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Figurel: All imagesshow3D texture basedvolumerenderingof theenginedataset.Ontheleft, thedatasetis displayedwith full resolution.
In themiddle two differentlevelsof detail are usedwith lower resolutionin the badk. Thisreducegexture memoryconsumptiorio 57%. On
theright, the adaptiverepresentatiorusingfour levelsof detail from front-to-ba& requiresonly 29% of the original texture memory Here,

thedatasetwasrendeedwith only 32% of the originally needechumberof texture lookups.

Abstract

In this paperwe presenanadaptve approactto volumerendering
via 3D texturesat arbitrarylevels of detail. Thealgorithmhasbeen
designedo enableinteractie explorationof large-scaledatasets
while providing useradjustableresolutionlevels. A texture map
hierarchyis constructedn away thatminimizestheamountof tex-
ture memorywith respecto the power-of-two restrictionimposed
by OpenGLimplementations.In addition, our hierarchicallevel-
of-detailrepresentatioguaranteesonsisteninterpolatiorbetween
differentresolutiorievels. Speciahttentiorhasbeernpaidto thefix-
ing of renderingartifactsthatareintroducecdy non-correctedpac-
ities atlevel transitions By adaptinghe sampleslicedistancewith
regardto the desiredevel-of-detail,the numberof texture lookups
is reducedsignificantly
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1 Introduction

Volumedatasetsmostcommonlyoccurin two fields: imagingand

computationakcience. 3D imaging devices continueto increase
theresolutionof their sampledsolumeswith the currentgeneration
approachinglatavolumesof 1024 samples.Similarly, computa-
tional sciencecontinuesto increasethe meshresolutionsfor large

scalesimulationtherebyincreasinghesizeof thedatato bevisual-

ized. The challengeis to provide interactive visualizationof these
large 3D scalarfieldswhile avoiding renderingartifacts.

Hardwareassisted/olumerenderingcanprovide interactve vi-
sualizationof 3D scalarfields[2 3, 8, 10]. The ability to interact
with transferfunctionsand viewpoint orientationprovides pow-
erful visual cuesthat would be difficult to reproducein batch-
modevolumerendering.3D texture mappinghardwarethatis now
also available on PC graphicsadapterq6] is the most prevalent
choicefor hardvare assistedrolumerenderingalthoughdedicated
volume processordiave recentlybeenintroduced[1Q. While 3D
texture mappingis a powerful tool that allows oneto investigate
volumeseasily eitherby direct volumerendering,or by visualiz-
ing thesefunctionson intermediatesurfaces,the limited amount
of texture memoryis a seriousconstraint. Methodsexist for per
forming volume renderingwhere the entire data volume resides
in texture memory[2 3]. If one exceedsthe limits of physical
texture memory somegraphicslibraries allow for the paging of
textures[14 5]. However, suchbrute-forcemethodsfor dealing
with volumeswhosesizeexceedgphysicaltexturememoryseverely
hampetheinteractvity of therendering.



Fortunately mostdatasetshave large regionsthatdon't contain
interestingdata.This pavestheway for the applicationof multires-
olution representationsf the volume data. Suchrepresentations
allow regionsof interestto be renderedat higherresolutionsthan
other partsof the dataset, allowing interactive renderingof data
whoseuniform grid is muchlargerthantexturememory A second
benefitis thereductionof trilinearinterpolations Sincecoarsetev-
elsprovide afiltered, morecompactrepresentatioof the original
data,resamplingpasediponthelevel-of-detailis desirablebecause
it reducesthe numberof expensve trilinear interpolations. The
problemwith multiresolutionmethodsis the introductionof ren-
deringartifactswhenadjoiningregionsdiffer in the level-of-detail.

This paperdescribes methodfor hierarchicallysubdviding the
data.Careis takento insureinterpolationconsisteng betweerev-
elswhile maintaininga minimal amountof datareplication. Even
with the interpolationconsisteny, renderingartifactscanoccurat
the boundariedhetweenlevels. We presenta descriptionof these
errorsand describea solution which provides continuity at level
boundaries.In the next section,we briefly describerelatedwork.
In section3, we describethe level-of-detailrepresentationSection
4 providesinsight into the renderingartifacts previously seenin
multiresolutionvolumerendering.We concludewith someresults
andareaof futureresearch.

