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Abstract

Interactve direct volume renderingby hardware assisted3D tex-

turemappinghasbecomea powerful visualizationmethodin mary

differentfields. However, to male this techniquefully practicable
corvenientvisualizationoptionsanddataanalysistools have to be
integrated. For example,directrenderingof semi-transparentol-

ume objectswith integrateddisplay of lighted iso-surficesis one
importantchallengeespeciallyin medicalapplications. Further

more, explicit useof multi-dimensionalimage processingopera-
tions often helpsto optimize the exploration of the available data
sets.Ontheotherhand,only if interactve frameratescanbe guar

anteedsuchvisualizationtoolswill beacceptedn medicalplaning
andsumgerysimulationsystemslIn this papermwe proposeavolume
visualizationtool for large scalemedicalvolumedatawhich takes
adwantageof hardwareassiste@D textureinterpolationandconvo-

lution operationsWe demonstratéow to usethe 3D texture map-
ping capability of high-endgraphicsworkstationsto display arbi-

trary iso-surbceswhich canbe directly illuminatedto enhancehe

spatialrelationsbetweerobjects. Back-to-front3D texture slicing

is usedto simultaneouslydisplay semi-transparenhaterialdensi-
ties. Using this approachsimilar image quality can be achieved

aswith corventionalsoftware-baseday-castingechniqueshut the

renderingprocesss acceleratedo a considerablextent. In order
to enableon-the-flydataanalysis first approachesisinghardware
assistecconvolution operationshave beenintegrated. An imple-

mentationof the proposednethodbasedon the Openlventorren-

deringtoolkit is describedbffering interactive frameratesat high

imagequality includingsophisticatediserinteractions.

1 Introduction and Related Work

A numberof techniqueshave beendevelopedto directly visual-
ize 3D scalarfields on rectilinearCartesiargrids suchasdatasets
from medicalimagingmodalities. In orderto optimizethe explo-
ration processan importantchallengeis the integration of differ-
entrenderingalgorithmswhich allow simultaneouslyepresenting
arbitrary materialquantitiessuchas soft tissueor sharpboundary
regions.

Two widely usedvolume visualizationmethodswhich are of-
tenappliedconcurrentlyin medicalapplicationsaresurfacefitting
[16] anddirect volume rendering[9]. However, dueto the large
amountof voxelsto be processeéndgeometricprimitiveswhich
may be generatedbothtechniquesequiretime-intensie computa-
tionsmakingit difficult to achieve interactve visualization.

Besideghe useof dedicated/olumerenderinghardvare[6, 10,
17] the mostimpressie frameratesat high imagequality aredef-
initely obtainedby taking advantageof hardware assistedD tex-
ture interpolationon modernhigh-endgraphicsworkstations[3].
Ontheotherhand,it is well knowvn thatdirectvolumeray-casting
offersthe highestflexibility in termsof integratedfeatureenhance-
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ment,e.g. thereconstructiorof iso-contoursandthe simulationof
realisticlighting andshadingeffects. Additionally, thereis noneed
to generatentermediataepresentationsuchaspolygonalmeshes
if renderingof iso-contourss desired.

Anotherimportanttrendis the developmentof graphicshard-
warethatis ableto supportimageprocessinglgorithmslike dis-
creteconvolution operationson 2D or 3D images.Of course,it is
notyetclearhow theseoperationsanbe seriouslyusedin medical
applicationsput onthe otherhand,it is quite easyto simulateclas-
sicaledgedetectionor noiseremoval algorithmswhich canthenbe
appliedinteractvely.

