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Abstract. Thedramaticallyincreasingsizeof polygonalmodelsresultingfrom
3D scanninglevicesandadwancedmodelingtechniquesequireew approaches
to reducethe load of geometrytransferandprocessing.In orderto supplement
methoddik e polygonreductionor geometrycompressiomwe suggesto exploit
the processingower andfunctionalityof therasterizatiorandtexture subsystem
of adwancedgraphicshardvare. We demonstratehat 3D-texture mapscan be
usedto rendervoxelized polygonmodelsof arbitrary compleity at interactive
ratesby extractingisosurficesfrom distancevolumes. Therefore,we propose
two fundamentaklgorithmsto limit the rasterizationoad: First, the modelis
partitionedinto a hierarchyof axis-alignedboundingboxesthatarevoxelizedin
an error controlledmulti-resolutionrepresentation Second rasterizationis re-
strictedto the thin boundaryregionsaroundthe isosurficerepresentinghe vox-
elizedgeometry Furthermorewe suggestnd simulatean OpenGLextension
enablingadwancedperpixel lighting and shading. Although the presentedp-
proachexhibits certainlimitations we considerit asa startingpoint for hybrid
solutionshalancingoadbetweerthegeometryandtherasterizatiorstageandwe
expectsomeinfluenceon futurehardwaredesign.

1 Introduction

Despitethetremendousttentionthatis currentlypaidto volumegraphicswe still find
polygonalmodelsdominatingthefield of interactve computergraphics.Recenthard-
wareadvancedroughtperformanceatesof about5 million texturedtrianglespersec-
ondto low priced PC graphicsadaptersand the developmentdoesnot seemto have
reachedts peak. Neverthelessare 3D scannerand advancedanimationsystemshe
sourceof modelscomposeaf millions of polygonswhich prohibitreal-timerendering
on eventhe mostexpensve high-endsystems Copingwith thatlevel of compleity is
still animportantfield of computergraphicsresearcrandthe investigatecapproaches
fall into threebroadclassesPolygonalsimplificationreduceshenumberof trianglesto
be usedin level-of-detailrepresentationsf smallor distantobjects.Misibility process-
ing eliminatespolygonswhich arenotin the viewing frustumor which are occluded
by otherobjectsbeforethey are sentdown the graphicspipeline. Texturing corveys
visualdetailwithin a polygonallowing largerandfewer trianglesto beusedin ascene.
While thefirst two approachesffloadvertex processindgrom the geometryengineto a
preprocessingtepin the CPU,doesthethird approactsubstitutegeometryprocessing
by rasterization.

Modern graphicsarchitecturedry to supportthe latter by increasingthe perfor
manceof the rasterizatiorand texturing subsystem Silicon Graphics’InfiniteReality
system[11] introducedvirtual texturesandefficient loadingand pagingof 64 MByte
texture memoryaswell asfill ratesof about800 million pixels per second. 3D PC
graphicsadapterdike Nvidia’s Riva TNT claim 180million pixelspersecondandpro-



vide fasttexture loadingthrougha AGP2X bus and single passmulti-texturing. Our
approachor renderinglarge polygonalmodels,which we presentn this paper tries
to exploit this tremendougprocessingpower in the rasterizatiorhardware. However,

insteadof working with 2D textures,we follow the ideasof volume graphics. That
meansratherthanreducingthegeometriaepresentatiom suchaway thatthenumber
of available primitivesstill approximateghe original datasuficiently, we aim in de-
velopinga volumetricmodelthat providesan alternatve approacHor therenderingof

comple polygonalmodels.

2 Overview and related work

The basicideaof volumegraphicsasintroducedin [2, 6, 7, 14] is to represengraph-
ics objectson a 3D rasterof volume primitives called voxels, thus repeatingthe 2D
transitionfrom vectorgraphicsto rastergraphicsnow in 3D. Oneof the advantageof
this techniqueis the decouplingof the renderingcomplexity from the compleity of
thegeometry It comesat the additionalcostof the 3D scancorversionof the objects
andtherelatedaliasingerrorsaswell asthe high memoryandprocessingiemandf
renderingthe voxelizedrepresentationwhich up to now limited the broadsucces®f
volume graphics. Interactive renderingof high resolutionvolumesbecamepractical
only recentlybasedon sophisticatedlgorithms[9], dedicatechardwarearchitectures
[8, 12] or 3D-textureslicing availablein mediumto high-endgraphicsworkstationg1].

