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Abstract

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

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

1 Introduction

Overthe pastfew yearsworkstationsvith hardwaresupportfor the
interactve renderingof complex 3D polygonalscenesonsisting
of directly lit andshadedriangleshave becomewidely available.
Thelasttwo generationsf high-endgraphicsworkstationq1, 17],
however, besidegroviding impressie ratesof geometryprocess-
ing, alsointroducechew functionalityin therasterizatiormndframe
buffer hardware, lik e texture and ervironmentmapping,fragment
testsand manipulationaswell asauxiliary buffers. The ability to
exploit thesefeaturesthroughOpenGLandits extensionsallows
completelynew classesof renderingalgorithmsto be developed.
Anticipating similar trendsfor the more adwvancedimaging func-
tionality of todayshigh-endmachineave areactively investigating
possibilitiesto acceleratexpensve visualizationalgorithmsby us-
ing theseextensions.

*Lehrstuhl fur GraphischeDatewerarbeitung(IMMD9), Universitt
Erlangen-Nirnbeg, Am Weichselgarter®, 91054 Erlangen, Germayy,
Email: west er @ nf or mati k. uni - erl angen. de

In this paperwe are dealingwith the efficient generationof a
visualrepresentationf the informationpresenin volumetricdata
sets. For scalarvaluedvolume datatwo standardechniquesthe
renderingof iso-surfices,and the direct volume rendering,have
beendevelopedto a high degreeof sophisticationHowever, dueto
the hugenumberof volumecells which have to be processednd
to the variety of differentcell typesonly a few approachesllow
parametemodificationsandnavigationatinteractve ratesfor real-
istically sizeddatasets.To overcometheselimitationswe provide
a basisfor hardware acceleratednteractve visualizationof both
iso-surbicesanddirectvolumerenderingon arbitrarytopologies.

Direct volumerenderingtries to corvey a visualimpressionof
the complete3D datasetby takinginto accountthe emissionand
absorptioreffectsasseerby anoutsideviewer. Theunderlyingthe-
ory of the physicsof light transporis simplifiedto the well knowvn
volumerenderingntegralwhenscatteringandfrequeny effectsare
negglected]9, 10, 15, 29]. A few standardalgorithmsexist for com-
putingtheintensitycontritution alongaray of sight,enhancedy a
wide variety of optimizationstratgies[13, 15, 12, 4, 11]. Butonly
recently sincehardwaresupporte®D texturemappings available,
hasdirectvolumerenderindpecomenteractvely feasibleongraph-
icsworkstationg2, 3, 30]. We extendthis approactwith respecto
flexible editingoptionsandadwancedmappingandrenderingtech-
nigues.

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

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

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

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

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



2 \Volume rendering via 3D textures

When3D texturesbecameavailableon graphicsworkstationgheir

potentialbenefitin volumerenderingapplicationsvassoonrecog-
nized[3, 2]. Thebasicideais to interpretthe voxel arrayasa 3D

texture definedover [0,1]® andto understan@®D texture mapping
asthetrilinear interpolationof the volume datasetat an arbitrary
point within this domain. At the core of the algorithm multiple

planegarallelto theimageplaneareclippedagainstheparametric
texture domain(seeFigurel) andsentto the geometryprocessing
unit. The hardwareis thenexploited for interpolating3D texture

coordinatedssuedat the polygon verticesand for reconstructing
the texture sampledby trilinearly interpolatingwithin the volume.

Finally, pixel valuesareblendedappropriatelynto theframebuffer

in orderto approximatehe continuoussolumerenderingntegral.

Figurel: Volumerenderingoy 3D textureslicing.

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

2.1 Arbitrar y clipping geometries

A straightforvardapproactwhichis implementedjuiteoftenis the
useof multiple clipping planesto constructmorecomplex geome-
tries. However, noticethatthe simpletaskof clipping anarbitrarily
scalechox cannotberealizedin thisway.

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

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

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

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

,.___________

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

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

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

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

2.2 Spherical domains

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

However, in mary applicationghe texture hasto be mappedo
domainswvhicharenotCartesianForinstancepbsenre thatin geo-
scienceatmospheriaatais often parameterizeih sphericalcoor
dinatesandmappedo the correspondinglomain.