This paperproposes visualizationsystemthattakesadwantage
of specializedgraphicshardware to obtainflexible renderingand
dataanalysisoptionsat optimalspeed.Thefollowing majorissues
areaddressedby thistool:

e Performance Tuning: We male optimaluseof hardvarere-
sourcedy exploiting 3D textureinterpolationfor theacceler
ation of the volumerenderingprocess.A selectionof classi-
calimageprocessin@lgorithmsis implementedasedn fast
corvolution operations.

e Direct Volume Rendering: We retainthe full flexibility of
volumeray-castingjn particular we do not needaninterme-
diate polygonrepresentatioffor the visualizationof surface
features.

e Contour Lighting: We userealisticlighting effectsto en-
hancethe understandingf the spatial orientation of iso-
surfacesandtheir relationto semi-transparentolume struc-
tures.

e User Interface: Sincethewholevisualizationtool is embed-
dedinto the Openliventor renderingtoolkit it offers highest
flexibility in termsof usermanipulationandnavigation. Ar-
bitrary objectswhich arespecifiedin the Inventorfile format
canbeincluded.

Thebasicproblemin volumevisualizationis the extractionand
renderingof the information contentof three dimensionalstruc-
turescontainedn thevolumein away thatallows alsofor accurate
analysis. A generalanalytic descriptionof the volume visualiza-
tion processhasbeenproposediy Kriger[11], who shaved that
all known direct volumerenderingapproachesanbe understood
as specializationf a transporttheory model of the propagation
of light in materials. Differentapproximationgo the underlying
transportequatiorhave beendeveloped|2, 5, 8, 18, 15 which dif-
fer substantiallyin the physicalphenomenghey accounfor andin
theway theemeging numericaimodelsaresolved.

Onefundamentadifferencelies in the order of the numerical
evaluationof the arisingintegral equations.This canbe doneei-
therin object-spacerder wherefor eachvoxel the projectiononto
theimageplaneis computedandvisualized,or in image-spacer-
der, wherefor eachpixel thosevoxelsaredeterminedandrendered
which contrikute to the final pixel intensity Image-spaceneth-
ods,i.e. ray-castingareknown to producesuperiorqualityimages
for the costof repeatede-samplingof the data. Although several



acceleratiortechniqgueshave beenproposedsuchas adaptingthe

integrationstepsizeto thevariancen thedata[4, 14] or efficiently

steppinghroughthevolume[23] noneof thesemethodsallows for

interactve image generatiorrates. Sincevoxel basedprojection
methodq13, 21, 22] in generalavoid the numericallycomple re-

samplingof theoriginaldomain theexpectedrameratesaremuch

higherthanthoseof typical ray-castingechniquesExpressinghe

rotationof thevolumeobjectsby 2D shearsandafinal imagewarp

and exploiting coherenceand parallelismaccelerateshe process
considerably12].

Figurel: Volumerenderingoy 3D textureslicing.

Recentlythe useof 3D texturemappinghardware[1], now also
availablein desktopgraphicsworkstationsand PCs,hasbecomea
powerful visualizationoptionfor directvolumerendering3]. The
rectilinearvolume datais first corvertedto a 3D texture. Then,
a numberof planesperpendiculato the viewer's line of sightare
clippedagainsthe volumeboundingbox. Theresultingpolygons
areprojectedonto the viewing planeusingadequatélendingop-
erationto realizeback-to-frontor front-to-backcompositing.Prior
to the draving procedureexture coordinatesn parametricobject
spaceare assignedo eachvertex of the clipped polygons. Dur-
ing rasterizatiorthe slice thatis cut out of the 3D texture accord-
ing to the texture coordinatess mappedonto the generatedrag-
ments(seeFigure1). Sincethis procesds supportedby special-
ized graphicshardvare the time it consumeglecreasesonsider
ably comparedo a software realization. Thus, interactve frame
ratescanbeachieved.

However, thereis onemajor limitation of this method: It is not
possibleto integraterealisticlighting andshadingeffectswhich are
known to enhancehe perceptionof spatialrelationsbetweenob-
jects. On the otherhand,even in medicalapplicationswherethe
expert often navigatesthroughhighly comple structurest is im-
portantto furtherimprove the viewer’s spatialsensation.Further
more, it shouldnot be ignoredthatalsoin medicaldatasetsthere
areopaqueboundaryregionswhich arebestvisualizedby meanof
lightediso-surfces. In Figure2 an exampleis given which com-
pareghevisualizationof aniso-surfceof theskinof a128% human
aneurysmCTA-scan.Ontheleft therenderingvasperformedwith
3D texture mappingand appropriatelyadjustedtransferfunctions
while on the right a volumeray-castingtechniquewith integrated
lighting was applied. Note, that althoughabout1200 sliceswere
usedto generatehe left imageit caneasilybe seenthatthe visual
sensatiorof fine detailsandthe spatialrelationof arbitrarystruc-
turesis considerablyimproved by the lighting and shadingin the
rightimage.

