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Abstract

Interactive direct volumerenderingby hardware assisted3D tex-
turemappinghasbecomeapowerful visualizationmethodin many
differentfields. However, to make this techniquefully practicable
convenientvisualizationoptionsanddataanalysistoolshave to be
integrated.For example,direct renderingof semi-transparentvol-
umeobjectswith integrateddisplayof lighted iso-surfacesis one
importantchallengeespeciallyin medicalapplications. Further-
more, explicit useof multi-dimensionalimageprocessingopera-
tions often helpsto optimizethe explorationof the availabledata
sets.On theotherhand,only if interactive frameratescanbeguar-
anteed,suchvisualizationtoolswill beacceptedin medicalplaning
andsurgerysimulationsystems.In thispaperweproposeavolume
visualizationtool for largescalemedicalvolumedatawhich takes
advantageof hardwareassisted3D textureinterpolationandconvo-
lution operations.We demonstratehow to usethe3D texturemap-
ping capabilityof high-endgraphicsworkstationsto displayarbi-
trary iso-surfaceswhich canbedirectly illuminatedto enhancethe
spatialrelationsbetweenobjects.Back-to-front3D textureslicing
is usedto simultaneouslydisplaysemi-transparentmaterialdensi-
ties. Using this approachsimilar imagequality can be achieved
aswith conventionalsoftware-basedray-castingtechniques,but the
renderingprocessis acceleratedto a considerableextent. In order
to enableon-the-flydataanalysis,first approachesusinghardware
assistedconvolution operationshave beenintegrated. An imple-
mentationof theproposedmethodbasedon theOpenInventorren-
deringtoolkit is describedoffering interactive frameratesat high
imagequality includingsophisticateduserinteractions.

1 Introduction and Related Work

A numberof techniqueshave beendevelopedto directly visual-
ize 3D scalarfieldson rectilinearCartesiangridssuchasdatasets
from medicalimagingmodalities. In orderto optimizethe explo-
ration processan importantchallengeis the integrationof differ-
ent renderingalgorithmswhich allow simultaneouslyrepresenting
arbitrarymaterialquantitiessuchassoft tissueor sharpboundary
regions.

Two widely usedvolume visualizationmethodswhich are of-
tenappliedconcurrentlyin medicalapplicationsaresurfacefitting
[16] anddirect volumerendering[9]. However, due to the large
amountof voxels to be processedandgeometricprimitiveswhich
maybegeneratedbothtechniquesrequiretime-intensive computa-
tionsmakingit difficult to achieve interactivevisualization.

Besidestheuseof dedicatedvolumerenderinghardware[6, 10,
17] themostimpressive frameratesat high imagequality aredef-
initely obtainedby taking advantageof hardwareassisted3D tex-
ture interpolationon modernhigh-endgraphicsworkstations[3].
On theotherhand,it is well known thatdirectvolumeray-casting
offersthehighestflexibility in termsof integratedfeatureenhance-�
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ment,e.g. thereconstructionof iso-contoursandthesimulationof
realisticlighting andshadingeffects.Additionally, thereis noneed
to generateintermediaterepresentationssuchaspolygonalmeshes
if renderingof iso-contoursis desired.

Another importanttrend is the developmentof graphicshard-
warethat is ableto supportimageprocessingalgorithmslike dis-
creteconvolution operationson 2D or 3D images.Of course,it is
notyetclearhow theseoperationscanbeseriouslyusedin medical
applications,but ontheotherhand,it is quiteeasyto simulateclas-
sicaledgedetectionor noiseremoval algorithmswhichcanthenbe
appliedinteractively.

This paperproposesa visualizationsystemthat takesadvantage
of specializedgraphicshardware to obtainflexible renderingand
dataanalysisoptionsat optimalspeed.Thefollowing majorissues
areaddressedby this tool:� Performance Tuning: We make optimaluseof hardwarere-

sourcesby exploiting 3D textureinterpolationfor theacceler-
ationof thevolumerenderingprocess.A selectionof classi-
cal imageprocessingalgorithmsis implementedbasedonfast
convolutionoperations.� Direct Volume Rendering: We retain the full flexibility of
volumeray-casting,in particular, we do not needaninterme-
diatepolygonrepresentationfor the visualizationof surface
features.� Contour Lighting: We userealistic lighting effects to en-
hancethe understandingof the spatial orientation of iso-
surfacesandtheir relationto semi-transparentvolumestruc-
tures.� User Interface: Sincethewholevisualizationtool is embed-
dedinto the OpenInventorrenderingtoolkit it offers highest
flexibility in termsof usermanipulationandnavigation. Ar-
bitrary objectswhich arespecifiedin theInventorfile format
canbeincluded.