Thebasicideaof texture-basedolumerenderings the compositingof planesper
pendicularto the viewing directionwith the planepixelstrilinearly interpolatedfrom
a 3D scalartexture andtransformedo RGBa by a lookup-uptable. It provedto bea
valuabletool for the visualizationof medicalandscientificdata,but thelack of light-
ing capabilitiesmadeit hardto renderobjectswith opaquesurfaces. However, using
thealphatest,the stencilbuffer anda few moreOpenGLextensionsijt turnedout that
isosurhicescanbe extractedfrom a volumeandrenderedwith diffuselighting asfast
astraditionaltextureslicing [15]. It is a slightly modifiedandextendedversionof this
methodthatwe usein our paperto rendershadegolygonalsurfaces.

In orderto transformtherenderingprobleminto aisosurficeextractiontaskwe have
to voxelizethepolygonalscendn aspecialway. Gibson[3] hasshowvn thattheinaccu-
raciesof surfacerenderinggrom intensity-baseglolumescanbeovercomeby meansof
distancanaps.Thedistance-to-closest-satefunctionvariessmoothlyacrossurfaces
andcanbe usedto determinethe surfaceasthe zero-\alueisosurficeof the distance
volumeandthe normalsfrom its derivatives. While therearemary othersophisticated
approachefor voxelizingmesheg2, 6] we follow aratherstraightforvardimplemen-
tationof distancenapssinceefficientvoxelizationis notamainconcerrof ourmethod.

Oneof the advantagef volumerenderingasopposedo isosurbiceextractionin
visualizationapplicationsis, that potentially every voxel will contritute to the final
imageandno volumetricinformationin betweersurfacesis lost. Thereforeit is usu-
ally no wasteof rasteriziationresourceghat the 3D texture slicing algorithmrenders
polygonswhich cover the entirevolume. This is no longertrue for volumerendering
of voxelizedpolygonalmodelsbecausén generatherearemary emptyvoxelsin the
boundingvolume of the entire object. We overcomethis problemby partitioningthe
sceneinto a hierarchyof axis-alignedboundingboxes. The efficient determinatiorof
boundingbox hierarchiess a widely investigatedoroblemin computergraphics,but
sinceit is notin the mainfocusof our approachye follow theideassuggestedh [4].
Having boundingboxesavailablethatprovide atight enclosingof a groupof polygons
we candramaticallydecreaséhe rasterizatiorload by slicing mary small 3D textures



with fewer emptyvoxelsinsteadof alargeone.

The setof boundingboxessenesfor a furtherimprovementin our approactsince
we do not have to voxelize with the sameresolutionin eachbox. Insteadwe startout
with a very coarsevoxelizationand determinethe approximatiorerror by estimating
the one-sidedHausdorf distancd5] of the isosurficeto the original polygonalrepre-
sentation.Only if the error exceedsa certainthresholddo we continuewith the next
finer resolution. Thus,we get coarse3D texturesfor very smoothsurfacesanda fine
resolutionfor highly curvedparts.However, we have to investsomeeffort to guarantee
continuityacrosseighboringooxes.

Althoughtheuseof boundingooxesasdescribediramaticallydecreasethenumber
of operationghat have to be performedin the rasterizatiorunit we still recognizea
considerablavasteof resources.Sincethe voxelizedmodelsare opaquethe distance
valuesinsidedo not contribute to the final imagebut have to be rasterizedaswell. In
orderto avoid the processingf structuresnsidethe modelwe developeda technique
particularlydesignedo renderthin boundaryregions.We constructwo coarsemeshes:
anouteronewhichentirelycoverstheoriginalmodelandaninneronewhichis enclosed
by it. Thenwetessellateheareabetweerthetwo meshesvithin eachslicing planeand
we renderonly thegeneratedriangles.In this way therasterizations restrictingto the
thin region aroundtheisosurbicethatrepresentthe voxelizedgeometry

Subsequenshadingis then performedin imagespaceimplementingthe lighting
evaluationsin softwareon a perpixel basis. Someevaluationsare alreadysupported
by the OpenGLimagingsubsetptherscouldbe efficiently accomplishedisinganpro-
posedOpenGLextension.Theoutlinedextensiorworksindependentlpf our volumet-
ric approachbut it enablesigh quality lighting andshadingevaluationson a perpixel
basisonly usinggradienttextures.