2 Related work

As describedn theintroduction,hardvareassisted/olumerender
ing hasbeena reality for the pastsereral years[1,2, 10]. While
dedicatechardwareis nov commerciallyavailable[1q, 3D texture
mappingapproachearethemostprevalentduethevastnumberof
machinesmainly SGls,uponwhich this OpenGLextensionruns.
Fundamentallythesesystemsresamplevolume data, represented
asa 3D texture, onto a samplingsurface. The mostcommonsur
faceis aplanethatcanbealignedwith thedata,alignedorthogonal
to the viewing direction, or alignedin other configurationgsuch
assphericalshells). The ability to leveragethe embeddedrilinear
interpolationhardwareis atthe coreof thisacceleratiotechnique.

This capabilitywasfirst describedby Cullip and Neumann[3
They discussedhe necessarysamplingschemesas well as axis
alignedandviewpoint alignedsamplingplanes. Furtherdevelop-
mentof thisidea,aswell asthe extensionto moreadwancedmedi-
calimaging,wasdescribedy Cabraletal.[2]. They demonstrated
thatbothinteractie volumereconstructiorandinteractive volume
renderingvaspossiblewith hardwareproviding 3D textureacceler
ation. Furtherimprovementsproviding non-polygonakurfaceren-
deringandeffective handlingof arbitraryclipping geometriehave
beenproposedn [12].

Thework mostsimilar to ourswasreportedoy LaMar etal.[7].
They describeda multiresolutionapproachto interactve volume
rendering.Theuseof multiresolutionfor importancebasedsolume
renderingis well motivatedby LaMar et al. Their multiresolution
hierarchyfiltered the volumeto createlevels-of-detailin anoctree,
but they did notexplicitly addressheavoidanceof interpolationer-
rorsin their multiresolutionmodel. They investigatedseveral slic-
ing methodsandconcludedhat sphericalshellswerean approach
to dealwith renderingartifacts. Their solutiondid not guarantee
continuity betweenlevels but attemptedo reducethe visual arti-
factsthroughsphericakampling.

Ourwork differsfrom theirsin thatwe developa multiresolution
hierarchythat allows consisteninterpolationbetweerlevels. We
also addresghe renderingartifactsthat still persistwhenrender
ing two differing but adjacentevels. Our multiresolutionhierarchy
is not strictly baseduponan octree. Our work usesslicing planes
which are parallelto the imageplaneratherthan sphericalshells
for renderingefficiengy. It shouldbe notedthat LaMar’s method
will allow a muchwider field-of-view thanour method,but since

thisis notthecommonviewing frustum,thisis nota severelimita-
tion. In the next sectionwe describeour multiresolutionhierarchy
followedby a descriptionrandsolutionto theartifactproblem.

3 Level-of-detail texture representation

Sincein practicalapplicationsthe size of the volume datasetsis
likely to exceedthe amountof availabletexture memory the data
is usuallysplit into subvolumesor bricks thatare smallenoughto
fit into texture memory Eachbrick canbe renderedseparatelyn
back-to-frontor front-to-backorder but sincefor every frameall
bricks have to be reloaded the renderingperformancedecreases
considerably

In orderto overcomethis limitation we proposea level-of-detail
texture representatiorthat provides an alternatve for interactve
renderingof large-scaledatasets. The goal of this hierarchical
representatioiis twofold: to corvert the volume datainto a mul-
tiresolutionrepresentatiothat entirelyfits into the limited texture
memoryandto minimizetexturelookupsby adaptvely resampling
thedatawith respecto the selectedevel-of-detail.

Eachbrick locally storesapproximation®f the original dataat
an ever coarserresolution. Thesecopiesare then usedto adap-
tively renderarbitraryregionswith reducedletail size. Evenif the
multiscalerepresentatiodoesnot entirelyfit into texture memory
textureloadingwill bereduced.n additiona considerabl@umber
of rasterizatioroperationsanbe saved by choosingthe sampling
frequeng accordingto the detail size presenwithin eachcopy. In
summaryby takingadwantageof alevel-of-detailrepresentatioas
describedour goalis improvedrenderingperformance.