Thebasicproblemin volumevisualizationis theextractionand
renderingof the information contentof threedimensionalstruc-
turescontainedin thevolumein awaythatallowsalsofor accurate
analysis. A generalanalyticdescriptionof the volumevisualiza-
tion processhasbeenproposedby Krüger[11], who showed that
all known direct volumerenderingapproachescanbe understood
as specializationsof a transporttheory modelof the propagation
of light in materials. Differentapproximationsto the underlying
transportequationhave beendeveloped[2, 5, 8, 18, 15] whichdif-
fer substantiallyin thephysicalphenomenathey accountfor andin
theway theemergingnumericalmodelsaresolved.

One fundamentaldifferencelies in the order of the numerical
evaluationof the arisingintegral equations.This canbe doneei-
therin object-spaceorder, wherefor eachvoxel theprojectiononto
theimageplaneis computedandvisualized,or in image-spaceor-
der, wherefor eachpixel thosevoxelsaredeterminedandrendered
which contribute to the final pixel intensity. Image-spacemeth-
ods,i.e. ray-casting,areknown to producesuperiorquality images
for thecostof repeatedre-samplingof thedata. Althoughseveral



accelerationtechniqueshave beenproposedsuchasadaptingthe
integration� stepsizeto thevariancein thedata[4, 14] or efficiently
steppingthroughthevolume[23] noneof thesemethodsallows for
interactive imagegenerationrates. Sincevoxel basedprojection
methods[13, 21, 22] in generalavoid thenumericallycomplex re-
samplingof theoriginaldomain,theexpectedframeratesaremuch
higherthanthoseof typical ray-castingtechniques.Expressingthe
rotationof thevolumeobjectsby 2D shearsandafinal imagewarp
and exploiting coherenceand parallelismacceleratesthe process
considerably[12].

Figure1: Volumerenderingby 3D textureslicing.

Recently, theuseof 3D texturemappinghardware[1], now also
availablein desktopgraphicsworkstationsandPCs,hasbecomea
powerful visualizationoptionfor directvolumerendering[3]. The
rectilinearvolume data is first convertedto a 3D texture. Then,
a numberof planesperpendicularto the viewer’s line of sight are
clippedagainstthevolumeboundingbox. Theresultingpolygons
areprojectedonto the viewing planeusingadequateblendingop-
erationto realizeback-to-frontor front-to-backcompositing.Prior
to the drawing proceduretexture coordinatesin parametricobject
spaceare assignedto eachvertex of the clippedpolygons. Dur-
ing rasterizationthe slice that is cut out of the3D textureaccord-
ing to the texture coordinatesis mappedonto the generatedfrag-
ments(seeFigure1). Sincethis processis supportedby special-
ized graphicshardware the time it consumesdecreasesconsider-
ably comparedto a software realization. Thus, interactive frame
ratescanbeachieved.

However, thereis onemajor limitation of this method:It is not
possibleto integraterealisticlighting andshadingeffectswhichare
known to enhancethe perceptionof spatialrelationsbetweenob-
jects. On the otherhand,even in medicalapplicationswherethe
expert oftennavigatesthroughhighly complex structuresit is im-
portantto further improve the viewer’s spatialsensation.Further-
more,it shouldnot be ignoredthatalsoin medicaldatasetsthere
areopaqueboundaryregionswhicharebestvisualizedby meansof
lighted iso-surfaces.In Figure2 an exampleis given which com-
paresthevisualizationof aniso-surfaceof theskinof a ���	�	
 human
aneurysmCTA-scan.On theleft therenderingwasperformedwith
3D texture mappingandappropriatelyadjustedtransferfunctions
while on the right a volumeray-castingtechniquewith integrated
lighting wasapplied. Note, that althoughabout1200sliceswere
usedto generatethe left imageit caneasilybeseenthat thevisual
sensationof fine detailsandthe spatialrelationof arbitrarystruc-
turesis considerablyimproved by the lighting andshadingin the
right image.