We now describethe organizationof the rest of the paper Section3 explains
the core algorithmwe developedto adaptvely cornvert polygonalmeshesnto multi-
resolutiondistancevolumes. Section4 focuseson the detailsof renderingthe models
by extractingisosurficesfrom the 3D textures. Finally, we presentsomeresultsand
draw someconclusions.

3 A volumetric mode for polygonal rendering

Justrecently 3D textureshave beenestablishe@gsfundamentatenderingprimitivesin
volumevisualization[1], but evenmoreimportantlythey have provedto beaneffective
tool for therenderingof isosurficeson a perpixel basistherebyavoiding any polygonal
representatiofiL5]. As aconsequencegreviouswork onthevoxelizationof polygonal
models[2, 7, 14] gainsa completelynew relevance. No longeris the renderingof
large scalevolumedatatoo slow to allow for interactive framerates,which up to now
prohibitedits breakthroughin practicalapplications.

However, theuseof voxelizedmodelsstill exhibits certainlimitationsdueto thefact
thatin generalthesemodelscontainlarge partscoveredwith redundaninformation,
i.e. emptyvoxelsasshovnin Figurel, which demandherasterizatiorhardwareto no
purpose.In orderto avoid the encodingandthusthe processingf emptyregionswe
proposeanadaptve voxelizationbasedn axisalignedboundingboxes.

3.1 Axisaligned bounding boxes

In [4] orientedboundingboxeshave beenintroducedfor fastandrobust collision de-
tectionbetweerarbitrarypartsof complex scenesThe constructiorof a boundingbox



Fig. 1. Theleft two imagesdemonstratsparse/olumetricrepresentationasthey usuallyresult
from voxelizing polygonalmodels.Theright two imagesshav axisalignedboundingboxesfor
differentmodels.

hierarchyallows for efficient determinatiorof interferencesy recursvely traversing
theunderlyingtreestructure.Although orientedboundingboxesprovide muchtighter
boundsfor theenclosedbjectscomparedo axisalignedboundingboxes(AABB) we
arenot surewhetherthis kind of representatioigan be effectively integratedinto our
approactdueto reasonglescribedateron.

As a consequenceur partitioning stratgy is actually restrictedto axis aligned
boundingboxes, but it slightly differs from the one proposedn [4]. During the top-
down constructionof the hierarchicaldatastructurewe split eachbox that contains
morethana givennumberof primitivesinto two smallerboxeseachof themenfolding
adisjunctsubsebdf theprimitives.In orderto keepthe spacecoveredby adjacenboxes
assmallaspossiblewe chooseadividing planethatis orthogonato themainaxisalong
the largestdimensionof the AABB (cf. Figurel) insteadof selectingthe axisthatis
orthogonalo thelargesteigervectorof the covariancematrix.

In the actualimplementation however, we do not considerthe hierarchicaltree
structure. Although the entire hierarchyis generatednly a particularlevel is used
furtheron.

3.2 Distancevolumes

Oncetheunderlyingdomainhasbeenpartitionedinto anumberof axisalignedbound-
ing boxeswe startbuilding our volumetricmodel. Eachpartitionis corvertedinto a
scalarvolumeconsistingof thedistance-to-closest-sadefunctionat every grid point.
A detaileddescriptionof the fundamentaklgorithmsto voxelize surfacesandto en-
codepolygonaldescriptionsn volumedataby meanf distancemapscanbefoundin
[2, 3, 6, 14] andwill notbediscussedh thiswork.

Someof the nice featuresdistancemapsoffer are the smoothvariationof the in-
ternalrepresentatioacrosssurfacestheencodingof the original surfacemodelby the
zero-aluesandthelow variationof surfacegradientsalculatedrom thedistancemap.
3D distancevolumesghusoffer anattractive alternative to encodepolygonalmeshesn a
volumetricrepresentatioatthesametime allowing for thequiteoptimalreconstruction
of the corvertedmodels.Puttingtogetheristancevolumesandaxis alignedbounding
boxeswe arenow ableto adaptvely convert arbitrary polygonalscenesnto volumet-
ric modelsthus considerablyreducingthe memoryrequirement&ndthe rasterization
operationgo be performed.