Of course,combinationmethodscould be usedwhich first ex-
tracta polygonalsurfaceby meansof a marchingcubestype algo-
rithm [16] which is thenintegratedwith texture basedvolumeren-
deringin atwo-pasgprocedure However, especiallyfor large data
sets,the memoryand computationtime requirementof even the
mostadvancedso-surficealgorithmdo notallow for aninteractve
modificationof theiso values.Additionally, theamountof geomet-
ric primitiveswhichmaybegenerated¢anhardlyberenderedn an
acceptableamountof time.

Recently first approachegor combininghardware accelerated

Figure2: Textureslicing vs. directcontourlighting.

volumerenderingvia 3D texture mapsand volumelighting were
presented.Van Geldern[19] storesthe sum of precomputedaim-
bient andreflectedlight componentsnto the texture volume and
performsstandardD texturecompositingasdescribecabove. The
obvious dravbackto this techniqueis the needfor reloadingthe
texturememoryeachtime ary of thelighting parameteréincluding
rotationof object)changesOnthecontraryHaubneretal. [7] pre-
computehevoxel gradientsandstorea quantizedepresentatioof

theorientationasthe 3D texture maptogethemith thevolumeden-
sity. Lighting is achieved by indexing into an appropriatelyrepli-

catedcolor table. However, smoothlyshadedsurfacesaredifficult

to achieve dueto thelimited quantizatiorof the normalorientation
andtheintrinsic hardwareinterpolationproblems.

Thebasicideaof our approacHiesin theutilization of hardware
supported3D texture interpolationto re-samplehe dataavailable
onarectilineargrid. In this way the numericallymostcritical part
of traditional volume ray-castingtechniquescan be avoided. We
proposea methodto accesghe re-sampledexture valueswhich
allowsdetectingarbitraryiso-surfices.Oncetheirlocationin object
spacds determinedvariousillumination effectscanberenderedin
a secondenderingpasswe perform3D texture slicing to integrate
directrenderingof semi-transparerensityvolumes.

Anotherfeatureof thedevelopedvisualizationsystermis theinte-
grationof specificdataanalysisalgorithms.Up to now mostof the
available volume visualizationtools basedon 3D texture interpo-
lation fail to offer additionaltechniquego analyzethe dataappro-
priately Specificstructuresanonly be enhancear eliminatedby
modifying thetransferfunctionsin atrial-and-erromprocess Actu-
ally, we integratedhardware supportectonvolution operationsnto
the presentapproach.Theseoperationsanbe appliedon arbitrar
ily choserclip planesandthusallow interactvely performingedge
detectionor noiseremoval algorithmson selectedoortionsof the
data.

In the remainingsectionswe discussthe basicideasof our ap-
proach.Oncewe have outlinedthe underlyingconceptsandalgo-
rithmswe alsodescribeheway they arerealizedwithin the Open-
Inventortoolkit. This is importantsinceno tool will be accepted
in practicalapplicationghatdoesnot provide anintuitiv userinter-
facewith corvenientmanipulatiorandnavigationoptions.Finally,
someexamplesaregivento demonstratéhe basicfunctionality



2 Textured Sweep-Planes

Sofar, all known methodsusing 3D texture mapsfor the direct
renderingof scalarvolumedataoperatdn a back-to-frontor front-
to-backorderparallelto theimageplane.For a numberof equally
spacedclip planesthe planarcross-sectionbetweentheseplanes
and the volume boundingbox are computedand dravn into the
framehuffer. Multiple polygonsmappingontothe samescreerre-
gion areblendedaccordingo thefragmentopacity

Apart from the adwantage<f this approachthereis one obvi-
ousdisadwantagewhich disabledirectlighting calculations Since
texturemappingoccursduringrasterizatiorattheendof thegraph-
ics pipelineandincomingfragmentsareimmediatelyaccumulated
with pixel valuesalreadydrawn, it seemdo beimpossibleto access
interpolatedexture samples.On the otherhand,in orderto deter
mine smoothiso-surbcesandto computerealisticlighting effects
we do needthesevaluesandtheir locationin objectspace.