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

Pixel texturesarespecifiedn the sameway asstandardD tex-
tures.Onceapixel texturehasbeenactivatedall pixel valueswhich
aredravn from mainmemoryinto the framebuffer areinterpreted
astexture coordinatesnto this texture. At first, eachRGB color
triple is mappedo thetexture. Then,insteadf thecolorvaluesthe
interpolatedexturevaluesaredravn.



Letusconsideasimpleexampleto demonstratéherelevanceof
pixel texturesin volumerendering.A sphericalobjectis rendered
having smoothcolor interpolationacrosgpolygons.Redandgreen
colorcomponentaresetaccordingo the normalizedsphericako-
ordinates. The blue componenis initialized by a constantvalue
(seeleft of Figure3). By readingthe framebuffer anddrawing it
backwith enabledpixel texture eachof the RGB valuesis treated
asatexturecoordinatanto the3D map.

Figure3: Usingpixel texturesto performtexture mappinganddis-
tortionon sphericablomains.Therightimagewascreatedy using
constantoloracrosgaces.

Sincetexture coordinatesan be modifiedin main memoryon
theperpixel basisit is easyto applyarbitrarytransformationsvith-
outmanipulatingandre-loadingthetexture. For example,in Figure
3 the original texture wasjust a simplestripedpattern,but texture
coordinatesveredistortedwith respecto avectorfield beforethey
gotmappedseemiddle of Figure3).

Arbitrary homogeneousansformationsanbeappliedusingthe
OpenGLpixel transferoperationsBeforepixel datagetswrittento
the framebuffer it is multiplied with the color matrix andfinally
scaledandbiasedby vectorvaluedfactors.More precisely if CM
is the4x4 color matrixandb ands arethefour componenbiasand
scalevectorsproviding separatéactorsfor eachcolorchannelthen
eachRGBa quadruplep, becomeb +s CM p.

Evenmoreefficiently pixel texturescanbe exploitedin volume
renderingapplications For example, imagec) in Figurel0Owaspro-
ducedby renderingthe sphericalobjectmultiple times, eachtime
whichaslightly increasedadiuscodedinto thebluecolorchannel.
The pixel datawasthenre-usedtio mapto the 3D texture before
it wasblendednto the framebuffer thussimulatingvolumetricef-
fects.

3 Rendering shaded iso-surfaces via 3D
textures

Sofar, with our extensiongo texturemapped/olumerenderingve
introducedconceptgor adaptve explorationof volumetricdatasets
aswell asfor theapplicationto ratherunusuaddomains.

In practice however, thedisplayof shadedso-surbiceshasbeen
shavn asone of the mostdominantvisualizationoptions, which
is particularly usefulto enhancethe spatial relationshipbetween
structures. Moreover, this kind of representatiomften meetsthe
physicalcharacteristicef therealobjectin amorenaturalway.

Differentalgorithmshave beenproposedor efficiently recon-
structingpolygonalrepresentationsf iso-surcesfrom scalarvol-
ume data[14, 16, 19, 26], but unfortunatelynone of theseap-
proachesan effectively be usedin interactve applications. This
is dueto the effort thathasto be spentto fit the surfaceandalsoto
theenormousamountof trianglesproduced.

For example, the iso-surfice shawn in Figure 4 was recon-
structedfrom a 512x128 abdomendataset. It took abouthalf
a minute to generatel.4 million triangles. Renderingthe trian-
gle list on a high-endgraphicsworkstationtakes several seconds.
Thus, interactvely manipulatingthe iso-valueis quiteimpossible,

Figure4: Iso-surficereconstructeavith the MC algorithm.

andalsorenderingthe surfaceat acceptablérameratescanhardly
be achieved. In contrastwith the methodwe proposethe surface
canbe renderedn approximatelyone second,ncluding arbitrary
updatesf theiso-value.

In orderto designanalgorithmthatcompletelyavoidsary polyg-
onalrepresentatiome combine3D texture mappingandadwanced
pixel transferoperationsn a way thatallows theiso-surficeto be
renderedbn a perpixel basis.Sincethe maximumpossiblefeature
sizeis a single pixel we expectour methodto be ableto capture
eventhesmallesfeaturedn thedata.