Fig. 2. Theterrainmodelwascorvertedinto asigneddistancevolumeconsideringlifferenterror
tolerancesFor theright modelthe Hausdorf distancebetweerthereconstructedsosuraceand
theoriginal onewasbelav 5% of the maximalheightof theterrain.

3.3 Error controlled voxelization

In thisparagraphvewill addressheproblemof accuratelyencodingheoriginal polyg-
onalrepresentatiom a distancevolume. Obviously, the accurag by whichthe scene
can be reconstructedlependson the geometry e.g. the curvatureof the underlying
mesh,andtheresolutionof thegeneratedlistancemap.

Although onecould think abouta theoreticalinvestigationof the relationbetween
the curvatureandthe voxel size necessaryo adequatelyeconstructhe surfacefrom
its voxelizedcounterpartthis approactseemgo berathercumbersomeueto theless
intuitive meaningopf the curvatureandthefactthatit is quitedifficult to obtainadequate
cunvatureboundsin advancefor arbitrarymeshes.

A moreintuitive andstablealgorithmto computea measurdor the maximumde-
viation of the approximatingmeshfrom the original oneis basedon the estimationof
theone-sidedHausdorf distancebetweerthetwo meshesBy calculatingthe maximal
distancebetweenverticeson onemeshandtrianglesof theotheronewe obtainanintu-
itive upperboundfor theintroducedapproximatiorerror. Althoughthe calculationof
the one-sidedHausdorf distanceis numericallyintensve it canbe easilyintegratedin
ourvolumetricapproach.

At the beginning of the voxelization processwe start out with a coarsevolume
resolutionandwe computethe signeddistancevaluesfor eachgrid point. In orderto
efficiently performthe calculationof the maximaldistancebetweerthe original mesh
andthe newly generatedne we exploit the fact that the isosuraice passingthrough
the volume can be extractedseparatelyfor eachcell by a Marching Cubesalgorithm
[10]. For eachvertex ontheoriginalmeshall volumecellswithin the desiredmaximal
deviation aretraversed. If the minimal distancebetweenthe vertex andthe triangles
generatedby the MarchingCubesalgorithmis above thetoleranceor if no surfacewas
foundthe procedurestopsandthe voxelizationis performedon the next finer grid (see
Figure2).

3.4 Multi-resolution representation

In generalt mightoccurthatthevolumeresolutionin adjacenboxeswill differ because
partsof the geometryhave beenvoxelized accordingto differenterror tolerancesor
becauseegionswith high oscillationshave beenseparatedtom rathersmoothones.In
orderto guarante€ontinuougransitionssomeextra effort hasto bemade.

For example,in Figure3 two cellsfrom differentresolutionlevelsaresupposedo
shareoneboundaryface. Althoughboth cells consistof the samevaluesat the corner



verticesthe continuity of the scalarfield doesnot in generalguarantedhe continuity
of theisosurhceif extractionis performedon differentlevels. This canclearlybeseen
from the factthattheisocune on the commonfaceis approximatedy a straightline
fromthecoarsesidewhileit is abrokenline with severalsegmentsonthefinerside.To
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Fig. 3. Left: cracksin thepiecaviselinearapproximatiorto theisosurbiceoccuratcommoncell
faceswherecells from differentoctreelevels meet— evenif edge-compatibilityis guaranteed.
Right: the voxelizationprocesss performedwith varying resolution. Fromthe tail to the head
the horsehasbeencorvertedinto distancevolumeswith decreasingesolution. Threedifferent
resolutionlevelswereused.

maintaina continuousscalarfield evenif theextractionlevel changesthe scalarvalues
at thosecell faceswherea level transitionoccursare properly adjusted:Wheneer a

cell is adjacentto a coarserevel cell, the datavalueson the cell edgesare linearly

interpolatechetweerthevoxel valuesatthecoarsetevel. Thedistancgunctionfor the
midpoint,however, hasto berecalculatedh orderto obtainthesamesurfaceoneitherof

bothsides.This caneasilybe achiezed by consideringheline equationobtainedrom

theintersectiorwith the coarsercell edgesandthealreadyinterpolateddatavalues.

If we allow for the resolutionbetweenadjacentdistancevolumesto only differ
abouta factorof two we canalwaysguarante@ continuougransition.A hugeamount
of memorycanbesaredby adjustinghevolumeresolutionwith respecto thegeometry
of thedatato bevoxelizedor if aLOD representatiors desired(i.e. Figure3).