To retain the whole flexibility offered by direct volume ray-
castingtechniquesvhile taking advantageof real-time3D texture
interpolationwe proposeaslightly differentapproach.

Figure3: Textureslicing orthogonako theviewing plane.

Instead of slicing the 3D texture map perpendicularto the
viewer’s line of sightwe performthe sameprocedurebut with cut-
ting planesorthogonato theviewing planeasoutlinedin Figure3.
The numberof cross-sectionwa/e cut out of the textureis equalto
the numberof scanlinesiefinedby theactualviewport definition.

This approachs very similar to the algorithm proposedn [6]
which wasintegratedinto a specialpurposearchitectureor inter-
active volumerendering.However, it is interestingto seethatthe
samealgorithmcanbe efficiently implementedn generalpurpose
graphicswvorkstationsandalsolow-costPCs.Additionally, we will
shav thatevenif we only aim atrenderingopaquédso-surficesand
semi-transparerdensityvolumeswithout lighting effectswe can
save alot of memoryresources.

At a first glanceslicing the texture orthogonalto the viewing
planedoesnot allow usto gain arything. Sincethe cross-sections
are parallel to the scanlinesrenderingwith respectto the actual
viewing transformatiorwould just project eachtextured polygon
onto oneuniquescanline.However, no meaningfulimageswould
be produced becausecompositingalong the viewing directionis
not possiblewithin onepolygon.

But notethat onecross-sectiomgeneratedn this way coversall
interpolateddatasamplesvhich would have beenre-sampledy a
standardvolumeray-castingapproactfor the correspondingcan-
line. Thus,the entireinterpolationprocedures performedby an

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

2.1 Adjusted Projection

We attackthis problemby temporarilyadjustingthe globalviewing
transformationLet usassumehatthe screerncoordinatesystemis

givenby and andthatthe viewing directionis given by

If the obserer eyepointis rotated90 degreesaroundthe -axis
positionedn the centerof thetextureslice, thentheformerscreen

space -axisandtheviewing directionareinterchangedh thenew
viewing system(seeFigure4). In termsof orthographicparallel
projectionstheprojectionontotheviewing planeis changednto a
projectionontothesliceplane.

Figure4: Changingheviewing system.

In the new viewing systemwe now performa standardender
ing of the polygondefinedby intersectinghe boundingbox of the
volumewith the slice plane. Appropriatelyassigningexture coor
dinatesresultsin the pixel intensitiesgeneratedn the framehuffer
during rasterizationdirectly correspondindo the materialvalues
which would have beeninterpolatedwithin one scanline. In or-
derto accesshetexture samplesve readthe pixel valuesfrom the
framehuffer into local mainmemory All theinformationwe need
to processan arbitrary scanlineis now availableat the expenseof
one frametuffer operation. Of course,this operationis quite ex-
pensve, but it is still muchfasterthanthe interpolationof all data
samplewithout hardwaresupport.

The importantpoint is that the volume re-samplingprocedure,
which accountsfor about60-70 of the total time of a standard
ray-casteris completelyavoided. |t is interchangedvith theframe-
buffer operation. In contrastto the volumerenderingpipeline as
proposedy Levoy [14] (seeFigure5) two differentdataandcom-
putationflows are now possible. We shouldalso mentionthat in
generalonly a small fraction of the entire framehuffer hasto be
read.Thiswill bediscussedbelow.
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Figure5: Overview of volumerenderingpipelines.

2.2 Volume Integration

We arenow readyto renderthe volumescanlineby scanline After
readingthe framtuffer all re-sampleddatavalueswhich are nec-
essanto processan entirescanlineare availablein mainmemory
Eachcolumnof therectangulamemorysegmentin whichthepixel
datais storedholdsthe materialsampleswvhich would have been
reconstructedilongoneray of sight emanatingrom the viewing
planewithin theactive scanline.

