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Abstract

OpenGLand its extensionsprovide accessto advancedper-pixel
operationsavailable in the rasterizationstageand in the frame
buffer hardware of modern graphicsworkstations. With these
mechanisms,completelynew renderingalgorithmscanbedesigned
andimplementedin a very particularway. In this paperwe extend
theideaof extensively usinggraphicshardwarefor therenderingof
volumetricdatasetsin variousways. First, we introducethe con-
ceptof clipping geometriesby meansof stencilbuffer operations,
and we exploit pixel texturesfor the mappingof volume datato
sphericaldomains.We show waysto use3D texturesfor the ren-
deringof lightedandshadediso-surfacesin real-timewithout ex-
tractingany polygonalrepresentation.Second,wedemonstratethat
even for volumedataon unstructuredgrids, whereonly software
solutionsexist up to now, bothmethods,iso-surfaceextractionand
directvolumerendering,canbeacceleratedto new ratesof interac-
tivity by simplepolygondrawing andframebuffer operations.

CR Categories: I.3.7 [ComputerGraphics]:Three-Dimensional
GraphicsandRealism—-Graphics Hardware, 3D Textures, Volume
Rendering, Unstructured Grids

1 Intr oduction

Over thepastfew yearsworkstationswith hardwaresupportfor the
interactive renderingof complex 3D polygonalscenesconsisting
of directly lit andshadedtriangleshave becomewidely available.
Thelasttwo generationsof high-endgraphicsworkstations[1, 17],
however, besidesproviding impressive ratesof geometryprocess-
ing,alsointroducednew functionalityin therasterizationandframe
buffer hardware, like texture andenvironmentmapping,fragment
testsandmanipulationaswell asauxiliary buffers. The ability to
exploit thesefeaturesthroughOpenGLand its extensionsallows
completelynew classesof renderingalgorithmsto be developed.
Anticipating similar trendsfor the moreadvancedimaging func-
tionality of todayshigh-endmachinesweareactively investigating
possibilitiesto accelerateexpensive visualizationalgorithmsby us-
ing theseextensions.
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In this paperwe are dealingwith the efficient generationof a
visual representationof the informationpresentin volumetricdata
sets. For scalar-valuedvolumedatatwo standardtechniques,the
renderingof iso-surfaces,and the direct volume rendering,have
beendevelopedto ahighdegreeof sophistication.However, dueto
the hugenumberof volumecells which have to be processedand
to the variety of differentcell typesonly a few approachesallow
parametermodificationsandnavigationat interactive ratesfor real-
istically sizeddatasets.To overcometheselimitationswe provide
a basisfor hardware acceleratedinteractive visualizationof both
iso-surfacesanddirectvolumerenderingon arbitrarytopologies.

Direct volumerenderingtries to convey a visual impressionof
the complete3D datasetby taking into accountthe emissionand
absorptioneffectsasseenby anoutsideviewer. Theunderlyingthe-
ory of thephysicsof light transportis simplifiedto thewell known
volumerenderingintegralwhenscatteringandfrequency effectsare
neglected[9, 10, 15,29]. A few standardalgorithmsexist for com-
putingtheintensitycontributionalongarayof sight,enhancedby a
widevarietyof optimizationstrategies[13, 15, 12, 4, 11]. But only
recently, sincehardwaresupported3D texturemappingis available,
hasdirectvolumerenderingbecomeinteractively feasibleongraph-
icsworkstations[2, 3, 30]. Weextendthisapproachwith respectto
flexible editingoptionsandadvancedmappingandrenderingtech-
niques.