4 Rendering surfacesfrom distance volumes

Oncethe volumetric model consistingof the distance-to-closest-sadefunction has

beencreatedts usein practicalapplicationsstill depend®nhow fastit canberendered.
Sincein thevoxel datathe original meshis representetly theisosurficeat zero-\alue,

for aparticularview it is sufiicientto re-samplehevolumealongthelinesof sightand

to determinghefirst samplewheretheisovalueis hit.

4.1 Volumere-samplingvia 3D textures

Most efficiently the re-samplingof large scalevolume datacan be accomplishedy
exploiting 3D texture mappinghardware that allows for the interpolationof texture
samplesvith aboutsomehundredViOpspersecondn high-endgraphicsvorkstations.
Althoughat this time hardwareaccelerate@®D texture mappingis only supportedn a



few particulararchitecturesve expectthesamefunctionalityto beavailableonlow-end
architecturedik e PCsin the nearfuture.

The key ideain volumerenderingvia 3D texture mapsis to re-samplethe data
on clipping planesthat are orientedorthogonalto the viewing planeandto blendthe
resultsappropriateh{1]. By only slightly modifying this approacht canbe employed
to renderlighted isosurfices[15]. Eachdistancevolume hasto be corvertedinto a
RGBa texture, which storesthe gradientcomponentsaind the distancevaluesasthe
scalarmaterialvaluesin the color channelsandthe alphachannelrespectiely. Note
thatall componenthave to be properlyscaledandtranslatedo therange(0,1)in order
to fit into theinternaltextureformat.

By slicing thetexture in front-to-backorderandby exploiting the OpenGLalpha-
testandthe depth-testt is guaranteedhatonly thefirst hit with theisosurfceis ren-
deredinto the framebuffer. Finally, the gradientcomponentandthe distancevalueof
the surfacepointsareresidentin the pixel values. The diffusely lighted surfacepoints
(cf. Figure4) are obtainedby multiplying eachpixel value with a 424 matrix. The
matrix is initialized in orderto transformthe gradientshackto therange(-1,1), to ro-
tatethemwith respecto the rotationalpart of the modelview matrix andto perform
the calculationof the inner productwith the light direction. The matrix multiplication
is accomplishedy a singleperpixel copy operationwith a properlyinitialized color
matrix.

Fig. 4. All imagesshav theisosurficeat zerodistancerenderedvith aninter-slice distanceof
onevoxel. Notethattheisosurbicewon't be hit exactly, but thatwe canarbitrarily decreas¢he
inter-slicedistancen orderto getmoreaccurateesults.

Themajorbenefitof thisapproaclis thatarny polygonalrepresentatiois completely
avoidedat run-time. Thusthe compleity of therenderingprocesss rasterboundand
doesnot dependon the compleity of the surfaceto be reconstructedHowever, there
arestill afew problemshathave to beaddressed.

4.2 Renderingthin boundary regions

Althoughin the proposedramenork we areonly interestedn re-samplinghetexture
aroundthe isosurbiceat zero distancea huge numberof operationss performedin
regionsthatdo notrepresenthesurface.Boundingboxesasintroducedalreadyhelpto
make theseregionssmallerby definingtight boundsaroundthe object,but thetextureis
alsorenderednsidetheobjectalthoughthereconstructedamplesonsistof redundant
information.



Consequentlythe re-samplingshouldbe restrictedto the thin region aroundthe
isosurficeat zero-distance Thereforewe needto find two approximatingmeshedor
whichthe minimal deviation from the original oneis above a certaintoleranceput one
of them completelycoversandthe otheroneis completelyenclosedoy the original
model. Thenthe region betweenthe two meshesexactly coversthe relevant texture
samples.

Again, from the volumetricrepresentatioy meansof distancevaluesthesetwo
mesheganbereconstructeth a quite efficientway. Let usconsiderthe originalmesh
to be scan-comertedinto a signeddistancerepresentatiomat a very coarseresolution.
In generalthe original surfacecannotbereconstructegroperlydueto theinsuficient
resolutionof the underlyinggrid. Neverthelessthe approximatingneshesanbere-
constructingfrom the distancevolume accordingto differentisovalues. If the voxel
sizeis supposedo be one,thenthetwo surfacesencodedy distancevaluesl and—1
complywith the requirementsWe reconstructhesesurfacesby meansof the March-
ing Cubesalgorithmbut we placeverticeson the edgemidpoints.Thusthe surfacewill
mostlikely to be consistingof mary planartrianglesthat canbe collapsedn orderto
effectively decimateghe meshegseeFigure5).