Of course,combinationmethodscould be usedwhich first ex-
tracta polygonalsurfaceby meansof a marchingcubestypealgo-
rithm [16] which is thenintegratedwith texturebasedvolumeren-
deringin a two-passprocedure.However, especiallyfor largedata
sets,the memoryandcomputationtime requirementsof even the
mostadvancediso-surfacealgorithmdonotallow for aninteractive
modificationof theisovalues.Additionally, theamountof geomet-
ric primitiveswhichmaybegeneratedcanhardlyberenderedin an
acceptableamountof time.

Recently, first approachesfor combininghardware accelerated

Figure2: Textureslicingvs. directcontourlighting.

volumerenderingvia 3D texture mapsandvolumelighting were
presented.Van Geldern[19] storesthe sumof precomputedam-
bient and reflectedlight componentsinto the texture volumeand
performsstandard3D texturecompositingasdescribedabove. The
obvious drawback to this techniqueis the needfor reloadingthe
texturememoryeachtimeany of thelighting parameters(including
rotationof object)changes.On thecontraryHaubneret al. [7] pre-
computethevoxel gradientsandstoreaquantizedrepresentationof
theorientationasthe3D texturemaptogetherwith thevolumeden-
sity. Lighting is achieved by indexing into an appropriatelyrepli-
catedcolor table. However, smoothlyshadedsurfacesaredifficult
to achieve dueto thelimited quantizationof thenormalorientation
andtheintrinsichardwareinterpolationproblems.

Thebasicideaof ourapproachlies in theutilizationof hardware
supported3D texture interpolationto re-samplethe dataavailable
on a rectilineargrid. In this way thenumericallymostcritical part
of traditionalvolumeray-castingtechniquescanbe avoided. We
proposea methodto accessthe re-sampledtexture valueswhich
allowsdetectingarbitraryiso-surfaces.Oncetheirlocationin object
spaceis determinedvariousilluminationeffectscanberendered.In
a secondrenderingpasswe perform3D textureslicing to integrate
directrenderingof semi-transparentdensityvolumes.

Anotherfeatureof thedevelopedvisualizationsystemis theinte-
grationof specificdataanalysisalgorithms.Up to now mostof the
availablevolumevisualizationtools basedon 3D texture interpo-
lation fail to offer additionaltechniquesto analyzethedataappro-
priately. Specificstructurescanonly beenhancedor eliminatedby
modifying thetransferfunctionsin a trial-and-errorprocess.Actu-
ally, we integratedhardwaresupportedconvolution operationsinto
thepresentapproach.Theseoperationscanbeappliedon arbitrar-
ily chosenclip planesandthusallow interactively performingedge
detectionor noiseremoval algorithmson selectedportionsof the
data.

In the remainingsectionswe discussthe basicideasof our ap-
proach.Oncewe have outlinedtheunderlyingconceptsandalgo-
rithmswe alsodescribetheway they arerealizedwithin theOpen-
Inventor toolkit. This is importantsinceno tool will be accepted
in practicalapplicationsthatdoesnotprovideanintuitiv userinter-
facewith convenientmanipulationandnavigationoptions.Finally,
someexamplesaregivento demonstratethebasicfunctionality.



2 Textured Sweep-Planes

So far, all known methodsusing 3D texture mapsfor the direct
renderingof scalarvolumedataoperatein aback-to-frontor front-
to-backorderparallelto theimageplane.For a numberof equally
spacedclip planesthe planarcross-sectionsbetweentheseplanes
and the volume boundingbox are computedand drawn into the
framebuffer. Multiple polygonsmappingontothesamescreenre-
gionareblendedaccordingto thefragmentopacity.

Apart from the advantagesof this approachthereis oneobvi-
ousdisadvantagewhichdisablesdirectlighting calculations.Since
texturemappingoccursduringrasterizationat theendof thegraph-
ics pipelineandincomingfragmentsareimmediatelyaccumulated
with pixel valuesalreadydrawn, it seemsto beimpossibleto access
interpolatedtexturesamples.On theotherhand,in orderto deter-
mine smoothiso-surfacesandto computerealisticlighting effects
wedoneedthesevaluesandtheir locationin objectspace.