In the remainderof this sectionlet us assumehat we initially
decompos¢he datasetinto a numberof bricks. After constructing
thetexture hierarchythesebricks canberenderedat arbitraryreso-
lutions. As will be outlinedbelavr, someadditionalexpenseis re-
quiredto guaranteeontinuougdransitionsbetweeradjacenbricks
atdifferentlevels. Criteriathatareappliedto determinghenumber
of initially selectedricksandtheresolutionlevel thatis to beused
for renderingwill bediscussedh subsectior8.4.

3.1 Texture decomposition

Priorto therenderingthe volumedatasetis subdvidedinto multi-
ple bricks of smallersize,which getassignedhe chunkof texture
thatis necessaryo renderthe brick atthe original resolution.Each
brick builds its own local hierarchyby constructingcopiesof the
original texture at ever coarsemesolution. Thesedifferentlevels-
of-detailarestoredin additionaltexturemapsasshavn in Figure2.

Brick A 1 Brick B 1

|
|
0 (0000000000000 000000000000000000000
:0 2 4 6 8 10 12 14:16 18 20 22 24 26 28 3‘0 32
|

1 (o o 06 ©o 6 06 060600 00 0 0 0 (¢ o

2

2 [; D D (® : D] ) ) (o : 0]
0 2 L4 6 ]
3 [‘ (® , D) (o , D

0

Figure2: One-dimensionatxampleof a data setwith four levels
of detail. On every level the sizeof texture elementdncreasesdy
a factor of two. Notethat at brick boundarieson the samelevel
texture elementdaveto beincludedin multiple bricksin order to
guaranteecontinuoudexture interpolation(filled areas).Sincetex-
turesalwayshaveto be specifiedn powes of two, copiesfor eact
brick needto be extendecand paddedwith zeo voxels.



The original datasetis representedby texturesof level 0. As-
cendinglevel indicesindicatecoarsetextureresolution.Thewidth
of texture elementson level k is twice the width of elementson
level k— 1, whereaghetexture sizeis reducedby a factorof two.
Textureelement®n differentresolutionlevelsarealignedin sucha
way, thattheir centerson a certainlevel correspondo the centerof
anevenelemenbnthenext finerlevel. Sincethegeometryor shape
of brickswill be retainedthroughoutthe hierarchy the domainof
the underlyingtexture function, necessaryo computeappropriate
texture coordinateshasto beadaptedaccordingly

Onthefirst level, the domainof texture coordinatesangesrom
the centerof thefirst elementto the centerof thelastone. Dueto
the alignmentof voxels on differentlevels, bordersof the texture
function domainon coarsetlevels oftenfall betweerntwo adjacent
voxels. In this caseadditionalvoxels areneededn orderto guar
anteecorrectinterpolation. On the otherhand,sincethe width of
texture elementon eachlevel is knovn andbecauséhe shapeof
bricksis notgoingto be modified,offsetsfor correctcalculationof
texture coordinatesanalwaysbe determined.

Copiesof the original dataat coarseresolutionsareconstructed
by iteratively filtering the data.In generalthis filter canbe chosen
arbitrarily, althoughmerelysub-samplingheoriginal datato obtain
coarserapproximationgeadsto unsatisactoryresultsafteronly a
few coarseningteps.In ourimplementatiora quadraticsplineker-
nelwasusedto consecutiely build thelow-pasdiltered copies.

We shouldnotethatit is always necessaryo expandtextures
in orderto copewith the paver-of-two restrictionimposedby the
OpenGLimplementation.However, a hierarchicaltechniquewill
be outlined below that allows us to effectively avoid unnecessary
textureelements.

3.2 Continuous level transitions

If local texture hierarchiesareconstructedasdescribedijnterpola-
tion artifactsattheboundariedetweeradjacenbricksatthe same
level do not appear This is becauséboundaryvoxels are shared
by adjacenbricks. However, this doesnot applyto adjacenbricks
renderedn differentlevels.