Theamountof light impingingontheview planeata certainpo-
sition canbe simulatedby evaluatingthe volumerenderingntegral

alongeachray. It sumsupthecontritutionsof thevolumeemission
alongtheray, which is scaledby the optical depthaccording
to thevolumeabsorption . Traditionally the evaluationof the
integral is performedusing an Euleriansum: the ray is split into
segmentf equallengthoverwhichthesourcgermandtheopacity
areassumedo be constant.The continuoudntegral evaluatesnto
adiscretesumoverthe sgmentsalongeachray:

1 1)

Usually the volumeemissionandabsorptiorareassignedo each
voxel beforethe integrationis performed,or both valuesare ob-
tainedfrom atransferfunctionwhich mapsthere-samplednaterial
valuesto aRGB-coloranda -component.

In thelatter case aslong aswe assumen orthographigrojec-
tion, the volume integration along a ray of sight collapsesto the
traversalof columnsin the rectilinear2D frameluffer segmentin
main memory For eachre-sampledexture value equation(1) is

evaluated. This correspond&xactly to blendingthe texture slices

in back-to-frontorder Of coursewe have to spendmoretimein the

software compositing but on the otherhandarbitraryacceleration
techniquedike -terminationor -acceleratiortanbeapplied.

3 Iso-Contour Extraction

Maybe the mostimportantdravback of volume projectiontech-
niquesvia 3D texture mapsis that the visual appearancef iso-
contourscan hardly be enhancedy realisticillumination effects.
Iso-contoursin generalcanbe polygonalizedpy determiningthe
cross-sectiobetweerthe surfaceandthe volumecells[16]. Once
thepolygonmodelhasbeengeneratedt canberenderedn agraph-
icspipeline.Arbitrary lighting andshadingeffectscanbeproduced.

Basically surfacefitting techniquesnddirectvolumerendering
with 3D texturemapscanbeintegratedquiteeasily But neitherthe
emeging memoryoverheadhor the time neededo reconstrucar
bitrary surfacess acceptabléor largedatasets.Onthecontraryin
volumeray-castingno intermediatesurfacerepresentatioiis gen-
erated. The surfaceis directly visualizedby successiely testing
whetherthe datasamplesalong a ray meetcertaincriteria. The
commonapproachwhich doesnot alwaysyield accurateesultsis
totraversetheray until anisovalueis hit. Thenthesurfacenormalat
this pointis computedandarbitrarylighting or shadingnodelscan
be evaluated. In [14] a different procedurewvas emplo/ed. Prior
to re-samplingthe materialvaluesare shadedand classifiedwith
respectto anisovalue andthe local greyscalegradient. Different
materialtypescanbeenhancear suppresseth this way.

Our presentapproachoffers the whole flexibility volume ray-
castingdoes. Classificationand shadingas proposedn [14] can
be appliedto the acquiredor preparedscalarvalues,but alsothe
visualizationof iso-surfcesby isovalue testingcan be integrated
straightforwardly. While the sweep-planés traversedeachdata
valueis comparedo the specifiedisovalue. If a hit with the iso-
contouris determinedthe normalis calculatedand the contourat
theactuallocationis shaded.

Figure6: Gradientapproximatioron original data.

Very fastresultscanbe achieved by directly computingthe nor
mal from the valuesalreadyin the sweep-planéouffer. On the
otherhand thegeneratedmagesshaw typicalblockartifactswhich
emege from the discretizationof the buffer, andadditionallytwo
furthersweep-planelave to bestoredn memoryin orderto access
thetop andbottomneighbors.

Insteadwe transformthelocationof eachdatasamplewhich be-
longsto a contourbackinto the original voxel array (seeFigure
6). Then,thenormalat this pointis interpolatedrom the normals
at the eight nearesteighbors. This yields smoothresultsand is
alsolessmemoryintensie. Notethatthe normalswe approximate
at the discretegrid points aretemporarilystoreduntil a complete
scanlines processedhusavoiding multiple approximation®f the
samenormal.