To retain the whole flexibility offered by direct volume ray-
castingtechniqueswhile takingadvantageof real-time3D texture
interpolationweproposeaslightly differentapproach.

Figure3: Textureslicingorthogonalto theviewing plane.

Insteadof slicing the 3D texture map perpendicularto the
viewer’s line of sightwe performthesameprocedurebut with cut-
ting planesorthogonalto theviewing planeasoutlinedin Figure3.
Thenumberof cross-sectionswe cut out of thetexture is equalto
thenumberof scanlinesdefinedby theactualviewportdefinition.

This approachis very similar to the algorithmproposedin [6]
which wasintegratedinto a specialpurposearchitecturefor inter-
active volumerendering.However, it is interestingto seethat the
samealgorithmcanbeefficiently implementedon generalpurpose
graphicsworkstationsandalsolow-costPCs.Additionally, wewill
show thatevenif weonly aimat renderingopaqueiso-surfacesand
semi-transparentdensityvolumeswithout lighting effectswe can
savea lot of memoryresources.

At a first glanceslicing the texture orthogonalto the viewing
planedoesnot allow us to gainanything. Sincethecross-sections
are parallel to the scanlinesrenderingwith respectto the actual
viewing transformationwould just projecteachtexturedpolygon
ontooneuniquescanline.However, no meaningfulimageswould
be produced,becausecompositingalong the viewing direction is
notpossiblewithin onepolygon.

But notethatonecross-sectiongeneratedin this way coversall
interpolateddatasampleswhich would have beenre-sampledby a
standardvolumeray-castingapproachfor thecorrespondingscan-
line. Thus, the entire interpolationprocedureis performedby an

efficient use of the available hardware resources. But it is still
an openproblemhow to retrieve the texture samplesin the cut-
ting planefrom thegraphicspipelinein orderto simulateanimage
spacedrivenapproach.

2.1 Adjusted Projection

Weattackthisproblemby temporarilyadjustingtheglobalviewing
transformation.Let usassumethatthescreencoordinatesystemis
given by �� and �
 andthat the viewing direction is given by �� .
If the observer eyepoint is rotated90 degreesaroundthe �� -axis
positionedin thecenterof thetextureslice,thentheformerscreen
space �
 -axisandtheviewing directionareinterchangedin thenew
viewing system(seeFigure4). In termsof orthographicparallel
projections,theprojectionontotheviewing planeis changedinto a
projectionontothesliceplane.

Figure4: Changingtheviewing system.

In the new viewing systemwe now performa standardrender-
ing of thepolygondefinedby intersectingtheboundingbox of the
volumewith thesliceplane.Appropriatelyassigningtexturecoor-
dinatesresultsin thepixel intensitiesgeneratedin the framebuffer
during rasterizationdirectly correspondingto the materialvalues
which would have beeninterpolatedwithin one scanline. In or-
derto accessthetexturesampleswe readthepixel valuesfrom the
framebuffer into local mainmemory. All the informationwe need
to processan arbitraryscanlineis now availableat the expenseof
oneframebuffer operation. Of course,this operationis quite ex-
pensive, but it is still muchfasterthanthe interpolationof all data
sampleswithouthardwaresupport.

The importantpoint is that the volumere-samplingprocedure,
which accountsfor about60-70� of the total time of a standard
ray-caster, is completelyavoided.It is interchangedwith theframe-
buffer operation. In contrastto the volumerenderingpipelineas
proposedby Levoy [14] (seeFigure5) two differentdataandcom-
putationflows arenow possible. We shouldalsomentionthat in
generalonly a small fraction of the entire framebuffer hasto be
read.Thiswill bediscussedbelow.
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Figure5: Overview of volumerenderingpipelines.

2.2 Volume Integration

Wearenow readyto renderthevolumescanlineby scanline.After
readingthe frambuffer all re-sampleddatavalueswhich arenec-
essaryto processanentirescanlineareavailablein mainmemory.
Eachcolumnof therectangularmemorysegmentin whichthepixel
datais storedholdsthe materialsampleswhich would have been
reconstructedalongoneray of sight emanatingfrom the viewing
planewithin theactivescanline.

