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RüdigerWestermann,OveSommer, ThomasErtl
Universityof Utah,Universityof Stuttgart

Abstract. Thedramaticallyincreasingsizeof polygonalmodelsresultingfrom
3D scanningdevicesandadvancedmodelingtechniquesrequiresnew approaches
to reducethe loadof geometrytransferandprocessing.In orderto supplement
methodslike polygonreductionor geometrycompressionwe suggestto exploit
theprocessingpowerandfunctionalityof therasterizationandtexturesubsystem
of advancedgraphicshardware. We demonstratethat 3D-texture mapscanbe
usedto rendervoxelizedpolygonmodelsof arbitrarycomplexity at interactive
ratesby extracting isosurfacesfrom distancevolumes. Therefore,we propose
two fundamentalalgorithmsto limit the rasterizationload: First, the model is
partitionedinto a hierarchyof axis-alignedboundingboxesthatarevoxelizedin
an error controlledmulti-resolutionrepresentation.Second,rasterizationis re-
strictedto thethin boundaryregionsaroundtheisosurfacerepresentingthevox-
elizedgeometry. Furthermore,we suggestandsimulatean OpenGLextension
enablingadvancedper-pixel lighting andshading. Although the presentedap-
proachexhibits certainlimitations we considerit asa startingpoint for hybrid
solutionsbalancingloadbetweenthegeometryandtherasterizationstageandwe
expectsomeinfluenceon futurehardwaredesign.

1 Introduction

Despitethetremendousattentionthatis currentlypaidto volumegraphicswestill find
polygonalmodelsdominatingthefield of interactive computergraphics.Recenthard-
wareadvancesbroughtperformanceratesof about5 million texturedtrianglespersec-
ond to low pricedPC graphicsadaptersandthe developmentdoesnot seemto have
reachedits peak. Neverthelessare3D scannersandadvancedanimationsystemsthe
sourceof modelscomposedof millions of polygonswhichprohibit real-timerendering
on eventhemostexpensivehigh-endsystems.Copingwith that level of complexity is
still an importantfield of computergraphicsresearchandthe investigatedapproaches
fall into threebroadclasses.Polygonalsimplificationreducesthenumberof trianglesto
beusedin level-of-detailrepresentationsof smallor distantobjects.Visibility process-
ing eliminatespolygonswhich arenot in the viewing frustumor which areoccluded
by otherobjectsbeforethey aresentdown the graphicspipeline. Texturing conveys
visualdetailwithin apolygonallowing largerandfewer trianglesto beusedin ascene.
While thefirst two approachesoffloadvertex processingfrom thegeometryengineto a
preprocessingstepin theCPU,doesthethird approachsubstitutegeometryprocessing
by rasterization.

Modern graphicsarchitecturestry to supportthe latter by increasingthe perfor-
manceof the rasterizationandtexturing subsystem.Silicon Graphics’InfiniteReality
system[11] introducedvirtual texturesandefficient loadingandpagingof 64 MByte
texture memoryaswell asfill ratesof about800 million pixels per second. 3D PC
graphicsadapterslikeNvidia’sRivaTNT claim180million pixelspersecondandpro-
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vide fast texture loadingthrougha AGP2X bus andsinglepassmulti-texturing. Our
approachfor renderinglarge polygonalmodels,which we presentin this paper, tries
to exploit this tremendousprocessingpower in the rasterizationhardware. However,
insteadof working with 2D textures,we follow the ideasof volumegraphics. That
means,ratherthanreducingthegeometricrepresentationin suchawaythatthenumber
of availableprimitivesstill approximatesthe original datasufficiently, we aim in de-
velopinga volumetricmodelthatprovidesanalternativeapproachfor therenderingof
complex polygonalmodels.

2 Overview and related work

Thebasicideaof volumegraphicsasintroducedin [2, 6, 7, 14] is to representgraph-
ics objectson a 3D rasterof volumeprimitivescalledvoxels, thus repeatingthe 2D
transitionfrom vectorgraphicsto rastergraphicsnow in 3D. Oneof theadvantagesof
this techniqueis the decouplingof the renderingcomplexity from the complexity of
thegeometry. It comesat theadditionalcostof the3D scanconversionof theobjects
andtherelatedaliasingerrorsaswell asthehigh memoryandprocessingdemandsof
renderingthe voxelizedrepresentation,which up to now limited the broadsuccessof
volumegraphics. Interactive renderingof high resolutionvolumesbecamepractical
only recentlybasedon sophisticatedalgorithms[9], dedicatedhardwarearchitectures
[8, 12] or 3D-textureslicingavailablein mediumto high-endgraphicsworkstations[1].