N7

Fig. 5. Theillustrationson the left demonstratethe shapeof the two approximatingneshegor
thebunry model. In themiddle,for a particularslice the region betweerthe outermeshandthe
inneronehasbeentessellated.

4.3 Clipping and tessellation

Oncethe two approximatingmesheshave beenconstructedhe boundaryregion be-
tweenthemneeddo betessellatedIn general this canbe accomplishedn two ways:
in a preprocessingtepby approximatingthe region by 3D primitives, e.g. cubesor
tetrahedraasin the SGI-\blumizer[13], orin turnduringrenderingoy tessellatinghe
contourgthatresultfrom clipping both mesheswith the slicing planes(seeright image
in Figure5).

In ourimplementatiorwe chosethe latteronesincewe foundit attractize to inherit
thevarioustechniqueslreadydevelopedfor the efficient handlingof trianglemeshes.
We proceedy calculatingthe sectionapolygonswith the outerandtheinnermeshfor
eachslicing plane. This yield pairsof contours,oneinsidethe other For thetessella-
tion of theboundaryregion we utilized the OpenGLtessellationutilities for computing
trapezoidatlecompositionsf concae polygonswith multiple holes.

We further exploit an active edgedatastructureincluding topologicalinformation
thatallows usto efficiently find thosetrianglesof theapproximatingnesheghatinter-
sectwith a certainclipping plane.Initially, oncethetwo mesheave beenconstructed,
to eachvertex the appropriatéexture coordinates assignedyhich hasto be usedto
texturethe newly generatedriangles.Theintersectiorprocedurghusinterpolatesier
tex positionsandtexture coordinates.



In casethatmultiple innerandoutercontoursaregeneratear the outercontouris
encloseddy theinneronea simplein-out testyieldsthe appropriatgairsto be tessel-
lated. Note thatself-intersectingontourscannotoccurdueto theway they arerecon-
structedrom thedistancevolume.

With thesemodificationson handwe are now preparedo considerablydecrease
the load in the rasterizatiorunit. Only thoseregionsthat are closeto the isosurfice
atzero-distancarere-sampledy renderingthe appropriatdriangles.Concerninghe
overheadthat is spentto generatesectionalcontoursand to tessellatethe boundary
regionwewill shav in theresultssectionthatthisdoesnt effecttheoverallperformance
noticeable At this pointlet usjust summarizehatthe useof distancevolumesallows
usto generatehe approximatingneshesn a coarsaesolutionwith asfew trianglesas
desired.

4.4 Rendering multiple distance volumes

Althoughmultiple axis aligneddistancevolumescanberenderedn randomorderdue
to thedepthcomparisorof fragmentsomeadditionalissueshave to be considered:
Alignment: Whenadjacentoundingboxesare not coherentlyalignedto eachother
thereconstructiomprocessio longerguaranteesontinuoudransitions However, if the
resolutionof eachdistancesolumeis constrainedo beamultiple of aninitial sizeAy
we canquite easilyachieve that cells from adjacentvolumesalways coincideby just
translatingandscalingthe boundingbox appropriately Now theinterpolationmethod
will alwaysyield the sameresultswhereboundingboxesoverlapor sharea common
edge.Notethatboxesmusthave anoverlapof atleastonevoxel dueto thetreatmenof
texture boundariedy OpenGL.Thereforeboundingboxesareappropriatelyscaledin
adwance.

Slicing: In orderto continuouslyre-samplehe surfaceat boundingbox transitionsit
is necessaryo choosea uniqueinter-slicedistanceAs for thetexture basedendering.
However, sinceslicesusedto re-samplalifferentvolumesusuallydo not coincidewe
constraintheir positionin sucha way thatthey arealwaysin a distancek - As, k €
Z, from the viewing plane. This strategy allows for the reconstructiorof continuous
surfacesevenif amulti-resolutionrepresentatiohasto berendered.

We shouldalsomentionthatfor eachboundingbox thetwo approximatingneshes
for theincludedgeometrnhave to be constructedin orderto applythe proposedessel-
lation stratgly we have to guarante¢hata closedsurfaceis maintainecattheboundary
faces.This is accomplishedby clipping the entire meshwith the boundingboxesand
by re-tessellatingpy meansf the outlinedtechnique.