Theamountof light impingingontheview planeatacertainpo-
sitioncanbesimulatedby evaluatingthevolumerenderingintegralfWgAhDiejDh<k<lnmporq�sqAtvu gAhYlDw�xzy|{{ t~}^���I�!�<�<� h
alongeachray. It sumsupthecontributionsof thevolumeemission

u gAhYl alongthe ray, which is scaledby the opticaldepthaccording
to thevolumeabsorption� g4��l . Traditionally, theevaluationof the
integral is performedusingan Euleriansum: the ray is split into
segmentsof equallengthoverwhichthesourcetermandtheopacity
areassumedto beconstant.Thecontinuousintegral evaluatesinto
adiscretesumover thesegmentsalongeachray:fWgAhIiejIh<kLln���� �C� i u

� � �
� x k� �!� i g ����� � l<� (1)

Usually, the volumeemissionandabsorptionareassignedto each
voxel beforethe integration is performed,or both valuesare ob-
tainedfrom atransferfunctionwhichmapsthere-sampledmaterial
valuesto aRGB-coloranda � -component.

In thelattercase,aslong aswe assumeanorthographicprojec-
tion, the volume integrationalong a ray of sight collapsesto the
traversalof columnsin the rectilinear2D framebuffer segmentin
main memory. For eachre-sampledtexture valueequation(1) is

evaluated.This correspondsexactly to blendingthe textureslices
in back-to-frontorder. Of coursewehaveto spendmoretimein the
softwarecompositing,but on theotherhandarbitraryacceleration
techniqueslike � -terminationor � -accelerationcanbeapplied.

3 Iso-Contour Extraction

Maybe the most importantdrawback of volume projectiontech-
niquesvia 3D texture mapsis that the visual appearanceof iso-
contourscanhardly be enhancedby realistic illumination effects.
Iso-contours,in general,canbepolygonalized,by determiningthe
cross-sectionbetweenthesurfaceandthevolumecells [16]. Once
thepolygonmodelhasbeengeneratedit canberenderedin agraph-
icspipeline.Arbitrary lightingandshadingeffectscanbeproduced.

Basically, surfacefitting techniquesanddirectvolumerendering
with 3D texturemapscanbeintegratedquiteeasily. But neitherthe
emerging memoryoverheadnor thetime neededto reconstructar-
bitrarysurfacesis acceptablefor largedatasets.Onthecontrary, in
volumeray-castingno intermediatesurfacerepresentationis gen-
erated. The surfaceis directly visualizedby successively testing
whetherthe datasamplesalong a ray meetcertaincriteria. The
commonapproachwhich doesnot alwaysyield accurateresultsis
to traversetherayuntil anisovalueishit. Thenthesurfacenormalat
thispoint is computedandarbitrarylighting or shadingmodelscan
be evaluated. In [14] a differentprocedurewasemployed. Prior
to re-samplingthe materialvaluesareshadedandclassifiedwith
respectto an isovalueandthe local greyscalegradient. Different
materialtypescanbeenhancedor suppressedin thisway.

Our presentapproachoffers the whole flexibility volume ray-
castingdoes. Classificationandshadingasproposedin [14] can
be appliedto the acquiredor preparedscalarvalues,but also the
visualizationof iso-surfacesby isovalue testingcanbe integrated
straightforwardly. While the sweep-planeis traversedeachdata
valueis comparedto the specifiedisovalue. If a hit with the iso-
contouris determinedthe normalis calculatedandthe contourat
theactuallocationis shaded.

Figure6: Gradientapproximationonoriginaldata.

Very fastresultscanbeachievedby directly computingthenor-
mal from the valuesalreadyin the sweep-planebuffer. On the
otherhand,thegeneratedimagesshow typicalblockartifactswhich
emerge from the discretizationof the buffer, andadditionallytwo
furthersweep-planeshaveto bestoredin memoryin orderto access
thetopandbottomneighbors.

Insteadwetransformthelocationof eachdatasamplewhichbe-
longs to a contourback into the original voxel array (seeFigure
6). Then,thenormalat this point is interpolatedfrom thenormals
at the eight nearestneighbors. This yields smoothresultsand is
alsolessmemoryintensive. Notethatthenormalsweapproximate
at the discretegrid pointsaretemporarilystoreduntil a complete
scanlineis processed,thusavoidingmultipleapproximationsof the
samenormal.