Thebasicideaof texture-basedvolumerenderingis thecompositingof planesper-
pendicularto the viewing directionwith the planepixels trilinearly interpolatedfrom
a 3D scalartextureandtransformedto RGB� by a lookup-uptable. It provedto bea
valuabletool for thevisualizationof medicalandscientificdata,but the lack of light-
ing capabilitiesmadeit hardto renderobjectswith opaquesurfaces.However, using
thealphatest,thestencilbuffer anda few moreOpenGLextensions,it turnedout that
isosurfacescanbe extractedfrom a volumeandrenderedwith diffuselighting asfast
astraditionaltextureslicing [15]. It is a slightly modifiedandextendedversionof this
methodthatweusein ourpaperto rendershadedpolygonalsurfaces.

In orderto transformtherenderingproblemintoaisosurfaceextractiontaskwehave
to voxelizethepolygonalscenein aspecialway. Gibson[3] hasshown thattheinaccu-
raciesof surfacerenderingsfrom intensity-basedvolumescanbeovercomebymeansof
distancemaps.Thedistance-to-closest-surfacefunctionvariessmoothlyacrosssurfaces
andcanbe usedto determinethe surfaceasthe zero-valueisosurfaceof the distance
volumeandthenormalsfrom its derivatives.While therearemany othersophisticated
approachesfor voxelizingmeshes[2, 6] we follow a ratherstraightforwardimplemen-
tationof distancemapssinceefficientvoxelizationis notamainconcernof ourmethod.

Oneof theadvantagesof volumerenderingasopposedto isosurfaceextractionin
visualizationapplicationsis, that potentially every voxel will contribute to the final
imageandno volumetricinformationin betweensurfacesis lost. Thereforeit is usu-
ally no wasteof rasteriziationresourcesthat the 3D texture slicing algorithmrenders
polygonswhich cover theentirevolume. This is no longertrue for volumerendering
of voxelizedpolygonalmodelsbecausein generaltherearemany emptyvoxels in the
boundingvolumeof the entireobject. We overcomethis problemby partitioningthe
sceneinto a hierarchyof axis-alignedboundingboxes. Theefficient determinationof
boundingbox hierarchiesis a widely investigatedproblemin computergraphics,but
sinceit is not in themainfocusof our approach,we follow theideassuggestedin [4].
Having boundingboxesavailablethatprovidea tight enclosingof a groupof polygons
we candramaticallydecreasetherasterizationloadby slicing many small3D textures
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with feweremptyvoxelsinsteadof a largeone.
Thesetof boundingboxesservesfor a further improvementin our approachsince

we do not have to voxelizewith thesameresolutionin eachbox. Insteadwe startout
with a very coarsevoxelizationanddeterminethe approximationerror by estimating
theone-sidedHausdorff distance[5] of the isosurfaceto theoriginal polygonalrepre-
sentation.Only if the error exceedsa certainthresholddo we continuewith the next
finer resolution.Thus,we getcoarse3D texturesfor very smoothsurfacesanda fine
resolutionfor highly curvedparts.However, wehaveto investsomeeffort to guarantee
continuityacrossneighboringboxes.

Althoughtheuseof boundingboxesasdescribeddramaticallydecreasesthenumber
of operationsthat have to be performedin the rasterizationunit we still recognizea
considerablewasteof resources.Sincethe voxelizedmodelsareopaquethe distance
valuesinsidedo not contributeto thefinal imagebut have to berasterizedaswell. In
orderto avoid theprocessingof structuresinsidethemodelwe developeda technique
particularlydesignedto renderthin boundaryregions.Weconstructtwo coarsemeshes:
anouteronewhichentirelycoverstheoriginalmodelandaninneronewhichisenclosed
by it. Thenwetessellatetheareabetweenthetwo mesheswithin eachslicingplaneand
werenderonly thegeneratedtriangles.In thisway therasterizationis restrictingto the
thin regionaroundtheisosurfacethatrepresentsthevoxelizedgeometry.

Subsequentshadingis thenperformedin imagespaceimplementingthe lighting
evaluationsin softwareon a per-pixel basis. Someevaluationsarealreadysupported
by theOpenGLimagingsubset,otherscouldbeefficiently accomplishedusinganpro-
posedOpenGLextension.Theoutlinedextensionworksindependentlyof ourvolumet-
ric approach,but it enableshighquality lighting andshadingevaluationsonaper-pixel
basisonly usinggradienttextures.