Ourgoalis thevisualizationandmanipulationof volumetricdata
setsof arbitrary data type and grid topology at interactive rates
within oneapplicationon standardgraphicsworkstations.In this
paperwefocusonscalar-valuedvolumesandshow how to acceler-
atetherenderingprocessby exploiting featuresof advancedgraph-
icshardwareimplementationsthroughstandardAPIslikeOpenGL.
Our approachis pixel oriented,taking advantageof rasterization
functionality suchas color interpolation,texture mapping,color
manipulationin thepixel transferpath,variousfragmentandstencil
tests,andblendingoperations.In thisway we� extend volume rendering via 3D textures with respectto arbi-

trary clipping geometriesandexploit pixel texturesfor volume
renderingin sphericaldomains

� render shaded iso-surfaces at interactive ratescombining3D
texturesand fragmentoperationsthusavoiding any polygonal
representation

� accelerate volume visualization of tetrahedral grids employ-
ing polygonrenderingof cell facesandfragmentoperationsfor
bothshadediso-surfacesanddirectvolumerendering.
In the remainderof this paperwe first introducethe basiccon-

ceptof directvolumerenderingvia 3D textures.We thendescribe
our extensionfor arbitraryclipping geometries,andwe introduce
thepixel texturemechanismfor sphericaldomainsbereusedlater
on. Basicalgorithmsfor renderingshadediso-surfacesfrom regular
voxel gridswill bedescribed.Finally, weproposeageneralframe-
work for thevisualizationof unstructuredgrids.Someof theearlier
ideascanbeusedhereagain,but 3D textureshave to beabandoned
in favor of polygonrenderingof the cell faces. We concludeour
paperwith detailedresultsandadditionalideasfor futurework.



2 Volume rendering via 3D textures

When3D texturesbecameavailableon graphicsworkstationstheir
potentialbenefitin volumerenderingapplicationswassoonrecog-
nized[3, 2]. Thebasicideais to interpretthevoxel arrayasa 3D
texturedefinedover

�
0� 1� 3 andto understand3D texturemapping

asthe trilinear interpolationof the volumedatasetat an arbitrary
point within this domain. At the core of the algorithm multiple
planesparallelto theimageplaneareclippedagainsttheparametric
texturedomain(seeFigure1) andsentto thegeometryprocessing
unit. The hardware is thenexploited for interpolating3D texture
coordinatesissuedat the polygonverticesand for reconstructing
the texturesamplesby trilinearly interpolatingwithin the volume.
Finally, pixel valuesareblendedappropriatelyinto theframebuffer
in orderto approximatethecontinuousvolumerenderingintegral.

Figure1: Volumerenderingby 3D textureslicing.

Nevertheless,besidesinteractive framerates,in many practical
applicationsediting the datain a free and easyway is of partic-
ular interest.Althoughtexture lookuptablesmight bemodifiedin
orderto enhanceor suppressportionsof thedata,therelevantstruc-
turescanoftenbe separatedin a muchmoreconvenientandintu-
itive way by usingadditionalclipping geometries.Planarclipping
planesavailableascoreOpenGLmechanismsmaybeutilized,but
from theuser’s point of view morecomplex geometriesareneces-
sary.

2.1 Arbitrar y clipping geometries

A straightforwardapproachwhichis implementedquiteoftenis the
useof multiple clipping planesto constructmorecomplex geome-
tries.However, noticethatthesimpletaskof clippinganarbitrarily
scaledboxcannotberealizedin thisway.

Evenmoreflexibility andeaseof manipulationcanbeachieved
by takingadvantageof theper-pixel operationsprovidedin theras-
terizationstage.As we will outline, aslong asthe objectagainst
whichthevolumeis to beclippedis aclosedsurfacerepresentedby
alist of trianglesit canbeefficiently usedastheclippinggeometry.

The basicideais to determineall pixels which arecoveredby
the cross-sectionbetweenthe object and the actualslicing plane
(seeFigure2). Thesepixels, then,arelocked, thuspreventingthe
texturedpolygonfrom gettingdrawn to theselocations.