Recently first approachegor combininghardware accelerated
volumerenderingvia 3D texture mapswith lighting and shading
werepresentedIn [24] the sumof pre-computeémbientandre-
flectedlight componentss storedin the texture volume and stan-
dard3D texture compositionis performed.On the contrary in [8]
the orientationof voxel gradientsis storedtogetherwith the vol-
ume densityasthe 3D texture map. Lighting is achieved by in-
dexing into an appropriatelyreplicatedcolor table. The inherent
drawvbacksto thesetechniquess the needfor reloadingthe texture
memoryeachtime ary of thelighting parametershanggincluding
changesn the orientationof the object)[24], andthe difficulty to
achieve smoothlyshadedsurfacesdueto the limited quantization
of the normal orientationand the intrinsic hardware interpolation
problemgq8].

Basically our approachis similar to the oneusedin traditional
volumeray-castingfor the display of shadedso-surfces. Let us
considethatthesurfaceis hit if thematerialvaluesalongtheraydo
exceedtheiso-valuefor thefirst time. At thislocationthe material
gradientis computedvhichis thenusedn thelighting calculations.

By recognizingthat we do alreadyexploit texture interpolation
tore-samplehedataall thatneeddo beevaluateds how to capture
thosetexture samplesabove the iso-valuewhich arenearesto the
imageplane.Thereforeve have emplg/edthe OpenGLalphatest,
whichis usedto rejectpixelsbasedntheoutcomeof acomparison
betweertheir alphacomponentaindareferencevalue.

Eachelementof the 3D texture getsassignedhe materialvalue
asit’'s alphacomponent.Then, texture mappedvolumerendering
is performedasusual,but pixel valuesareonly dravn if they pass
the z-buffer testandif the alphavalueis largerthanor equalto the
selectedso-value. In ary of theaffectedpixelsin theframebuffer,
now, the color presengtthefirst surfacepointis beingdisplayed.

In orderto obtainthe shadedso-surficefrom the pixel values
alreadydrawn into the frame buffer we proposetwo differentap-
proaches:

Gradient shading: A four component3D texture is stored
which holdsin eachelementhe materialgradientaswell asthe
materialvalue. Shadingis performedin imagespaceby means
of matrix multiplicationusingan appropriatelyinitialized color
matrix.



Gradientless shading: Shadingis simulatedby simple frame
buffer arithmeticcomputingforward differenceswith respecto
thelight sourcedirection. Pixel texturing is exploitedto encom-
passmultiple renderingpasses.

Both approachesccountfor diffuse shadingwith respecto a
parallellight sourcepositionedat infinity. Thenthe diffuseterm
reducego the scalarproductbetweenthe surfacenormal, N, and
the directionof the light source L, scaledby the materialdiffuse
reflectiity, ky.

The texture elementsin gradientshadingeach consistof an
RGBa quadruplevhich holdsthe gradientcomponentén thecolor
channelsandthe materialvaluein the alphachannel. Beforethe
textureis storedandinternally clampedto the range[0,1] the gra-
dientcomponentsirebeingscaledandtranslatedy afactorof 0.5.

By slicing the texture therebyexploiting the alphatestas de-
scribedthe transformedgradientsat the surface points are finally
displayedin the RGB framebuffer componentgseeleft imagein
Figureb). For the surfaceshadingo proceedproperly pixel values
have to be scaledandtranslatecbackto therange[-1,1]. We also
have to accountfor changesn the orientationof the object. Thus,
the normalvectorshave to be transformecdby the modelrotation
matrix. Finally, the diffuse shadingtermis calculatedby comput-
ing the scalarproductbetweenthe light sourcedirectionandthe
transformecdhormals.

Figure5: Ontheleft, for aniso-surficethegradientcomponentare
displayedin the RGB pixel values.On theright, for the sameiso-
surfacethe coordinatesn texture spacearedisplayedin the RGB
components.