We now describethe organizationof the rest of the paper. Section3 explains
the corealgorithmwe developedto adaptively convert polygonalmeshesinto multi-
resolutiondistancevolumes.Section4 focuseson thedetailsof renderingthemodels
by extractingisosurfacesfrom the 3D textures. Finally, we presentsomeresultsand
draw someconclusions.

3 A volumetric model for polygonal rendering

Justrecently, 3D textureshavebeenestablishedasfundamentalrenderingprimitivesin
volumevisualization[1], but evenmoreimportantlythey haveprovedto beaneffective
tool for therenderingof isosurfacesonaper-pixelbasistherebyavoidingany polygonal
representation[15]. As a consequence,previouswork on thevoxelizationof polygonal
models[2, 7, 14] gainsa completelynew relevance. No longer is the renderingof
largescalevolumedatatoo slow to allow for interactive framerates,which up to now
prohibitedits breakthroughin practicalapplications.

However, theuseof voxelizedmodelsstill exhibitscertainlimitationsdueto thefact
that in generalthesemodelscontainlarge partscoveredwith redundantinformation,
i.e. emptyvoxelsasshown in Figure1, whichdemandtherasterizationhardwareto no
purpose.In orderto avoid theencodingandthustheprocessingof emptyregionswe
proposeanadaptivevoxelizationbasedonaxisalignedboundingboxes.

3.1 Axis aligned bounding boxes

In [4] orientedboundingboxeshave beenintroducedfor fastandrobustcollision de-
tectionbetweenarbitrarypartsof complex scenes.Theconstructionof a boundingbox
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Fig. 1. Theleft two imagesdemonstratesparsevolumetricrepresentationsasthey usuallyresult
from voxelizing polygonalmodels.Theright two imagesshow axisalignedboundingboxesfor
differentmodels.

hierarchyallows for efficient determinationof interferencesby recursively traversing
theunderlyingtreestructure.Althoughorientedboundingboxesprovidemuchtighter
boundsfor theenclosedobjectscomparedto axisalignedboundingboxes(AABB) we
arenot surewhetherthis kind of representationcanbe effectively integratedinto our
approachdueto reasonsdescribedlateron.

As a consequenceour partitioning strategy is actually restrictedto axis aligned
boundingboxes,but it slightly differs from the oneproposedin [4]. During the top-
down constructionof the hierarchicaldatastructurewe split eachbox that contains
morethana givennumberof primitivesinto two smallerboxeseachof themenfolding
adisjunctsubsetof theprimitives.In orderto keepthespacecoveredby adjacentboxes
assmallaspossiblewechooseadividing planethatis orthogonalto themainaxisalong
the largestdimensionof theAABB (cf. Figure1) insteadof selectingtheaxis that is
orthogonalto thelargesteigenvectorof thecovariancematrix.

In the actual implementation,however, we do not considerthe hierarchicaltree
structure. Although the entire hierarchyis generatedonly a particularlevel is used
furtheron.

3.2 Distance volumes

Oncetheunderlyingdomainhasbeenpartitionedinto anumberof axisalignedbound-
ing boxeswe startbuilding our volumetricmodel. Eachpartition is convertedinto a
scalarvolumeconsistingof thedistance-to-closest-surfacefunctionateverygrid point.
A detaileddescriptionof the fundamentalalgorithmsto voxelize surfacesandto en-
codepolygonaldescriptionsin volumedataby meansof distancemapscanbefoundin
[2, 3, 6, 14] andwill notbediscussedin thiswork.

Someof the nice featuresdistancemapsoffer arethe smoothvariationof the in-
ternalrepresentationacrosssurfaces,theencodingof theoriginalsurfacemodelby the
zero-valuesandthelow variationof surfacegradientscalculatedfrom thedistancemap.
3Ddistancevolumesthusofferanattractivealternativetoencodepolygonalmeshesin a
volumetricrepresentationat thesametimeallowing for thequiteoptimalreconstruction
of theconvertedmodels.Puttingtogetherdistancevolumesandaxisalignedbounding
boxeswe arenow ableto adaptively convert arbitrarypolygonalscenesinto volumet-
ric modelsthusconsiderablyreducingthe memoryrequirementsandthe rasterization
operationsto beperformed.
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Fig. 2. Theterrainmodelwasconvertedinto asigneddistancevolumeconsideringdifferenterror
tolerances.For theright modeltheHausdorff distancebetweenthereconstructedisosurfaceand
theoriginalonewasbelow 5%of themaximalheightof theterrain.