Thereforejt is necessario slightly modify thetreatmenbf level
transitionsto meetthe continuity requirements:in the level-of-
detailrepresentatiothe continuityat level transitionscanbe estab-
lishedby lettingthefiner cellsto theleft andto theright of thebrick
boundaryinterpolatethe scalarfield from the coarserevel (Fig-
ure 3). For cellswith evenindex in eachdimensionthis is equiva-
lentto acopy operationasthey corresponaxactly to a cell onthe
next coarsetevel. This procedureonly adaptshe brick textureson
the finer level. Thus,with the combinationof the proposedmul-
tiresolutionrepresentatiomogetherwith appropriatelyre-sampled
valuesat level transitionswe guaranteehe continuity of the 3D
scalarfield.

Notein particular thatwe restricttransitiongo differ by at most
onelevel in orderto maintainthe continuity betweerevels. How-
ever, thisdoesnotimposearealrestrictionashighertransitionscan
beachieved by consecutie transitionsof onelevel.

Thenumberof voxelsthathasto be adaptediependsn the po-
sitionof thebrick boundaryrelative to thevoxel coordinatesEither
the boundaryis locatedat the centerof onevoxel, asis thecaseon
level 0, or betweentwo voxels, asis the caseon otherlevels. In
thefirst caseonly onevoxel needgo be adaptedvhile bothvoxels
have to be modifiedin the latter case.Dueto the overlapbetween
bricks,adaptiorhasto beperformedvheneerabrickis adjacento
acoarsemone.Consequentlypto 26 brickshaveto beconsidered
in 3D.
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Figure3: Adjacentbricks with differentlevel-of-detailneedadap-
tion to ensue consistentexture interpolation. Only the texture on
thefiner level hasto be adaptedby eitherinterpolatingor copying
the voxelsto the left and to the right of the brick boundaryfrom
the coarser level. On a brick at level O the bladk voxelhasto be
interpolated. Thosevoxelsto be adaptedon level 1 to level 2 are
coloredin darkandlight grey respectively

3.3 Level-wise texture merging

Theenlagementof texturesin orderto guaranteeontinuoudevel
transitiondeadsto significantoverheadn the texture memorythat
is used. Referto the exampleshavn in Figure2. If we wantto
rendertheinformationrepresentetly thefirst 31 voxelsonlevel 0,
we needtwo texturesof size16 for thefinestlevel andtwo textures
of sizel6 onlevel 1 whereanly ninetexture elementsareneces-
saryto storetheinformation. Effectively thereis no saving of tex-
ture memorywhenswitchingfrom level O to level 1. Considering
higherlevels leadsto similar results,asonly half of the voxels of
everytexture— plusoneor two for overlap— containnon-redundant
information.

This overheadcanbe minimizedby meiging the texture dataof
adjacentbricks into a singletexture as shawvn in Figure 4. This
figuredemonstratethe one-dimensionanalogue For eachlevel-
of-detail the sametexture sizeis used. In level 0 eachbrick has
atexture of its own. As in ary directiononly half the voxels of a
particularlevel areneededn the next coarsetevel, eightadjacent
brickscanberepresentetly thesameaexturemap,with appropriate
texture coordinatesOn higherlevels,the numberof brickssharing
the sametexture mapis multiplied by a factorof 8, which finally
resultsin anoctree-lile hierarchyof texturemaps.

Merging texturesworks bestwhenthe startingnumberof bricks
in every directionmatches power of two. If morethan2'~1 bricks
arecreatedby the subdvision of theinitial dataset,wherel is the
numberof levels usedfor rendering additionalbrickswill be gen-
eratedthat build their own setof texturesasdescribedn subsec-
tion 3.1. If fewer bricksaregeneratedhenthedepthof thetexture
hierarchyhasto bereducedy storingtextureson the coarsestevel
individually. We utilize a texture managerobjectfor administra-
tion of thetexture hierarchy This objectcreateshedesiredexture
mapsandassignsappropriatesub-texturesto the bricksrequesting
texturememory

3.4 Adaptive level-of-detail

The initial size of eachbrick hasto be specifiedin adwancebe-
fore the multiscalevolume representatiolis constructed. In our
implementatiorthe resolutionof eachbrick is setup via a focus
point oracle. Accordingto the distanceof the centerof a brick to
a userdefinedfocus point, eachbrick determinests appropriate
level-of-detail. In orderto accountfor continuoudevel transitions,
brick boundariesieedto be adaptedagainwheneer the hierarchy
is changedy moving thefocuspoint.