All threetransformationgan be appliedsimultaneouslyusing
one4x4 matrix. It is storedin the currently selectedcolor matrix
which post-multiplieseachof the four-componenipixel valuesif
pixel datais copiedwithin theactive framebuffer.

For the color matrix to accomplistthe transformationst hasto
beinitialized asfollows:

e Ly Ly O 200 1
Lk Ly L 0 020 1
M L Ly L, ofMetfo 0 2 1
0 0 0 1 000 1

By just copying the framebuffer contentsontoitself eachpixel
getsmultiplied by the color matrix. In addition, it is scaledand
biasedin orderto accountfor the materialdiffuse reflectvity and
theambientterm. Theresultingpixel valuesare

la Kd R kg L Nrot  la
la kg CM G kg L Nrot  la
la Ky B Ko L Niot  la
0 1 a a

whereobviously differentambienttermsand reflectvities canbe
specifiedfor eachcolor component.

To circumentthe additionalamountof memorythatis needed
to storethe gradienttexture we proposea secondechniquewhich

appliesconceptsborroved from [18] but in an essentiallydiffer-
entscenario.Thediffuseshadingierm canbe simulatedby simple
frame buffer arithmeticif the surfaceis locally orthogonalto the
surfacenormalandthe normalaswell asthelight sourcedirection
areorthonormalectors.

Notice that the diffuse shadingtermis then proportionalto the
directionalderivative towardsthe light source.Thus,it canbesim-
ulatedby taking forward differencestoward the light sourcewith
respecto the materialvalues:

oX
30 X po X po L

By renderingthe material valuestwice, once at the original
surfacepoints andthenshifted towardsthe light source,OpenGL
blendingoperationsanbe exploitedto computethe differences.

In orderto obtainthe coordinateof the surlacepointswe take
adwantageof the alphatestas proposedand we also apply pixel
texturesto re-sampleéhe materialvalues. Thereforeit is important
to know that eachvertex comeswith a texture coordinateaswell
asa colorvalue. Usuallythe color valuesprovide a basecolor and
opacityin orderto modulatetheinterpolatedexture samples.

Let us considerthat to eachvertex the computedtexture coor
dinate u vw is assignecas RGB color value. Sincetexture co-
ordinatesarecomputedn parametridexture spacethey arewithin
therange[0,1]. Moreover, the color valuesinterpolatedduringras-
terizationcorrespondo the texture spacecoordinatef pointson
the slicing plane. As a consequencee nowv have the positionof
surfacepointsavailablein theframebuffer ratherthanthe material
gradients.

In orderto displaythecorrectcolorvaluesthey mustnotbemod-
ulatedby thetexturesamplesHowever, remembethatin gradient-
lessshadingve usethesametextureformatasin traditionaltexture
slicing. Eachelementcomprisesa single-waluedcolor entrywhich
is mappedvia a RGBa lookup table. This allows usto temporas
ily setall RGB valuesin thelookuptableto onethusavoiding ary
modulationof colorvalues.
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Figure 6: Procesdlow for texture basedvolume renderingtech-
nigues.Green:StandardRed: GradientShading;Blue: Gradient-
lessShading

At this point, therealstrengthof pixel texturescanbe exploited.
The RGB entriesof the texture lookup table areresetin orderto
producetheoriginal scalarvalues.Then,the pixel datais readinto
mainmemoryandit is dravn twice into the framebuffer with en-
abledpixel texture. In the secondpasspixel valuesare shiftedto-
wardsthelight sourceby meansof the OpenGLpixel bias.Chang-
ing the blending equationappropriatelylet valuesget subtracted



from thosealreadyin the frame buffer. Figure6 summarizeghe
basicstagesandinstructionsinvolvedin the outlinedmethods.

Sofar, we have acceptedhatonly thefirst materialvalueexceed-
ing theiso-valuewill be captured.In practice however, it is often
usefulto visualizethe exterior andtheinterior of aniso-surbice the
latter one often characterizedby materialvaluesfalling belov the
iso-value.Forexample theleft imagein Figure7 wasgeneratedis-
ing ourapproachSincecloseto thevolumeboundariesiatalarger
thanthe iso-valueis presentthe first pixel dravn locks the frame
buffer.