3.3 Error controlled voxelization

In thisparagraphwewill addresstheproblemof accuratelyencodingtheoriginalpolyg-
onal representationin a distancevolume. Obviously, theaccuracy by which thescene
can be reconstructeddependson the geometry, e.g. the curvatureof the underlying
mesh,andtheresolutionof thegenerateddistancemap.

Althoughonecould think abouta theoreticalinvestigationof therelationbetween
the curvatureandthe voxel sizenecessaryto adequatelyreconstructthe surfacefrom
its voxelizedcounterpart,this approachseemsto berathercumbersomedueto theless
intuitivemeaningof thecurvatureandthefactthatit is quitedifficult to obtainadequate
curvatureboundsin advancefor arbitrarymeshes.

A moreintuitive andstablealgorithmto computea measurefor themaximumde-
viation of theapproximatingmeshfrom theoriginal oneis basedon theestimationof
theone-sidedHausdorff distancebetweenthetwo meshes.By calculatingthemaximal
distancebetweenverticesononemeshandtrianglesof theotheroneweobtainanintu-
itive upperboundfor the introducedapproximationerror. Althoughthecalculationof
theone-sidedHausdorff distanceis numericallyintensive it canbeeasilyintegratedin
ourvolumetricapproach.

At the beginning of the voxelizationprocesswe start out with a coarsevolume
resolutionandwe computethesigneddistancevaluesfor eachgrid point. In orderto
efficiently performthecalculationof themaximaldistancebetweentheoriginal mesh
and the newly generatedonewe exploit the fact that the isosurfacepassingthrough
the volumecanbe extractedseparatelyfor eachcell by a MarchingCubesalgorithm
[10]. For eachvertex on theoriginalmeshall volumecellswithin thedesiredmaximal
deviation aretraversed. If the minimal distancebetweenthe vertex andthe triangles
generatedby theMarchingCubesalgorithmis abovethetoleranceor if no surfacewas
foundtheprocedurestopsandthevoxelizationis performedon thenext finer grid (see
Figure2).

3.4 Multi-resolution representation

In generalit mightoccurthatthevolumeresolutionin adjacentboxeswill differbecause
partsof the geometryhave beenvoxelizedaccordingto differenterror tolerancesor
becauseregionswith highoscillationshavebeenseparatedfrom rathersmoothones.In
orderto guaranteecontinuoustransitionssomeextraeffort hasto bemade.

For example,in Figure3 two cellsfrom differentresolutionlevelsaresupposedto
shareoneboundaryface.Althoughbothcellsconsistof thesamevaluesat thecorner
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verticesthe continuityof the scalarfield doesnot in generalguaranteethe continuity
of theisosurfaceif extractionis performedondifferentlevels.Thiscanclearlybeseen
from the fact that the isocurve on thecommonfaceis approximatedby a straightline
from thecoarsersidewhile it is abrokenline with severalsegmentsonthefinerside.To
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Fig. 3. Left: cracksin thepiecewiselinearapproximationto theisosurfaceoccuratcommoncell
faceswherecells from differentoctreelevelsmeet— even if edge-compatibilityis guaranteed.
Right: thevoxelizationprocessis performedwith varying resolution.Fromthe tail to thehead
thehorsehasbeenconvertedinto distancevolumeswith decreasingresolution.Threedifferent
resolutionlevelswereused.

maintainacontinuousscalarfield evenif theextractionlevel changes,thescalarvalues
at thosecell faceswherea level transitionoccursareproperlyadjusted:Whenever a
cell is adjacentto a coarserlevel cell, the datavalueson the cell edgesare linearly
interpolatedbetweenthevoxel valuesat thecoarserlevel. Thedistancefunctionfor the
midpoint,however, hastoberecalculatedin ordertoobtainthesamesurfaceoneitherof
bothsides.This caneasilybeachievedby consideringtheline equationobtainedfrom
theintersectionwith thecoarsercell edgesandthealreadyinterpolateddatavalues.

If we allow for the resolutionbetweenadjacentdistancevolumesto only differ
abouta factorof two wecanalwaysguaranteea continuoustransition.A hugeamount
of memorycanbesavedbyadjustingthevolumeresolutionwith respectto thegeometry
of thedatato bevoxelizedor if aLOD representationis desired(i.e. Figure3).