Furthermoreaslong asno level transitionsgreatetthanoneare
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Figure 4: A hierarchy is usedto stote the textures of the bricks
mote efficiently The samesizeof texturesis usedon every level.
On level O every brick containsa texture of its own. On level 1
onetexture is shaed by 8 adjacentbricks. On every consecutive
level the numberof bricks sharinga singletexture is multiplied by
afactorof 8. In orderto take advantae of thehierarchy aseffective
as possible the numberof bricks createdin ead directionhasto
bea powerof two.

specified,our approachallows us to usearbitrary texture resolu-
tion for every brick. In particular this cannot be achieved by the
techniqugproposedn [7], dueto thestrictcorrespondendeetween
texturetiles andbrick geometry

Onemajordravbackof thefocus-pointbasedconstructiorof the
texturehierarchyis thatwe do not consideitheapproximatiorerror
thatis introducedif the datais sampledfrom a certainresolution
level. As amatterof fact,if highfrequenciesrepresenin thedata
we obtainanapproximatiorthatdifferssignificantlyfrom theorigi-
nalsignal. Consequentlyhis schemewill imposeartifactsbetween
brick boundariegvenif continuityis guaranteed.

To overcomethis problemothercriteriawill have to be consid-
eredto determinethe appropriatdevel-of-detailof eachbrick. An
evaluationof differentkinds of pyramidalrepresentationfor error
controlledvolumeray-castindhasbeenpresentedh [4]. Apartfrom
that,waveletanalysisasintroducedor improvedvolumerendering
in [9, 13] providesan effective tool for the calculationof the devi-
ationbetweerthe original dataandapproximationst ever coarser
resolution.This measureanthenbe usedto selectthe appropriate
level-of-detailautomatically

3.5 Internal texture format

Accordingto the OpenGL specificationtexturescan be storedin
differentinternalformatsin thegraphicssubsystemln generalthe
texture mapsusedfor volumerenderingcaneitherconsistof color
valuesor colorindices,which arethentransformedo color values
usingtexturelookuptables.

Thehierarchicaldecompositiormsproposedioesnotimply ary
restrictionson theinternalformatto be used.Down-samplingand
interpolationat brick boundariesanbe performedn ary case.

Althoughwe are aware of the factthatin practicalapplications
pre-shadedolor valuesareoftenfavored,interactve manipulation
of visualquantitiescanonly beachievedin colorindex mode.Thus,
in the currentimplementatiorwe decidedo keepthe olviousben-
efitsof texturelookuptablesresultingin the hierarchicadecompo-
sition of color indices,which arethentransformedo color values
duringrendering.

4 Opacity corrected texture slicing

Oncethe original volume datasethasbeendecomposedhto the
multiscalerepresentatioras describedn section3, eachbrick is
renderedseparatelyn back-to-frontorderat the appropriatdevel-
of-detail. Thereforewe utilize the standardechniqueusuallyem-
ployed in volumerenderingvia 3D texturesasoutlinedin [2, 3].

The basicideais to re-samplea discrete3D texture mapon cut-
ting planesparallelto the viewing planeby trilinear interpolation,
andby compositingheresultingfragmentsn theframebuffer. Be-
fore we continuewith a detaileddescriptionof our extensionsfor
multiresolution3D texturebasedsolumerendering)et uspoint out
againthatthefollowing explanationsassumehecolorindex mode.
Initially, the sampleslice distancebetweenconsecutie cutting
planesis chosenwith respectto the width of texture elements.
Let Ay be this distanceand assumethat for a certain color in-
dex C; the opacityentry ag in the color lookup tableis computed
as1l— e Map[CilAo, wheremap|C;] definesthe mappingfrom color
indicesto extinction coeficients. Whenthe sampleslice distance
changegdo Ay, opacity valuesstoredin the color table have to be
correctedvith the new valuescomputedasfollows:
ax = 1— e*map[ci]Ak
JAY

