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Abstract

OpenGLandits extensionsprovide accesgo adwancedperpixel
operationsavailable in the rasterizationstageand in the frame
buffer hardware of modern graphicsworkstations. With these
mechanismg;ompletelynew renderingalgorithmscanbedesigned
andimplementedn a very particularway. In this paperwe extend
theideaof extensiely usinggraphicshardwarefor therenderingof
volumetricdatasetsin variousways. First, we introducethe con-
ceptof clipping geometriedby meansof stencilbuffer operations,
andwe exploit pixel texturesfor the mappingof volume datato
sphericaldomains.We shav waysto use3D texturesfor theren-
deringof lighted and shadedso-surficesin real-timewithout ex-
tractingary polygonalrepresentationSecondwe demonstratéhat
even for volume dataon unstructuredyrids, whereonly software
solutionsexist up to now, bothmethodsjso-suraceextractionand
directvolumerenderingcanbeacceleratetb new ratesof interac-
tivity by simplepolygondrawing andframebuffer operations.

CR Categories: 1.3.7 [ComputerGraphics]: Three-Dimensional
GraphicsandRealism—&raphics Hardware, 3D Textures, Volume
Rendering, Unstructured Grids

1 Introduction

Overthepastfew yearsworkstationsvith hardwaresupportfor the
interactve renderingof complex 3D polygonalscenesconsisting
of directly lit andshadedriangleshave becomewidely available.
Thelasttwo generationsf high-endgraphicsworkstationq1, 17],
however, besidesproviding impressie ratesof geometryprocess-
ing, alsointroducechew functionalityin therasterizatiorandframe
buffer hardware, lik e texture and ervironmentmapping,fragment
testsand manipulationaswell asauxiliary buffers. The ability to
exploit thesefeaturesthroughOpenGLandits extensionsallows
completelynew classesf renderingalgorithmsto be developed.
Anticipating similar trendsfor the more advancedimaging func-
tionality of todayshigh-endmachinesve areactiely investigating
possibilitiesto acceleratexpensve visualizationalgorithmsby us-
ing theseextensions.
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In this paperwe are dealingwith the efficient generationof a
visualrepresentatioof the informationpresenin volumetricdata
sets. For scalarvaluedvolume datatwo standardechniquesthe
renderingof iso-surbices,and the direct volume rendering,have
beendevelopedto a high degreeof sophisticationHowever, dueto
the hugenumberof volume cells which have to be processednd
to the variety of differentcell typesonly a few approachesllow
parametemodificationsandnavigationatinteractve ratesfor real-
istically sizeddatasets. To overcometheselimitationswe provide
a basisfor hardware acceleratednteractive visualizationof both
iso-surbicesanddirectvolumerenderingon arbitrarytopologies.

Direct volumerenderingtries to corvey a visual impressionof
the complete3D datasetby takinginto accountthe emissionand
absorptioreffectsasseerby anoutsideviewer. Theunderlyingthe-
ory of the physicsof light transports simplifiedto thewell knovn
volumerenderingntegralwhenscatteringandfrequeny effectsare
negylected[9, 10, 15,29]. A few standardhlgorithmsexist for com-
putingtheintensitycontritution alongaray of sight,enhancedby a
wide variety of optimizationstratgies[13, 15, 12, 4, 11]. Butonly
recently sincehardwaresupporte®D texturemappings available,
hasdirectvolumerenderingoecomenteractively feasibleongraph-
icsworkstationd2, 3, 30]. We extendthis approactwith respecto
flexible editingoptionsandadvancedmappingandrenderingtech-
niques.

Ourgoalis thevisualizatiorandmanipulatiorof volumetricdata
setsof arbitrary datatype and grid topology at interactie rates
within one applicationon standardgraphicsworkstations. In this
papeme focuson scalarvaluedvolumesandshav how to acceler
atetherenderingorocesy exploiting featuresof advancedgraph-
icshardwareimplementationshroughstandardiPlIslike OpenGL.
Our approachis pixel oriented,taking adwantageof rasterization
functionality such as color interpolation, texture mapping, color
manipulatiorin thepixel transfempath,variousfragmentandstencil
tests,andblendingoperationslin thisway we

e extend volumerendering via 3D textureswith respecto arbi-
trary clipping geometriesand exploit pixel texturesfor volume
renderingn sphericadomains

e render shaded iso-surfaces at interactve ratescombining3D
texturesand fragmentoperationgthus avoiding ary polygonal
representation

e accelerate volume visualization of tetrahedral grids employ/-
ing polygonrenderingof cell facesandfragmentoperationgor
bothshadedso-surhcesanddirectvolumerendering.

In the remainderof this paperwe first introducethe basiccon-
ceptof directvolumerenderingvia 3D textures. We thendescribe
our extensionfor arbitrary clipping geometriesandwe introduce
the pixel texture mechanisnfor sphericaldomainsbe reusedater
on. Basicalgorithmsfor renderingshadedso-surcesrom regular
voxel gridswill bedescribedFinally, we proposea generaframe-
work for thevisualizationof unstructuredrids. Someof theearlier
ideascanbeusedhereagain,but 3D textureshave to beabandoned
in favor of polygonrenderingof the cell faces. We concludeour
papemwith detailedresultsandadditionalideasfor futurework.



2 Volume rendering via 3D textures

When3D texturesbecameavailableon graphicsworkstationgheir
potentialbenefitin volumerenderingapplicationsvassoonrecog-
nized[3, 2]. Thebasicideais to interpretthe voxel arrayasa 3D
texture definedover [0, 1]3 andto understanD texture mapping
asthetrilinear interpolationof the volume datasetat an arbitrary
point within this domain. At the core of the algorithm multiple
planegarallelto theimageplaneareclippedagainstheparametric
texture domain(seeFigurel) andsentto the geometryprocessing
unit. The hardwareis thenexploited for interpolating3D texture
coordinatedssuedat the polygon verticesand for reconstructing
the texture samplesby trilinearly interpolatingwithin the volume.
Finally, pixel valuesareblendedappropriatelynto theframebuffer
in orderto approximatehe continuoussolumerenderingntegral.