4 Convolution Operations

Particularly in image processinghe applicationof discretecon-
volution operationson the available pixel valuesis a commonly
useddataanalysisoption. Dependingon the desiredresultdiffer-
ent kinds of corvolution kernelsare appliedwhich offer distinct
choicesto enhancer suppresspecificfeatures.For example dif-
ferenceoperatorsto detectedgesor simple averageoperatorsto
performnoisereductionareoftenappliedseparatelyor oneby an-
otherto improve the overall understandingf the data. However,
althoughfastsoftwarerealizationsexist which efficiently perform
discreteconvolution operationson 2D images,in generaktheir use
is limited to non-realtimeapplicationsdue to the numericalcom-
plexity of thefiltering process On the otherhand,specialpurpose
hardvare exists, nowv also available on moderngraphicsworksta-
tions,which enableghe corvolution of large scaleimageswith ar-
bitrary filter kernelsinteractvely.

In particular the never SGI machinegrovide extensionswhich
allow hardwaresupportecconvolution of multi-channebpixel data.
While thedatais sentthroughthe renderingpipeline,e.qg.,draving
from main memoryinto the frametuffer, corvolution of the data
takesplacebeforeit getswritten to the frameluffer. Thus,thecon-
volution of arbitraryslicesfrom the volumedatacanbe performed
quite easily In the presentwork the key ideawasto extent this
functionalityto arbitraryclip planespassinghroughthevolume.

Wheneeraclip planeis activatedandcorvolutionis enabledhe
pixel valueswithin the clip planearecornvolvedwith afilter kernel
thatcanbechoserfrom apre-definedoolbox. Severalkernelshave
beenimplementedge.g., sobel, median,laplacian,MaarHildreth,
blurr etc. In thisway it is possibleto detectedgesto sharperthe
clip planeimageor to suppressioisewithin. Of courseijt is notob-
viouswhetherit really makessenseo performthe corvolution on
arbitrarily slicedimagesrom thedata.Sincethe datavalueswithin
theclip planeareinterpolatedrom the discretevoxel values filter
operationganleadto resultswhichmaybein somesensanislead-
ing. However, sincethe operationsarecompletelyinteractve their
applicationcanoftenhelpto enhanceéheoverallunderstandingsee
Figure7).

Figure7: Clip planewithout corvolution andwith enabled
high-pasdiltering.

In orderto performthe corvolution the clip planeextenthasto
beretrieved. Thisis accomplishedh threesteps.First, we request
the clip planeequationfrom the Open-GLstate. Then,the view-
ing transformatioris adjustedsuchthatwe arelooking orthogonal
to the clip plane. Finally, the planeis clippedagainstthe volume
boundingboxandtheobtainedpolygonis texturedwith the3D vol-
umeandprojectedontotheviewport. Now we have all theinterpo-
latedvoxel valueswithin theclip planein theframeluffer. Reading
the framehuffer, enablingcorvolution anddrawing theimageback
into theframehuffer leadsto the desiredresult.

5 Integration in Openlinventor

The presente@lgorithmwasimplementedisingOpenlventor an
objectorientedgraphicstoolkit built ontop of OpenGL,which has
becomea defactostandardor interactve modeling,renderingand
manipulationof 3D sceneq20]. One partof the work presented
hereis the completeintegrationof texture mappingbasedvolume
renderinginto the Openliventor framevork in orderto obtainthe
whole flexibility and functionality offered by the toolkit. By in-
troducinga new classthe volumerenderelis representedsa sep-
arateobjectwithin the hierarchicalstructureof the scenegraph.
This allows corvenientapplicationof built-in manipulators sen-
sors, editors and other predefinedclasses methodsand features
(light sourcesanti-aliasing,stereomode,perspectie/parallelren-
dering,fly, walk, trackball).