= 1 [emiCis] %

By
= 1-[1—aol% )
Sinceour level-of-detailrepresentatioalreadyguaranteesontinu-
oustransitionsat brick boundariesye canrenderthe volumewith
an arbitrary sampleslice distancewhile still achieving correctre-
sultsevenif bricksfrom differentresolutionlevels are adjacento
eachother

However aspreviously noted thegoalof the proposednethods
twofold: to minimizetheamountof texturememoryneededo ren-
derthedataat the desiredevel-of-detailandto reducethe number
of rasterizatioroperationsor texture lookupsthat have to be per
formed. Therefore we adaptthe sampleslice distancewithin each
brick with respecto the choserresolutionlevel.

In orderto accountfor increasingwidth of texture elementon
coarserresolutionlevels, a lookup table equippedwith the cor
rectedopacityvaluesis storedfor eachpossibleresolution. Thus,
the opacity valuesin eachtable accountfor the varying distance
of slicesto be rendered. Wheneer a brick is renderedat a cer
tain resolutionthe sampleslice distanceis setandthe appropriate
color tableis used. Sliceson level k arepositionedin sucha way
thatthey arealwaysin a distancen- 2€Ag, n € Z, from the view-
ing planein orderto guaranteeorrectalignmentbetweerslicesin
differentbricks. In the following, wheneer two bricks at level k
andk+ 1 areadjacento eachother we will call slicesat positions
n- 214 theevenslicesandslicesatpositions(n- 21+ 1)Aq the
oddslices.

4.1 Opacity correction by polygon clipping

Evenwith the opacitycorrectionintegratedin our approactasde-
scribedabove, the projectionof adjoiningvoxels might still result
in erroneouslydravn pixels at boundariedetweerdifferentreso-
lution levels. Theregion of error canbe determinedy projecting
cuttingplanesalongthe slice boundariesThe errorsaredueto the
following casesdemonstratedh Figure5:

e Case 1: Onesliceof thicknessA\y1 andoneslice of thick-
ness\y arerenderedout shouldonly cover awidth of Ay, 1.
On theleft of Figure5, going from back-to-frontwe render
evenslicei andoddslicei + 1 onthefinerlevel in region A.
In region B we only renderevenslicei onthecoarsetevel but
with correctlyadaptedopacity In region C, however, even
slicei is renderedon the coarserlevel andoddslicei+1 is
renderedn thefiner level beforeevenslicei + 2 will beren-
dered.



e Case2: Only onesliceof thickness\y is renderedut should
cover awidth of Ay 1. Ontheright of Figure5, goingfrom
back-to-frontwe renderevenslicei andoddslicei + 1 onthe
finer resolutionlevel in region B. In region A we only render
evenslice i on the coarserlevel but with correctly adapted
opacity In regionC, hawever, only evenslicei is renderedn
thefinerlevel beforeevenslicei+ 2 will berendered.

even slices

odd slices

B i+1 B i+1

/

viewpoint

viewpoint

Figure5: Opacity correctionat level transitionsfor orthographic
andperspectiveviewsfalls into two basicclassesyhich depencbn
whetherwe look througha brick at the coarser level to a brick at
thefinerlevel or viceversa.

In generalhowever, incorrectopacitiescanbeavoidedby deter
miningtheerroneouslyenderedegionswithin cuttingplanes- the
thick line sggmentsin Figure5 - andby renderingthesepartswith
correctedpacity

We proceedby recognizingthat only bricks adjacento at least
one neighboron a finer resolutionlevel needto be adapted. In
casel, theevenslicei in thecoarsebrick hasto beclippedwith the
perspectie projectionof the odd-slicei + 1 thathasalreadybeen
reconstructedn the finer brick onto slicei. Finally, the clipped
polygonin region C hasto be renderedwith the sameopacity as
issuedon thefinerlevel. In case2, oddslicei + 1 hasto berecon-
structedin the coarsetbrick andclippedwith the perspectie pro-
jectionof evenslicei in thefinerbrick ontotheslicei + 1. Finally,
the clippedpolygonincludedin region C hasto be renderedwith
correctedopacityay1. Notethatthis alsoworksfor orthographic
projection.