45 Per-pixd lighting and shading

Hardwareaccelerategerpixel shadingasproposedn [15] only allows for up to three
diffuselight sources.In general,however, in orderto simulaterealisticlighting and
shadingeffectsa moresophisticatedighting modelshouldbe provided.
Remembethat whenthe renderingprocessvia 3D textureshasbeenfinishedthe
normalizedandproperlytransformedyradientsarecontainedn thepixel components.
Insteadof performinglighting calculationson apervertex or perfragmentbasisbefore
fragments are dravn to the frame buffer we propose an OpenGL extension
glShadePixelEX{min, Ymin, Xmax Ymax Mal), which enablegerpixel shadingthusde-
couplingthe compleity from the scenecompleity. A chunkof pixel valuesis read
from the color buffer, thenit is multiplied with the matrix matandthe resultingvalues



areinterpretedasperpixel normalsfor which standarddpenGLlighting is performed.
Colorvaluesgeneratedh this way aredrawvn backinto the color buffer.

Although this extensionis actually not available we simulateit in software. The
appropriatepixels arereadinto main memory Therebythe color matrix is initialized
with matin sucha way thatthe componentsn main memoryrepresenthe correctly
rotatedgradientsn therange(0,1). We now retrieve the currentOpenGLstate perform
thelighting calculationsandwrite the resultsbackinto the color buffer.

Obviously, the software simulationis ratherinefficient, but on the otherhandwe
shouldnotethatlighting calculationsareentirely performedon a perpixel basis.Thus
thecomplity doesnotdependnthecompleity of thesceneandscalesonly with the
imageresolution. Theimagesin Figure8 outline the resultsof simulatingthe Phong
lighting modelusingtheproposedlgorithm.

5 Resultsand Analysis

In this sectionwe show resultsfor differentmodelsandwe analyzesomeof the main
featuresof our approach.All testswererun on a SGI Onyx2 BaseRealitywith one
R10000,195MHz processqr64 MB texturememoryand256 MB mainmemory
Table1 shavs detailedresultsof the proposedadaptye voxelizationtechniquewith
respectto memoryrequirementsrenderingcompleity andframerates. The models
we compareo eachotherareillustratedin thetop row of Figure6. Theapproximation
erroris givenwith respecto thelongestaxisof themodelsboundingbox. Theadaptie
tessellationtechniquevasnot usedin theseexamples.

Tablel: Modelcharacteristicapemoryuseandtimingsfor differentpolygonalmodels

| | dino | car | horse]

#Triangles 110K | 150K | 210K
#BBoxes 16 128 16
Preprocessingmin) 11 1.6 2.1
Memoryuse 3MB | 6MB | 9MB
HausdorfDistance || <1% | <2% | < 1%
Framegersec 8.8 6.8 5.7
#Renderedriangles|| 1.0K | 1.6K | 2.3K

We obsere that for all examplesthe memoryuseis moderatecomparedto the
amountthatis originally occupiedby the polygonalrepresentationi-or example,stor
ing the horsedatasetasa triangle meshwithout ary topologicalinformation would
requireapproximatelys MB. Althoughin the presentedexamplesour adaptve vox-
elizationstratgy roughly needstwice this amountwe expectto achiese considerably
betterresultsif we further increasethe numberof boundingboxes. Additionally we
have to considerthattighter boundingvolumeswill obviously resultin lessoperations
to be performedn therasterizatiorunit, but thatthe CPUwill beloadedmoreheaily
in orderto clip the slicing planes. In the demonstrate@xamples,however, this time
wasngyligible comparedo the overall renderingtimes.

Also from Table 1 it canbe obsened that our approachis still slover than pure
polygonrendering.Thislossin therenderingperformanceanbe explainedby thefact
thatalthoughwe alreadydid considerablyeducethe numberof operationgo be per
formedin therasterizatiorunit the capacityof therasterizatiorhardwarestill prohibits
moreoptimalframerates.
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The lastrow of Table 1 shoulddemonstratéhe gainsof our methodin termsof
theload in the geometryunit in moredetail. Note that only the polygonsthat result
from clipping the slicing planesagainstthe boundingboxeshave to rendered. As a
consequencenly about1% of the original numberof primitiveshadto be corverted
into fragmentsandfinally displayed.In this way we effectively decouplehe geometry
unit from the compleity of the underlyingmesh,which we seeas one of the most
challengingfeaturego beconsideredn thedesignof futuregraphicshardware.