4 Convolution Operations

Particularly in imageprocessingthe applicationof discretecon-
volution operationson the available pixel valuesis a commonly
useddataanalysisoption. Dependingon the desiredresultdiffer-
ent kinds of convolution kernelsare appliedwhich offer distinct
choicesto enhanceor suppressspecificfeatures.For example,dif-
ferenceoperatorsto detectedgesor simple averageoperatorsto
performnoisereductionareoftenappliedseparatelyor oneby an-
otherto improve the overall understandingof the data. However,
althoughfastsoftwarerealizationsexist which efficiently perform
discreteconvolution operationson 2D images,in generaltheir use
is limited to non-realtimeapplicationsdueto the numericalcom-
plexity of thefiltering process.On theotherhand,specialpurpose
hardwareexists, now alsoavailableon moderngraphicsworksta-
tions,which enablestheconvolution of largescaleimageswith ar-
bitraryfilter kernelsinteractively.

In particular, thenewer SGImachinesprovideextensionswhich
allow hardwaresupportedconvolution of multi-channelpixel data.
While thedatais sentthroughtherenderingpipeline,e.g.,drawing
from main memoryinto the framebuffer, convolution of the data
takesplacebeforeit getswritten to theframebuffer. Thus,thecon-
volutionof arbitraryslicesfrom thevolumedatacanbeperformed
quite easily. In the presentwork the key ideawas to extent this
functionalityto arbitraryclip planespassingthroughthevolume.

Wheneveraclip planeis activatedandconvolutionis enabledthe
pixel valueswithin theclip planeareconvolvedwith a filter kernel
thatcanbechosenfrom apre-definedtoolbox.Severalkernelshave
beenimplemented,e.g.,sobel,median,laplacian,Maar-Hildreth,
blurr etc. In this way it is possibleto detectedges,to sharpenthe
clip planeimageor to suppressnoisewithin. Of course,it is notob-
viouswhetherit really makessenseto performtheconvolution on
arbitrarilyslicedimagesfrom thedata.Sincethedatavalueswithin
theclip planeareinterpolatedfrom thediscretevoxel values,filter
operationscanleadto resultswhichmaybein somesensemislead-
ing. However, sincetheoperationsarecompletelyinteractive their
applicationcanoftenhelpto enhancetheoverallunderstanding(see
Figure7).

Figure7: Clip planewithout convolution andwith enabled
high-passfiltering.

In orderto performtheconvolution theclip planeextenthasto
beretrieved. This is accomplishedin threesteps.First,we request
the clip planeequationfrom the Open-GLstate. Then,the view-
ing transformationis adjustedsuchthatwe arelooking orthogonal
to the clip plane. Finally, the planeis clippedagainstthe volume
boundingboxandtheobtainedpolygonis texturedwith the3D vol-
umeandprojectedontotheviewport. Now wehaveall theinterpo-
latedvoxel valueswithin theclip planein theframebuffer. Reading
theframebuffer, enablingconvolution anddrawing theimageback
into theframebuffer leadsto thedesiredresult.

5 Integration in OpenInventor

ThepresentedalgorithmwasimplementedusingOpenInventor, an
objectorientedgraphicstoolkit built on top of OpenGL,whichhas
becomea defactostandardfor interactive modeling,renderingand
manipulationof 3D scenes[20]. Onepart of the work presented
hereis the completeintegrationof texturemappingbasedvolume
renderinginto the OpenInventor framework in orderto obtainthe
whole flexibility and functionality offered by the toolkit. By in-
troducinga new classthevolumerendereris representedasa sep-
arateobject within the hierarchicalstructureof the scenegraph.
This allows convenientapplicationof built-in manipulators,sen-
sors, editorsand other predefinedclasses,methodsand features
(light sources,anti-aliasing,stereomode,perspective/parallelren-
dering,fly, walk, trackball).