The entire procedurecan easily be generalizedo the 3D case
(seeFigure6). Here,for eachpair of even/oddslicesin thecoarser
brick, we consecutiely clip theevenslicei with all oddslicesi + 1
in the samebrick and neighboringbricks on the sameor a finer
level, andweclip theoddslicei + 1 only with evenslicesi in neigh-
boring brickson a finer level. The opacityof clipping polygonsis
adaptedhccordingo thelevel of theneighboringorick. In thisway,
we completelyavoid discontinuougransitionsat brick boundaries
aslong asthe differencebetweenadjacentevels doesnot exceed
one.

Thedescribegrocedurestill worksif theprevious evenslice or
the next oddslice are outsidethe currentbrick, and other special
casescanonly occurat the volumeboundaries At the boundaries
it is possiblethatthereareno otherpolygonswith whichtheactual
polygon can be clipped. In this case,we insertadditionalslices
with the smallestsampledistancen orderto guaranteehe correct
opacitycontrikution.

As mary clipping operationshave to be performed,the imple-
mentationof the clipping algorithmis of particularrelevancein
orderto keepthe introducedoverheadow. We modifieda three-
dimensionaButherland-Hodgmai 1] polygonclipping algorithm
in suchaway, thatthe clippedpolygonaswell astheareaexcluded
from the original polygonis computedwith little overhead.Thus
the numberof clip operationsanbe reducedsignificantlyasboth
areasareneededn orderto obtaincorrectopacities.
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Figure6: Theextensionof opacitycorrectedclipping to 3D. Note
thatthebrick underconsideationis alwayslocatedon thecoarser
resolutionlevel. In theimage, solid linesindicateclip polygonre-
constructedn thecurrentbrick. Dashedinesindicateclip polygon
reconstructedh neighboringbricks.

5 Results and Analysis

In this sectionwe provide resultsand we analyzethe main mod-
ulesof the proposedechnique. All testswererun on a SGI Oc-
taneequippedvith oneR10000250MHz processqr4 MB texture
memoryand256 MB mainmemory

In Figure 7, resultsof the proposedlevel-of-detail rendering
techniqueappliedto aMRI-scanof size256° areshavn. All images
wererenderedusing 82 bricks of size32%. An additionalclipping
planewassetup in orderto demonstratéhe multiresolutionhier
archymoreclearly In the leftmostimageall brickswererendered
with full resolution.In the middleimageonly the four upperslabs
of brickswererenderedat full resolution.In theright image,only
the two upperslabsof bricks were renderedwith full resolution.
The remainingslabswere consecutiely renderedvith decreasing
resolution.

Although opacity was correctedas proposed,these images
clearly shaw the potentialdravback of a nontopologypreserving
coarsificatiorasintroducedby our focuspointbasedapproachthe
selectionof the level-of-detailto be usedin eachbrick exclusiely
relieson the focuspoint oraclebut doesnot considerthe approxi-
mationerrorthatis introduceddueto the coarsification. Thus, the
topologyof structuresvithin thedatasetis not preseredandvisual
artifactsat brick boundariesmay occurif the resampledapproxi-
mationsignificantlydiffersfrom the original data. The sameeffect
canbenoticedin Figure9, wherethedatasetis renderedisingfour
differentlevels of detail from front to back. Mary of the relevant
structureslisappeadueto thelow pasdiltering.

Thehierarchicakepresentatioof the headdataset,on the other
hand,leadsto asignificantsaszing of texturememory In themiddle
imageonly 64%of theoriginal texturememorywasused while on
theright, only 37%wasused.The numberof texture lookupswas
reducedfrom 69%to 40%. This leadsto improved renderingper
formance Whereasvery frametook about2 secondswith thefull
resolutiondataset, the level-of-detail representatiomsedfor the
rightmostimageallows usto createa new imageevery 0.5seconds.