In particular the designof the new volumeobjecttakesadwan-
tageof the Openliventorstructuringmechanisnof nodekits which
organizeghenewnly implementedchodesasseparatelynanagedub-
graphs(seeFigure 8). Our SoVol uneKi t is subclassedrom
SoBaseKi t andcontainsclip planeswith ageometriaepresenta-
tion which canbeaccesseffom the Openliventorstandardnanip-
ulatorsanda SoVol une: : SoShape node.Theinternalstructure
is designedo supportthe handlingof multiple volumes. During
renderingan object of type SoGLRender Act i on traversesthe
scenegraphand asksall objectsto renderthemseles by calling
theirlocal GLRender method.Within this methodof SoVol une
all objectspecificOpenGLcallsareperformed.

Figure8: Subgraphstructureof SoWwlumeKit It containsa geo-
metric representationf the boundingbox, the subgraphof up to
six clip planesandthe So\blumenodewhichis responsibléor the
renderaction.

We canarbitrarily switch betweentraditional back-to-front3D
texture projectionand our new techniqueof ray-castingthrough
textured sweep-planeimplementingrealistic lighting effects. If
the expensve lighting modeis enabledwe automaticallyswitch
backto 3D textureprojectionwhile the camergpositionis modified
returningto lighting modeafter a certaintime-out. For the light-
ing calculationduringray traversalwe usethe lighting parameters
(position,direction,etc.) of theinteractvely placedOpenlventor
lights. Theseandotherpartsof the traversalstatelike color, clip-
ping planestransformatiormatricesetc. canbe accesseffom the
SoSt at e objectdeliveredby the SoGLRender Act i on andby



directOpenGLcalls.

Sincewe have to cut multiple slicesout of the volumeorthogo-
nal to the active viewport we needa separateenderareain which
the textured polygonscanbe dravn from the adjustedview point.
Choosingthe backbuffer hasseveral disadantages First, objects
alreadydrawn into thebackbuffer would bedestrged. Secondthe
actualrenderareacouldbetoo smallor couldbeoverlayedby other
windows, which makescallsto gl Dr awPi xel s fail. Therefore,
we decidedto usethe SA X_pbuf f er extensionwhich provides
a part of the physicalframeluffer which canbe directly accessed
by the graphicshardware,but whichis notdisplayedonthescreen.
Furthermore p-buffers canbe locked exclusiely by a certainap-
plicationagainsibtheraccess.

In orderto minimize the amountof p-buffer neededonly the
boundingregion thatis coveredby the volumeobjectis takeninto
accountduring slicing. First, we determinethe boundingbox ex-
tent,andthenwe slice thatextentscanlineby scanline.Arbitrarily
translatedbjectscanbe handledn this way.

Our approacheasily extendsto perspectie projections. All
which hasto be doneis to modify the currentprojectionmatrix
in sucha way thatan additionalrotationof 90 degreesaroundthe
x-axisis appliedaftertheperspectie projection.Also, thetextured
sweep-planemustbeinclinedaccordingo the choserperspectie
for eachscanline However, thisprocedureloesnotproducecorrect
resultsonall typesof graphichardwaresinceperspectie correction
during 3D texture mappingon the slicing planess not alwayssup-
ported.

6 Results

The resultswere computedon a Silicon Graphicsindige® Maxi-
mum Impactwith a 250 Mhz R4400processqr128 MB memory
and TRAM option. Our experimentswere run on different data
setsto demonstratéheimpactof thedataresolutionto certainparts
of our algorithmandalsoto shav the functionality of the imple-
mentedvisualizationtool. Two datasetswereused:a humanhead
MRI-Scanwith 1282 voxels anda 2 128 CTA-Scanof an
aneurysmalsofrom ahumanhead.

Table 1 shaws accuratetimings for all distinct partsof the al-
gorithm. Basically we distinguishedetweerfour differenttasks:
(1) All operationswithin the graphicspipeline (GrPipe) includ-
ing frameluffer access.(2) Volume re-samplingby tri-linear in-
terpolation(Sample). (3) Mapping via the transferfunction and
compositing(Comp). (4) Gradientcalculationsin theiso-contour
reconstructiorfGrad). Finally, the overalltimesaregiven(All).