4 Rendering surfaces from distance volumes

Oncethe volumetricmodelconsistingof the distance-to-closest-surfacefunction has
beencreatedits usein practicalapplicationsstill dependsonhow fastit canberendered.
Sincein thevoxel datatheoriginalmeshis representedby theisosurfaceat zero-value,
for a particularview it is sufficient to re-samplethevolumealongthelinesof sightand
to determinethefirst samplewheretheisovalueis hit.

4.1 Volume re-sampling via 3D textures

Most efficiently the re-samplingof large scalevolumedatacanbe accomplishedby
exploiting 3D texture mappinghardware that allows for the interpolationof texture
sampleswith aboutsomehundredMOpspersecondonhigh-endgraphicsworkstations.
Althoughat this time hardwareaccelerated3D texturemappingis only supportedon a
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few particulararchitecturesweexpectthesamefunctionalityto beavailableonlow-end
architectureslikePCsin thenearfuture.

The key idea in volume renderingvia 3D texture mapsis to re-samplethe data
on clipping planesthat areorientedorthogonalto the viewing planeandto blendthe
resultsappropriately[1]. By only slightly modifying this approachit canbeemployed
to renderlighted isosurfaces[15]. Eachdistancevolumehasto be convertedinto a
RGB� texture, which storesthe gradientcomponentsand the distancevaluesas the
scalarmaterialvaluesin thecolor channelsandthealphachannel,respectively. Note
thatall componentshaveto beproperlyscaledandtranslatedto therange(0,1)in order
to fit into theinternaltextureformat.

By slicing the texture in front-to-backorderandby exploiting theOpenGLalpha-
testandthedepth-testit is guaranteedthatonly thefirst hit with the isosurfaceis ren-
deredinto theframebuffer. Finally, thegradientcomponentsandthedistancevalueof
thesurfacepointsareresidentin thepixel values.Thediffusely lightedsurfacepoints
(cf. Figure4) areobtainedby multiplying eachpixel valuewith a

� �!�
matrix. The

matrix is initialized in orderto transformthegradientsbackto therange(-1,1), to ro-
tatethemwith respectto the rotationalpart of the modelview matrix andto perform
thecalculationof the innerproductwith the light direction. Thematrix multiplication
is accomplishedby a singleper-pixel copy operationwith a properlyinitialized color
matrix.

Fig. 4. All imagesshow the isosurfaceat zerodistancerenderedwith an inter-slicedistanceof
onevoxel. Notethat theisosurfacewon’t behit exactly, but thatwe canarbitrarily decreasethe
inter-slicedistancein orderto getmoreaccurateresults.

Themajorbenefitof thisapproachis thatany polygonalrepresentationiscompletely
avoidedat run-time.Thusthecomplexity of therenderingprocessis rasterboundand
doesnot dependon thecomplexity of thesurfaceto bereconstructed.However, there
arestill a few problemsthathave to beaddressed.

4.2 Rendering thin boundary regions

Althoughin theproposedframework we areonly interestedin re-samplingthetexture
aroundthe isosurfaceat zero distancea hugenumberof operationsis performedin
regionsthatdonot representthesurface.Boundingboxesasintroducedalreadyhelpto
maketheseregionssmallerby definingtight boundsaroundtheobject,but thetextureis
alsorenderedinsidetheobjectalthoughthereconstructedsamplesconsistof redundant
information.
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Consequently, the re-samplingshouldbe restrictedto the thin region aroundthe
isosurfaceat zero-distance.Thereforewe needto find two approximatingmeshesfor
which theminimaldeviation from theoriginaloneis aboveacertaintolerance,but one
of them completelycoversand the otherone is completelyenclosedby the original
model. Then the region betweenthe two meshesexactly coversthe relevant texture
samples.

Again, from the volumetricrepresentationby meansof distancevaluesthesetwo
meshescanbereconstructedin a quiteefficientway. Let usconsidertheoriginalmesh
to bescan-convertedinto a signeddistancerepresentationat a very coarseresolution.
In general,theoriginal surfacecannotbereconstructedproperlydueto theinsufficient
resolutionof the underlyinggrid. Nevertheless,theapproximatingmeshescanbe re-
constructingfrom the distancevolumeaccordingto different isovalues. If the voxel
sizeis supposedto beone,thenthetwo surfacesencodedby distancevalues " and #$"
complywith therequirements.We reconstructthesesurfacesby meansof theMarch-
ing Cubesalgorithmbut weplaceverticeson theedgemidpoints.Thusthesurfacewill
mostlikely to beconsistingof many planartrianglesthatcanbecollapsedin orderto
effectively decimatethemeshes(seeFigure5).