Specialattentionhasbeenpaid to sortingthe clippedpolygons
with regardto a minimal numberof color tablereloads.Otherwise
the performancds decreasedignificantly: this is dueto the fact
thatfor opacity correctionabout2500clipping operationshave to
be performedon average,andevery clippedregion potentiallyre-
quiresa color tableswitch. In theworstcase whenlooking along
adiagonalof the dataset,up to 5500polygonshave to be clipped.
The efficiengy of our clipping algorithmcanbe seenfrom the fact
thatthe overheadmposedby theclippingis lessthan0.1 seconds.

We shouldpoint out the fact that the adaptionof the finer tex-
tures,in orderto guaranteecontinuity of the 3D scalarfield (see
section3.2),only tookabout0.2secondgor thelevel-of-detailused
in therightmostimage. Thuswe canprovide interactve changehe



level-of-detailof the bricks.

In Figure 8 we demonstratéhe artifactsthat typically occurif
opacityis not correctedwith respectto differentsampleslice dis-
tancesatlevel transitions Theseartifactsmanifestaslight anddark
bandsalongthe boundary which are exactly the erroneouslyren-
deredregions specifiedin section4. In the the rightmostimage,
theseartifactsare completelyremoved by the proposedechnique.
As canbe seen artifactsstill shav up at externalfaces,wherewe
can clearly recognizethe geometryof cutting planesusedto re-
samplethe data. Theseare exactly the kind of artifactsthat usu-
ally occurin volumerenderingvia 3D textures. However, in the
presente@xamplesthesampleslicedistancds largeatthebound-
aries. Thus, the artifactsare visually muchmoreapparenthanin
thestandardechnique.

6 Conclusion

In this work we have emphasized multiresolutionapproachfor
the renderingof large-scalerolumedatavia 3D textures. The ma-
jor contrikution hereis that we entirely avoid artifactsthat occur
dueto incorrecttextureinterpolationandopacitycorrectionat brick
boundariesln thisrespectye have developediwo beneficiakexten-
sionsthatguaranteeontinuoudransitionsbetweerdifferentlevels
of detail,andyield correctpixel opacitieswhenusingview depen-
dentcuttingplanes.

We have demonstratedhat the lossin the performancedueto
thepolygonclippingis negligible whenwe factorin thegainsfrom
the considerableeductionof texture lookupsandminimal texture
memoryuse.

Furthermorewe developeda hierarchicatexturerepresentation
that allows differentbricks to be renderedat arbitrary resolution,
with theonly restrictionbeingthattheresolutionof adjacenbricks
cannotdiffer by morethanonelevel.

In the future, the integration and evaluation of differenterror
measureshat enableautomaticselectionof the appropriatdevel-
of-detail are desirable. This would lead to a topology preserving
coarsification.

Additionaltime shouldbe spentin adetailedinvestigatiorof the
pixel-wiseerrorthatis introduceddueto the restrictionsimposed
by the availablegraphicshardware. Up to now, we did notconsider
thevisualartifactsthatmayoccurdueto limited textureandframe
buffer resolution.Thisis anopenfield of research.
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Figure 7: Theleftmostimage showsthe data setrendeed with the original resolution. Then,the data was split into 43 bricks, ead of
size32. In the middle/rightimage the uppertwo/one4x4-slabsof bricks are rendeed on the finestlevel-of-detail continuouslydeceasing
theresolutionto the bottom.

Figure8: In bothimageswe showthe sameatrtificial data setrendeed on four differentresolutionlevels. On the left, severte artifacts at
the brick boundariesoccur becausepacityis only correctedwith respecto the sampleslice distance On theright, artifacts can be seen
resultingfromincreasingsampleslice distanceat the volumeboundaries.

Figure9: A volumedata setis rendeed with full resolutionvia 3D textures. On the right, the adaptiverepresentationusing four levels
of detail fromfront-to-ba& requites only 38% of the original texture memory and it wasrendeed with only 41% of the originally needed
numberof texture lookups.