In orderto demonstratéhe improvementghat canbe achieved by integratingthe
proposecdhdaptve tessellatiortechniquefor the horsedatasetwe constructedhe ap-
proximatingmeshessillustratedin Figure7. Theoutermeshconsistsof 420triangles
andthe inner one of 266 triangles. Renderingwas performedusing 200 slices. The
calculationof intersectiomointsandthe tessellatiorof the sectionakontourstook ap-
proximately0.1seconds.

Sincere-samplingis effectively restrictedto the thin boundaryregion aroundthe
surfacewe saved about85% of the rasterizatioroperations.The framerateswerein-
creasedaccordingly from 5.7 fps up to 8.8 fps. The additionalnumberof triangles
introducedby tessellatinghe boundaryregionwas9.3K. Still, thisamountis consider
ably smallerthanthe original numberof trianglesto be renderedbut at the sametime
therasterizatioroadis dramaticallyreduced.

Finally, theimagesn Figure8 illustratetheresultsof perpixel shadingsimulatedn
software. For a 500x500viewportit took roughly 0.3 seconddo readthe pixel values,
to performthe lighting calculationsandto write the shadedpixels backinto the color
buffer. We shouldnotethatevenwithout constructinga boundingbox representation
the rasterizatiorioad for the renderingof the dragondatasetswas reducedof about
76%usingthetessellatiortechnique.

6 Conclusion

We have presented generalapproachthatdemonstratehow large polygonalmodels
canberenderedrom avolumetricrepresentatiowith significantlyreducedyeometry
transferandprocessingAlthoughtherearesomedeficitsof our approach:

¢ Coloredmodelscanonly berenderedy a two-passalgorithm,the renderingof
surfacetextureis notyetworkedoutbut maybenefitfrom multi-texturefunction-
ality thatwill be availablesoon.

¢ Realisticlighting effect have to be simulatedin software including expensve
framebuffer access.

e Theapproachs restrictedo staticscenesinceit requiresagreatdealof prepro-
cessing.

e Sharpedgesanonly bemodeledby dramaticallyincreasingheresolutionof the
volumetricrepresentation.

we are corvincedthatthe ideaswe presenteatould be influential for future graphics
algorithmandhardwaredevelopments:

¢ We have demonstratethat thereare new challengesandapplicationsn which
3D texturescanbe usedeffectively. Sofar, the useof volumetextureswasmore
or lessexclusively limited to volumerenderingapplications.

¢ Theproposeddaptvetessellatioiechniquehasgreatinfluenceon volumevisu-
alizationalgorithmssinceit allows oneto reducerasterizatiorioad by focusing
ontherelevantparts.
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o We believethatsomeof the describedimitationscanbe overcomeby evenfaster

accesdo texturesandadwancedeaturedik e single-passnulti-texturing.

¢ With dedicatedvolume graphicsboardsbeing announcedve expectnew rele-

vancefor all voxel algorithmsandwe areinvestigatingvaysof performinghard-
wareaccelerategoxelization.

¢ With dedicatedgraphicsboardsenablinghardware supportedperpixel shading

we believethatourapproachmight streamlineanimportantfuturedirectionlead-
ing to graphicsarchitectureshatrendemormalsascolor valuesissuedon a per
vertex basisandperformthelighting andshadingcalculationsn imagespace.

¢ We will considerhybrid approachesvheretheloadis balancedn betweerthe

geometrystageandthe rasterizatiorstageby renderingLOD representationsi-

ther as polygonalor as volumetric models. For example,in meshdecimation
high resolutionapartswith low curvaturecouldberenderedrom the volumetric
representatiowhile high curvaturepartsarestill renderedastriangles.
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Fig. 6. Differentpolygonalmodelshave beenconvertedinto setsof distancevolumes
(bottomrow) andrenderedria 3D textures(top row).

A

Fig. 7. The outerandthe inner meshusedto renderthe thin boundaryregion around
thesurfaceof thevoxelizedhorsedataset.

Fig. 8. The shadingof voxelizedmodelson a perpixel basisusingPhongs illumina-
tion model.