Table1: Timingsfor 128% humanheaddatasetin seconds.
Onetexture mapwasused. Imageresolutionwas

Densit Iso
Mode | pw | sw || Hw | sw
GrPipe 101 — |101| —
Sample|| — 4241 — | 151
Comp 322 334 | — —
Grad — — 18] 1.9
[ Al [3321]758] 271]17.0]

First,thefront-to-backcompositingpf materialcolorandopacity
valueswas applied (Density). This is equivalentto the standard
volume renderingtechniqueusing 3D texture maps. Secondwe
focusedon a specificcontoursurfacebelongingto agivenisovalue
(I's0). Within eachcolumnwe comparedheresultsof thehardvare

(HW) assistedpproachwith its software(SW) pendantNotethat
re-samplingis almostnegligible in our approachandthatwe do
not needto procesghe whole volumeif theiso valueis changed.
Thisis donein shell-renderingwherethosevoxel which belongto
acertainiso-surbicehave to beclassifiedn adwance.

We can seethat the frameluffer operationsindeed dominate
the overall times during surface rendering. For eachscanlinea

128 frameluffer arraywasreadandtraversedn main
memory This correspondso a stepsize of onevoxel size,which
hasalsobeenchosenn thereferencenethod.No time for volume
re-samplings usedwhichis in factthedominantimein astandard
ray-castingnethod.We seethatgradientcalculationssignificantly
slow down the overall times. This overheadcan be avoidedif a
secondextureis storedin which the gradientsarecodedasRGB-
values. From eachslice which is readout of the frameluffer we
cannow determinehehit with the surfaceandalsothe gradientat
this position.However, this approactdoubleshememoryrequire-
ments,but on the otherhand,the time which is neededo perform
thegradientcalculationds almostnegligible in this case.

We shouldmentionthatin orderto optimize our algorithmwe
completelyavoid the softwarecompositingn theactualimplemen-
tation. If the iso-contouris determinedandwritten to the frame-
buffer we storethe z-buffer valuesandperforma secondendering
pathusingthetraditionalback-to-front3D texture projection.Con-
sequentlyin the first columnof Table1 the overall time decreases
to approximately0.3 seconds.This methodwas usedto generate
theimagesn thecolor pagebelow.

Oursecondxperimentwasrunonthe2  x128 aneurysnCT-
scan.Dueto the limited texture memoryof our targetarchitecture
we first hadto split the volumeinto distinct blocks. In orderto
obtainatextureslicebelongingto a certainscanlineall brickshave
to bereloadednto texture memory This slows down therendering
processonsiderably The overall time increasedy abouta factor
of 4.

Thelasttwo imagedn thecolor platebelonv shav additionalex-
amplesoutof aninteractve sessiorwith thepresentedisualization
tool. Thetime neededo rendertheheaddatasetwasapproximately
3.0 seconds.Renderinghe bricked aneurysiook about8.7 sec-
onds.

7 Discussion

We have extendedthe volumerenderingtechniquesia 3D texture
mapsby combininghardwareassistedextureinterpolatiorwith re-
alisticillumination effectsfor shadedso-surfices.Thewholeflexi-
bility of front-to-backvolumeray-castings maintainedn thisway,
i.e. simultaneouwisualizationof softtissueandsolid iso-contours
canbe achieved. Of course we cannot competewith interactie
frameratesasachievedby 3D textureslicing techniqueshut onthe
otherhand,the integrationof iso-surficereconstructiorand hard-
wareassistedonvolutionoperationsllowsalmostinteractively an-
alyzinglarge datasets. In contrastto otherapproachesvhich use
extendedcolor mapsandprecomputedoxel gradientsto simulate
directvolumelighting, we savze memory get smoothcontoursand
avoid the numericalre-calculationgluringmovements.Onedraw-
backis thehandlingof multiple texturemaps.Successely reload-
ing texturemapsfor eachscanlineprocessinglovs down thealgo-
rithm.
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Figure9: Exampleimagesfrom an Openliventorsession.They shav thefiltering of a clip planeextentwith a high-pasdilter, multiple clip
planesjightediso-suracesandintegrateddisplayof semi-transparemhaterialandopaquesurfaces.



