstruction(Grad). Finally, the
overall timesaregiven(All ).

Density Iso
Mode

HW SW HW SW

GrPipe 1.01 — 1.01 —
Sample — 42.4 — 15.1
Comp 32.20 33.4 — —
Grad́ — — 1.80 1.9

All 33.21 75.8 1.01́ 17.0

Table1: Timingsin secondsfor �=�X�o	 human
headdatasetusingonetexturemap.
Imageresolutionwas µo¶o¶·±¸µ�¶�¶ .

¹
If we usean RGBº texture mapwith pre-computedgradients



First, the front-to-backcompositingof materialcolor
and opacity valueswas applied (Density). This is
equi» valentto thestandardvolumerenderingtechnique
using3D texturemaps.Second,we focusedon a spe-
cific contoursurfacebelongingto a given iso value
(Iso). Within eachcolumnwe comparedthe results
of thehardware(HW ) assistedapproachwith its soft-
ware(SW) pendant.Note that re-samplingis almost
negligible in ourapproach,andthatwedonot needto
processthewholevolumeif the iso valueis changed.
This is done in shell-rendering,where thosevoxels
which belongto a certainiso-surfacehave to beclas-
sifiedin advance.

We can see that the framebuffer operationsindeed
dominatethe overall timesduring surfacerendering.
For eachscanlinea µ�¶�¶¼±½�=�X�¿¾CÀNÁ ÂSÃ framebufferarray
wasreadandtraversedin main memory. This corre-
spondsto a stepsizeof onevoxel size,whichhasalso
beenchosenin thereferencemethod.No timefor vol-
umere-samplingis usedwhich is in factthedominant
timein astandardray-castingmethod.Weseethatgra-
dient calculationssignificantlyslow down theoverall
times. This overheadcanbe avoidedasdescribedif
westorethevolumedataasanRGB| texturemap.

We shouldmentionthatin orderto optimizeouralgo-
rithm we completelyavoid the softwarecompositing
in theactualimplementation.If the iso-contouris de-
terminedandwritten to the framebuffer we storethe
z-buffer valuesandperforma secondrenderingpath
usingthe traditionalback-to-front3D texture projec-
tion. Consequently, in thefirst columnof Table1 the
overall time decreasesto approximately0.3 seconds.
This methodwasusedto generatethe imagesin the
colorpagebelow.

Our secondexperimentwas run on the ��®�¯�°¸±e�=�X�
aneurysmCT-scan. Due to the limited texture mem-
ory of our targetarchitecturewe first hadto split the
volumeinto distinct blocks. In orderto obtaina tex-
tureslicebelongingtoacertainscanlineall brickshave
to bereloadedinto texturememory. This slows down
the renderingprocessconsiderably. The overall time
increasedby abouta factorof 4.

Thelasttwo imagesin thecolorplatebelow show ad-
ditionalexamplesoutof aninteractivesessionwith the
presentedvisualizationtool. The time neededto ren-
der theheaddatasetwasapproximately3.0 seconds.
Renderingthe bricked aneurysmtook about8.7 sec-
onds.

8 DI SCUSSI ON

Wehaveextendedthevolumerenderingtechniquesvia
3D texturemapsby combininghardwareassistedtex-
tureinterpolationwith realisticilluminationeffectsfor
shadediso-surfaces.Thewholeflexibility of front-to-
backvolumeray-castingis maintainedin thisway, i.e.

thetime which is neededto performthegradientcalculationsis al-
mostnegligible.

simultaneousvisualizationof soft tissueandsolid iso-
contourscanbeachieved.Of course,wecannotcom-
petewith interactive frame ratesas achieved by 3D
texture slicing techniques,but on the otherhand,the
integrationof iso-surfacereconstructionandhardware
assistedconvolutionoperationsallows almostinterac-
tively analyzinglargedatasets.In contrastto otherap-
proacheswhichuseextendedcolormapsandprecom-
putedvoxel gradientsto simulatedirectvolumelight-
ing, we save memory, getsmoothcontoursandavoid
thenumericalre-calculationsduringmovements.One
drawback is the handling of multiple texture maps.
Successively reloadingtexturemapsfor eachscanline
processingslowsdown thealgorithm.

9 ACK NOWL EDGM ENTS

Thanksto WolfgangHeidrichfor his valuableadvises
concerningthe OpenGL programmingand to Peter
Hastreiterproviding themedicalbackground.

References

[1] K. Akeley. RealityEngineGraphics. Computer
Graphics, Proc. SIGGRAPH ’93, 27(4):109–
116,July1993.

[2] J.Blinn. Light ReflectionFunctionsfor Simula-
tion of Cloudsand Dusty Surfaces. Computer
Graphics, Proc. SIGGRAPH ’82, 16(3):21–30,
July1982.

[3] B. Cabral, N. Cam, and J. Foran. Acceler-
ated Volume Renderingand TomographicRe-
constructionUsing Texture MappingHardware.
In A. Kaufman and W. Krüger, editors, 1994
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Figure11: Exampleimagesfrom anOpenInventorsession.They show thefiltering of a clip planeextent
with a high-passfilter, multiple clip planes,lightediso-surfacesandintegrateddisplayof semi-
transparentmaterialandopaquesurfaces.