Fig. 5. Theillustrationson theleft demonstratestheshapeof thetwo approximatingmeshesfor
thebunny model.In themiddle,for a particularslicetheregionbetweentheoutermeshandthe
inneronehasbeentessellated.

4.3 Clipping and tessellation

Oncethe two approximatingmesheshave beenconstructedthe boundaryregion be-
tweenthemneedsto betessellated.In general,this canbeaccomplishedin two ways:
in a preprocessingstepby approximatingthe region by 3D primitives,e.g. cubesor
tetrahedra,asin theSGI-Volumizer[13], or in turnduringrenderingby tessellatingthe
contoursthatresultfrom clippingbothmesheswith theslicingplanes(seeright image
in Figure5).

In our implementationwechosethelatteronesincewefoundit attractive to inherit
thevarioustechniquesalreadydevelopedfor theefficient handlingof trianglemeshes.
Weproceedby calculatingthesectionalpolygonswith theouterandtheinnermeshfor
eachslicing plane.This yield pairsof contours,oneinsidetheother. For the tessella-
tion of theboundaryregionweutilized theOpenGLtessellationutilities for computing
trapezoidaldecompositionsof concavepolygonswith multipleholes.

We furtherexploit anactive edgedatastructureincluding topologicalinformation
thatallowsusto efficiently find thosetrianglesof theapproximatingmeshesthatinter-
sectwith acertainclippingplane.Initially, oncethetwo mesheshavebeenconstructed,
to eachvertex theappropriatetexturecoordinateis assigned,which hasto beusedto
texturethenewly generatedtriangles.Theintersectionprocedurethusinterpolatesver-
tex positionsandtexturecoordinates.
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In casethatmultiple innerandoutercontoursaregeneratedor theoutercontouris
enclosedby theinneronea simplein-out testyieldstheappropriatepairsto betessel-
lated.Notethatself-intersectingcontourscannotoccurdueto theway they arerecon-
structedfrom thedistancevolume.

With thesemodificationson handwe arenow preparedto considerablydecrease
the load in the rasterizationunit. Only thoseregionsthat arecloseto the isosurface
at zero-distancearere-sampledby renderingtheappropriatetriangles.Concerningthe
overheadthat is spentto generatesectionalcontoursand to tessellatethe boundary
regionwewill show in theresultssectionthatthisdoesn’t effecttheoverallperformance
noticeable.At this point let usjust summarizethat theuseof distancevolumesallows
usto generatetheapproximatingmeshesin a coarseresolutionwith asfew trianglesas
desired.

4.4 Rendering multiple distance volumes

Althoughmultiple axisaligneddistancevolumescanberenderedin randomorderdue
to thedepthcomparisonof fragmentssomeadditionalissueshave to beconsidered:
Alignment: Whenadjacentboundingboxesarenot coherentlyalignedto eachother
thereconstructionprocessno longerguaranteescontinuoustransitions.However, if the
resolutionof eachdistancevolumeis constrainedtobeamultipleof aninitial size %'&)(+*
we canquite easilyachieve that cells from adjacentvolumesalwayscoincideby just
translatingandscalingtheboundingbox appropriately. Now theinterpolationmethod
will alwaysyield the sameresultswhereboundingboxesoverlapor sharea common
edge.Notethatboxesmusthaveanoverlapof at leastonevoxel dueto thetreatmentof
textureboundariesby OpenGL.Thereforeboundingboxesareappropriatelyscaledin
advance.
Slicing: In orderto continuouslyre-samplethesurfaceat boundingbox transitionsit
is necessaryto choosea uniqueinter-slicedistance%', for thetexturebasedrendering.
However, sinceslicesusedto re-sampledifferentvolumesusuallydo not coincidewe
constraintheir positionin sucha way that they arealways in a distance-/.0%', , -213

, from the viewing plane. This strategy allows for the reconstructionof continuous
surfacesevenif a multi-resolutionrepresentationhasto berendered.