Thelocking mechanismis implementedexploiting theOpenGL
stencilbuffer test.It allowspixel updatesto beacceptedor rejected
basedontheoutcomeof acomparisonbetweenauserdefinedrefe-
rencevalueandthevalueof thecorrespondingentry in thestencil
buffer. Beforethetexturedpolygongetsrenderedthestencilbuffer
hasto be initialized in sucha way that all color valueswritten to
pixelsinsidethecross-sectionwill berejected.

In orderto determinefor a certainplanewhethera pixel is cov-
eredby across-sectionor notwerendertheclippingobjectin poly-
gonmode.However, sinceweareonly interestedin settingthesten-
cil buffer we do not alterany of the framebuffer values. At first,
anadditionalclippingplaneis enabledwhichhasthesameorienta-
tion andpositionastheslicingplane.All backfaceswith respectto
the actualviewing directionaredrawn, andeverythingin front of
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Figure2: Theuseof arbitraryclipping geometriesis demonstrated
for thecaseof a sphere.In regionswheretheobjectintersectsthe
actualslice the stencilbuffer is locked. The intuitive approachof
renderingonly the back facesmight result in the patternederro-
neousregion.

theplaneis clipped. Wherever a pixel would have beendrawn the
stencilbuffer is set. Finally, by changingthestenciltestappropri-
ately, renderingthetexturedpolygon,now, only affectsthosepixels
wherethestencilbuffer is unchanged.

In general,however, dependingon the clipping geometrythis
procedurefails in determiningthecross-sectionexactly (seeright-
mostimagein Figure2). Therefore,beforethetexturedpolygonis
renderedall stencilbuffer entrieswhich aresetimproperlyhave to
beupdated.Notice that in front of a backfacewhich waswritten
erroneouslythereis alwaysa front facedueto thetopologyof the
clipping object.Thefront facesarethusrenderedinto thosepixels
wherethestencilbuffer is setandthestencilbuffer is clearedwhere
apixel alsopassesthedepthtest.Now thestencilbuffer is correctly
initializedandall furtherdrawing operationsarerestrictedto those
pixelswhereit is setor viceversa.Of course,thestencilbuffer has
to beclearedin orderto processthenext slice.

Sincethis approachis independentof the usedgeometryit al-
lows arbitraryshapesto bespecified.In particular, it turnsout that
adaptive manipulationsof individual verticescanbehandledquite
easilythusproviding a flexible tool for carvingportionsout of the
datain anintuitiveway.

2.2 Spherical domains

Traditionally, 3D texture spaceis parameterizedover a Cartesian
domain.Becausethetextureis mappedto acube,all cross-sections
betweena sliceparallelto theimageplaneandthevolumestill re-
mainplanarin parametrictexturespace.As a consequenceit suf-
ficesto assigntexturecoordinateson a per-vertex basisandto bi-
linearly interpolatebetweenthemduringrasterization.

However, in many applicationsthe texturehasto be mappedto
domainswhicharenotCartesian.For instance,observe thatin geo-
scienceatmosphericdatais oftenparameterizedin sphericalcoor-
dinatesandmappedto thecorrespondingdomain.

Now 3D texturemappingbecomesdifficult becauseplanarslic-
ing planesaremappedto non-planarsurfacesin texturespace.No
longercanbilinearinterpolationonaper-vertex basisbeused.One
way to dealwith this limitation is to assigntexturecoordinatesfor
eachpixel separatelyrather than to interpolatethe valuesacross
polygons. With the pixel texgen OpenGLextensionavailableon
SGI Impactarchitecturesthis becomespossiblein a quiteefficient
way by giving the userdirect control of texture coordinateson a
per-pixel basis.

Pixel texturesarespecifiedin thesameway asstandard3D tex-
tures.Onceapixel texturehasbeenactivatedall pixel valueswhich
aredrawn from mainmemoryinto theframebuffer areinterpreted
astexture coordinatesinto this texture. At first, eachRGB color
triple is mappedto thetexture.Then,insteadof thecolorvaluesthe
interpolatedtexturevaluesaredrawn.