Figurel: Volumerenderingoy 3D textureslicing.

Neverthelesshesidednteractve framerates,in mary practical
applicationsediting the datain a free and easyway is of partic-
ular interest. Althoughtexture lookup tablesmight be modifiedin
orderto enhancer suppresgortionsof thedata therelevantstruc-
turescanoften be separatedh a muchmorecorvenientandintu-
itive way by usingadditionalclipping geometries Planarclipping
planesavailableascore OpenGLmechanismsnay be utilized, but
from the users point of view morecomplex geometriesareneces-

sary

2.1 Arbitrar y clipping geometries

A straightforvardapproactwhichis implementedjuiteoftenis the
useof multiple clipping planesto constructmorecomple geome-
tries. However, noticethatthe simpletaskof clipping anarbitrarily
scaledbox cannotberealizedin this way.

Evenmoreflexibility andeaseof manipulationcanbe achiered
by takingadwantageof the perpixel operationgprovidedin theras-
terizationstage. As we will outline, aslong asthe objectagainst
whichthevolumeis to beclippedis aclosedsurfacerepresentetly
alist of trianglesit canbeefficiently usedasthe clipping geometry

The basicideais to determineall pixels which are coveredby
the cross-sectiorbetweenthe object and the actualslicing plane
(seeFigure2). Thesepixels,then,arelocked, thuspreventingthe
texturedpolygonfrom gettingdrawvn to theselocations.

Thelocking mechanisms implementedxploiting the OpenGL
stencilbuffer test. It allows pixel updateso beacceptedr rejected
basednthe outcomeof acomparisorbetweera userdefinedrefe-
rencevalueandthe value of the correspondingntryin the stencil
buffer. Beforethetexturedpolygongetsrenderedhe stencilbuffer
hasto be initialized in sucha way thatall color valueswritten to
pixelsinsidethe cross-sectiomwill berejected.

In orderto determinefor a certainplanewhethera pixel is cov-
eredby across-sectionr notwe rendertheclipping objectin poly-
gonmode.However, sincewe areonly interestedn settingthesten-
cil buffer we do not alterary of the frame buffer values. At first,
anadditionalclipping planeis enabledvhich hasthe sameorienta-
tion andpositionastheslicing plane.All backfaceswith respecto
the actualviewing directionaredrawvn, andeverythingin front of

Figure2: Theuseof arbitraryclipping geometriess demonstrated
for the caseof a sphere.In regionswherethe objectintersectshe
actualslice the stencilbuffer is locked. The intuitive approactof
renderingonly the back facesmight resultin the patternederro-
neousregion.

theplaneis clipped. Wherever a pixel would have beendravn the
stencilbuffer is set. Finally, by changingthe stenciltestappropri-
ately renderinghetexturedpolygon,now, only affectsthosepixels
wherethe stencilbuffer is unchanged.

In general,however, dependingon the clipping geometrythis
procedurdails in determiningthe cross-sectiomxactly (seeright-
mostimagein Figure?2). Therefore beforethetexturedpolygonis
renderedall stencilbuffer entrieswhich aresetimproperlyhave to
be updated.Notice thatin front of a backfacewhich waswritten
erroneoushthereis alwaysa front facedueto the topologyof the
clipping object. Thefront facesarethusrenderednto thosepixels
wherethestencilbuffer is setandthe stencilbuffer is clearedvhere
apixel alsopasseshedepthtest. Now thestencilbuffer is correctly
initialized andall furtherdrawing operationsarerestrictecto those
pixelswhereit is setor vice versa.Of coursethestencilbuffer has
to beclearedn orderto procesghenext slice.

Sincethis approachs independenbf the usedgeometryit al-
lows arbitraryshapego be specified.In particular it turnsoutthat
adaptve manipulationf individual verticescanbe handledquite
easilythusproviding aflexible tool for carvingportionsout of the
datain anintuitive way.

2.2 Spherical domains

Traditionally 3D texture spaceis parameterizeaver a Cartesian
domain.Becausehetextureis mappedo acube all cross-sections
betweena slice parallelto theimageplaneandthe volumestill re-
main planarin parametridexture space.As a consequenci suf-
ficesto assigntexture coordinaten a pervertex basisandto bi-
linearly interpolatebetweerthemduringrasterization.

However, in mary applicationsthe texture hasto be mappedo
domainsvhicharenot CartesianFor instancepbsere thatin geo-
scienceatmospherialatais often parameterizeth sphericalcoor
dinatesandmappedo the correspondinglomain.

Now 3D texture mappingbecomedlifficult becauselanarslic-
ing planesaremappedo non-planaisurfacesin texture space.No
longercanbilinearinterpolationon a pervertex basisbeused.One
way to dealwith this limitation is to assigntexture coordinategor
eachpixel separatelyratherthanto interpolatethe valuesacross
polygons. With the pixel texgen OpenGLextensionavailable on
SGI Impactarchitectureshis becomegossiblein a quite efficient
way by giving the userdirect control of texture coordinateson a
perpixel basis.

Pixel texturesarespecifiedn the sameway asstandard@D tex-
tures.Oncea pixel texturehasbeenactivatedall pixel valueswhich
aredravn from main memoryinto the framebuffer areinterpreted
astexture coordinatesnto this texture. At first, eachRGB color
triple is mappedo thetexture. Then,insteadof thecolorvaluesthe
interpolatedexturevaluesaredrawn.