We shouldalsomentionthatfor eachboundingbox thetwo approximatingmeshes
for theincludedgeometryhaveto beconstructed.In orderto applytheproposedtessel-
lationstrategy wehaveto guaranteethataclosedsurfaceis maintainedat theboundary
faces.This is accomplishedby clipping theentiremeshwith theboundingboxesand
by re-tessellatingby meansof theoutlinedtechnique.

4.5 Per-pixel lighting and shading

Hardwareacceleratedper-pixel shadingasproposedin [15] only allows for up to three
diffuselight sources.In general,however, in order to simulaterealistic lighting and
shadingeffectsamoresophisticatedlighting modelshouldbeprovided.

Rememberthat whenthe renderingprocessvia 3D textureshasbeenfinishedthe
normalizedandproperlytransformedgradientsarecontainedin thepixel components.
Insteadof performinglighting calculationsonaper-vertex or per-fragmentbasisbefore
fragments are drawn to the frame buffer we propose an OpenGL extension
glShadePixelEXT4 xmin 5 ymin 5 xmax5 ymax5 mat6 , which enablesper-pixel shadingthusde-
couplingthe complexity from the scenecomplexity. A chunkof pixel valuesis read
from thecolor buffer, thenit is multiplied with thematrix matandtheresultingvalues
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areinterpretedasper-pixel normalsfor whichstandardOpenGLlighting is performed.
Colorvaluesgeneratedin thiswayaredrawn backinto thecolorbuffer.

Although this extensionis actuallynot availablewe simulateit in software. The
appropriatepixelsarereadinto mainmemory. Therebythecolor matrix is initialized
with mat in sucha way that the componentsin main memoryrepresentthe correctly
rotatedgradientsin therange(0,1).Wenow retrievethecurrentOpenGLstate,perform
thelighting calculationsandwrite theresultsbackinto thecolorbuffer.

Obviously, the softwaresimulationis ratherinefficient, but on the otherhandwe
shouldnotethatlighting calculationsareentirelyperformedon a per-pixel basis.Thus
thecomplexity doesnotdependonthecomplexity of thesceneandscalesonly with the
imageresolution.The imagesin Figure8 outline the resultsof simulatingthe Phong
lighting modelusingtheproposedalgorithm.

5 Results and Analysis

In this sectionwe show resultsfor differentmodelsandwe analyzesomeof themain
featuresof our approach.All testswererun on a SGI Onyx2 BaseRealitywith one
R10000,195MHz processor, 64MB texturememoryand256MB mainmemory.

Table1 showsdetailedresultsof theproposedadaptivevoxelizationtechniquewith
respectto memoryrequirements,renderingcomplexity andframerates. The models
wecompareto eachotherareillustratedin thetop row of Figure6. Theapproximation
erroris givenwith respectto thelongestaxisof themodelsboundingbox. Theadaptive
tessellationtechniquewasnotusedin theseexamples.

Table1: Modelcharacteristics,memoryuseandtimingsfor differentpolygonalmodels

dino car horse7
Triangles 110K 150K 210K7
BBoxes 16 128 16

Preprocessing(min) 1.1 1.6 2.1
Memoryuse 3MB 6MB 9MB

Hausdorff Distance 8 1% 8 2% 8 1%
Framespersec 8.8 6.8 5.77

Renderedtriangles 1.0K 1.6K 2.3K

We observe that for all examplesthe memoryuse is moderatecomparedto the
amountthat is originally occupiedby thepolygonalrepresentation.For example,stor-
ing the horsedatasetasa trianglemeshwithout any topologicalinformationwould
requireapproximately5 MB. Although in the presentedexamplesour adaptive vox-
elizationstrategy roughlyneedstwice this amountwe expectto achieve considerably
betterresultsif we further increasethe numberof boundingboxes. Additionally we
have to considerthattighterboundingvolumeswill obviously resultin lessoperations
to beperformedin therasterizationunit, but thattheCPUwill beloadedmoreheavily
in orderto clip the slicing planes. In the demonstratedexamples,however, this time
wasnegligible comparedto theoverall renderingtimes.

Also from Table1 it canbe observed that our approachis still slower thanpure
polygonrendering.This lossin therenderingperformancecanbeexplainedby thefact
thatalthoughwe alreadydid considerablyreducethenumberof operationsto beper-
formedin therasterizationunit thecapacityof therasterizationhardwarestill prohibits
moreoptimalframerates.
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The last row of Table1 shoulddemonstratethe gainsof our methodin termsof
the load in the geometryunit in moredetail. Note that only the polygonsthat result
from clipping the slicing planesagainstthe boundingboxeshave to rendered.As a
consequenceonly about1% of the original numberof primitiveshadto be converted
into fragmentsandfinally displayed.In this wayweeffectively decouplethegeometry
unit from the complexity of the underlyingmesh,which we seeas one of the most
challengingfeaturesto beconsideredin thedesignof futuregraphicshardware.