In particular, thedesignof thenew volumeobjecttakesadvan-
tageof theOpenInventorstructuringmechanismof nodekits which
organizesthenewly implementednodesasseparatelymanagedsub-
graphs(seeFigure 8). Our SoVolumeKit is subclassedfrom
SoBaseKit andcontainsclip planeswith ageometricrepresenta-
tion whichcanbeaccessedfrom theOpenInventorstandardmanip-
ulatorsandaSoVolume::SoShape node.Theinternalstructure
is designedto supportthe handlingof multiple volumes. During
renderingan object of type SoGLRenderAction traversesthe
scenegraphand asksall objectsto renderthemselves by calling
their localGLRender method.Within this methodof SoVolume
all objectspecificOpenGLcallsareperformed.��������� ���I���4� �
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Figure8: Subgraphstructureof SoVolumeKitµ It containsa geo-
metric representationof the boundingbox, the subgraphof up to
six clip planes,andtheSoVolumenodewhich is responsiblefor the
renderaction.

We canarbitrarily switch betweentraditionalback-to-front3D
texture projectionand our new techniqueof ray-castingthrough
textured sweep-planesimplementingrealistic lighting effects. If
the expensive lighting modeis enabledwe automaticallyswitch
backto 3D textureprojectionwhile thecamerapositionis modified
returningto lighting modeafter a certaintime-out. For the light-
ing calculationduringray traversalwe usethe lighting parameters
(position,direction,etc.) of the interactively placedOpenInventor
lights. Theseandotherpartsof the traversalstatelike color, clip-
pingplanes,transformationmatricesetc. canbeaccessedfrom the
SoState objectdeliveredby theSoGLRenderAction andby



directOpenGLcalls.
Since¶ we have to cut multiple slicesout of thevolumeorthogo-

nal to theactive viewport we needa separaterenderareain which
the texturedpolygonscanbedrawn from the adjustedview point.
Choosingthebackbuffer hasseveraldisadvantages.First, objects
alreadydrawn into thebackbuffer wouldbedestroyed.Second,the
actualrenderareacouldbetoosmallor couldbeoverlayedby other
windows, which makescalls to glDrawPixels fail. Therefore,
we decidedto usetheSGIX pbuffer extensionwhich provides
a part of the physicalframebuffer which canbe directly accessed
by thegraphicshardware,but which is notdisplayedon thescreen.
Furthermore,p-buffers canbe locked exclusively by a certainap-
plicationagainstotheraccess.

In order to minimize the amountof p-buffer needed,only the
boundingregion that is coveredby thevolumeobjectis taken into
accountduring slicing. First, we determinethe boundingbox ex-
tent,andthenwe slicethatextentscanlineby scanline.Arbitrarily
translatedobjectscanbehandledin thisway.

Our approacheasily extends to perspective projections. All
which hasto be doneis to modify the currentprojectionmatrix
in sucha way thatanadditionalrotationof 90 degreesaroundthe
x-axisis appliedaftertheperspectiveprojection.Also, thetextured
sweep-planesmustbeinclinedaccordingto thechosenperspective
for eachscanline.However, thisproceduredoesnotproducecorrect
resultsonall typesof graphichardwaresinceperspectivecorrection
during3D texturemappingon theslicingplanesis not alwayssup-
ported.

6 Results

The resultswerecomputedon a Silicon GraphicsIndigo2 Maxi-
mum Impactwith a 250 Mhz R4400processor, 128 MB memory
and TRAM option. Our experimentswere run on different data
setsto demonstratetheimpactof thedataresolutionto certainparts
of our algorithmandalsoto show the functionality of the imple-
mentedvisualizationtool. Two datasetswereused:a humanhead
MRI-Scanwith ���e�1
 voxels and a �1·	¸1¹»º¼���e� CTA-Scanof an
aneurysmalsofrom ahumanhead.

Table1 shows accuratetimings for all distinct partsof the al-
gorithm. Basically, we distinguishedbetweenfour differenttasks:
(1) All operationswithin the graphicspipeline (GrPipe) includ-
ing framebuffer access.(2) Volume re-samplingby tri-linear in-
terpolation(Sample). (3) Mappingvia the transferfunction and
compositing(Comp). (4) Gradientcalculationsin the iso-contour
reconstruction(Grad). Finally, theoverall timesaregiven(All).

Table1: Timingsfor ���e�1
 humanheaddatasetin seconds.
Onetexturemapwasused. Imageresolutionwas½�¾	¾ º ½�¾	¾ .

Density IsoMode
HW SW HW SW

GrPipe 1.01 — 1.01 —
Sample — 42.4 — 15.1
Comp 32.2 33.4 — —
Grad — — 1.8 1.9
All 33.21 75.8 2.71 17.0

First,thefront-to-backcompositingof materialcolorandopacity
valueswas applied(Density). This is equivalent to the standard
volumerenderingtechniqueusing3D texture maps. Second,we
focusedonaspecificcontoursurfacebelongingto agivenisovalue
(Iso). Within eachcolumnwecomparedtheresultsof thehardware

(HW) assistedapproachwith its software(SW) pendant.Notethat
re-samplingis almostnegligible in our approach,and that we do
not needto processthe wholevolumeif the iso valueis changed.
This is donein shell-rendering,wherethosevoxel whichbelongto
acertainiso-surfacehave to beclassifiedin advance.

We can seethat the framebuffer operationsindeeddominate
the overall times during surface rendering. For eachscanlinea½�¾	¾ º¿���e�ÁÀ1Â�Ã Ä	Å framebuffer arraywasreadandtraversedin main
memory. This correspondsto a stepsizeof onevoxel size,which
hasalsobeenchosenin thereferencemethod.No time for volume
re-samplingis usedwhich is in factthedominanttimein astandard
ray-castingmethod.We seethatgradientcalculationssignificantly
slow down the overall times. This overheadcan be avoided if a
secondtexture is storedin which thegradientsarecodedasRGB-
values. From eachslice which is readout of the framebuffer we
cannow determinethehit with thesurfaceandalsothegradientat
thisposition.However, thisapproachdoublesthememoryrequire-
ments,but on theotherhand,thetime which is neededto perform
thegradientcalculationsis almostnegligible in thiscase.

We shouldmentionthat in orderto optimizeour algorithmwe
completelyavoid thesoftwarecompositingin theactualimplemen-
tation. If the iso-contouris determinedandwritten to the frame-
buffer we storethez-buffer valuesandperforma secondrendering
pathusingthetraditionalback-to-front3D textureprojection.Con-
sequently, in thefirst columnof Table1 theoverall time decreases
to approximately0.3 seconds.This methodwasusedto generate
theimagesin thecolorpagebelow.

Oursecondexperimentwasrun on the �1·e¸ ¹ x ���	� aneurysmCT-
scan.Dueto the limited texturememoryof our targetarchitecture
we first had to split the volume into distinct blocks. In order to
obtaina textureslicebelongingto acertainscanlineall brickshave
to bereloadedinto texturememory. Thisslowsdown therendering
processconsiderably. Theoverall time increasedby abouta factor
of 4.

Thelasttwo imagesin thecolorplatebelow show additionalex-
amplesoutof aninteractivesessionwith thepresentedvisualization
tool. Thetimeneededto rendertheheaddatasetwasapproximately
3.0 seconds.Renderingthebricked aneurysmtook about8.7 sec-
onds.

7 Discussion

We have extendedthevolumerenderingtechniquesvia 3D texture
mapsby combininghardwareassistedtextureinterpolationwith re-
alisticilluminationeffectsfor shadediso-surfaces.Thewholeflexi-
bility of front-to-backvolumeray-castingis maintainedin thisway,
i.e. simultaneousvisualizationof soft tissueandsolid iso-contours
canbe achieved. Of course,we cannot competewith interactive
frameratesasachievedby 3D textureslicingtechniques,but onthe
otherhand,the integrationof iso-surfacereconstructionandhard-
wareassistedconvolutionoperationsallowsalmostinteractivelyan-
alyzing largedatasets. In contrastto otherapproacheswhich use
extendedcolor mapsandprecomputedvoxel gradientsto simulate
directvolumelighting, we save memory, getsmoothcontoursand
avoid thenumericalre-calculationsduringmovements.Onedraw-
backis thehandlingof multiple texturemaps.Successively reload-
ing texturemapsfor eachscanlineprocessingslowsdown thealgo-
rithm.
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Figure9: Exampleimagesfrom anOpenInventorsession.They show thefiltering of a clip planeextentwith a high-passfilter, multiple clip
planes,lightediso-surfacesandintegrateddisplayof semi-transparentmaterialandopaquesurfaces.