In orderto demonstratethe improvementsthat canbe achievedby integratingthe
proposedadaptive tessellationtechnique,for thehorsedatasetwe constructedtheap-
proximatingmeshesasillustratedin Figure7. Theoutermeshconsistsof 420triangles
andthe inner oneof 266 triangles. Renderingwasperformedusing200 slices. The
calculationof intersectionpointsandthetessellationof thesectionalcontourstookap-
proximately0.1seconds.

Sincere-samplingis effectively restrictedto the thin boundaryregion aroundthe
surfacewe savedabout85%of the rasterizationoperations.The framerateswerein-
creasedaccordingly, from 5.7 fps up to 8.8 fps. The additionalnumberof triangles
introducedby tessellatingtheboundaryregionwas9.3K.Still, thisamountis consider-
ably smallerthantheoriginal numberof trianglesto berendered,but at thesametime
therasterizationloadis dramaticallyreduced.

Finally, theimagesin Figure8 illustratetheresultsof per-pixelshadingsimulatedin
software.For a 500x500viewport it took roughly0.3secondsto readthepixel values,
to performthe lighting calculationsandto write theshadedpixelsbackinto thecolor
buffer. We shouldnotethat evenwithout constructinga boundingbox representation
the rasterizationload for the renderingof the dragondatasetswasreducedof about
76%usingthetessellationtechnique.

6 Conclusion

We have presenteda generalapproachthatdemonstrateshow largepolygonalmodels
canberenderedfrom a volumetricrepresentationwith significantlyreducedgeometry
transferandprocessing.Althoughtherearesomedeficitsof ourapproach:

9 Coloredmodelscanonly berenderedby a two-passalgorithm,therenderingof
surfacetextureis notyetworkedoutbut maybenefitfrom multi-texturefunction-
ality thatwill beavailablesoon.9 Realistic lighting effect have to be simulatedin software including expensive
framebuffer access.9 Theapproachis restrictedto staticscenessinceit requiresagreatdealof prepro-
cessing.9 Sharpedgescanonly bemodeledby dramaticallyincreasingtheresolutionof the
volumetricrepresentation.

we areconvincedthat the ideaswe presentedcould be influential for future graphics
algorithmandhardwaredevelopments:

9 We have demonstratedthat therearenew challengesandapplicationsin which
3D texturescanbeusedeffectively. Sofar, theuseof volumetextureswasmore
or lessexclusively limited to volumerenderingapplications.9 Theproposedadaptivetessellationtechniquehasgreatinfluenceonvolumevisu-
alizationalgorithmssinceit allows oneto reducerasterizationloadby focusing
on therelevantparts.
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9 Webelievethatsomeof thedescribedlimitationscanbeovercomeby evenfaster
accessto texturesandadvancedfeatureslike single-passmulti-texturing.9 With dedicatedvolumegraphicsboardsbeingannouncedwe expectnew rele-
vancefor all voxel algorithmsandweareinvestigatingwaysof performinghard-
wareacceleratedvoxelization.9 With dedicatedgraphicsboardsenablinghardwaresupportedper-pixel shading
webelievethatourapproachmightstreamlineanimportantfuturedirectionlead-
ing to graphicsarchitecturesthatrendernormalsascolor valuesissuedon a per-
vertex basisandperformthelighting andshadingcalculationsin imagespace.9 We will considerhybrid approacheswherethe load is balancedin betweenthe
geometrystageandtherasterizationstageby renderingLOD representationsei-
ther as polygonalor as volumetricmodels. For example,in meshdecimation
highresolutionalpartswith low curvaturecouldberenderedfrom thevolumetric
representationwhile highcurvaturepartsarestill renderedastriangles.
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Fig. 6. Differentpolygonalmodelshavebeenconvertedinto setsof distancevolumes
(bottomrow) andrenderedvia 3D textures(top row).

Fig. 7. Theouterandtheinnermeshusedto renderthethin boundaryregion around
thesurfaceof thevoxelizedhorsedataset.

Fig. 8. Theshadingof voxelizedmodelson aper-pixel basisusingPhong’s illumina-
tion model.