This problemis solved by a multi-passrenderingapproach.At
first, thedepthbuffer is initialized with avalueright behindthefirst
intersectionwith the texture boundingbox. All structuresloseto
the boundarywhich are drawn, therefore,fail the depthtest. At
thesdocationsthestencilbuffer is set. Now thevolumeis rendered
with the alphatestperformedasusualinto pixelswherethe stencil
buffer is unchangedThen,thealphatestis reversedandthevolume
is renderednto pixelswherethestencilbuffer hasalreadybeenset.
Theresultis shavn in Figure7.

Figure 7: Multi-passrenderingto determinethe exterior andthe
interior of iso-surfces.

3.1 Bricking

All presente@pproachework equallywell if thevolumedatahas
to be split into smallerblockswhich are small enoughto fit into
texture memory Eachbrick is renderedseparatelyffrom front to
back startingwith the one nearesto the imageplane. Sincethe
stencilbufferisimmediatelylockedwheneer a hit with thesurface
occurspnceavaluehasbeensetcorrectlyit will neverbechanged.

Evenwhenpixel texturesareusedthe samealgorithmproceeds
withoutessentiamodifications Sincetherenderedtolorvaluesare
alwaysspecifiedwith respecto the parametriddomainof theactual
block the pixel texturewill alwaysbe accessedorrectly

4 \olume unstructured

grids

rendering  of

Now weturnourattentiorto tetrahedragjridsmostfamiliarin CFD
simulation, which have also recently shavn their importancein
adaptve refinementstratgies. Sincemostgrid typeswhich pro-
vide the dataat unesenly spacedsamplepointscanbe quite easily
corvertedinto this representatiomur techniquejn generaljs po-
tentially attractve to awide areaof differentapplications.
Causedby the irregular topology of the grids to be processed

the intrinsic problemshaving up in directvolumerenderingis to
find the correctvisibility orderingof theinvolved primitives. Dif-
ferentwayshave beenproposedo attackthis problem,e.g. by im-
proving sortingalgorithms[23, 28, 5], by usingspacepartitioning
stratgies[27], by taking advantageof hardware assistegolygon
rendering[20, 23, 31, 25] andby exploiting the coherencavithin

cuttingplanesn objectspacd6, 21]. Similartothemarchingcubes
algorithm,the marchingtetrahedrapproactsufersfrom thesame
limitations,i.e.,thelargeamountof generatedriangles.

In eachtetrahedron(hereaftertermedthe volume primitive or
cell)wehavealinearrangein thematerialdistributionandtherefore
a constantgradient. The affine interpolationfunction f xy z
a bx cy dzwhichdefinesthe materialdistribution within one
cellis computedy solvingthe systemof equations

1 x Yo 2\ [a fo
1 X1 Y1 7n b f]_
1 X2 Yo 2o C f2
1 X3 Y3 Z3 d f3

for theunknavnsa b ¢ andd. fj arethefunctionvaluesgiven at
locations x; Vi z .

Now thepartialderivatives,b ¢ andd, provide thegradienttom-
ponentsof eachcell. Gradientsat the verticesare computedby
simply averagingall contributionsfrom differentcells. Theseare
storedin additionto the vertex coordinateaindthe scalarmaterial
values thelatter onesgivenasone-componentolor indicesinto a
RGBa lookuptable.

4.1 Shaded iso-surfaces

In contrasto regularvolumedatawe areno longerableto perform
therenderingprocesdy meansof 3D textures.However, geometry
processin@ndadwancedperpixel operationsill beexploitedin a
highly effective way which againallows usto avoid ary polygonal
representation.

At first, let us considera ray of sightpassinghroughonetetra-
hedronin orderto re-samplehe materialvalues. Sincealongthe
ray the materialdistribution is linearit suficesto evaluatethe data
within the appropriateront andbackfaceandto linearly interpo-
latein between.This, again,canbe solved quite efficiently using
thegraphicshardware. Thereforethe materialvaluesareissuedas
the color of eachvertex beforethe smoothlyshadectcell facesare
rendered. The correctly interpolatedsamplesare then being dis-
playedandcanbe grabbedrom the framebuffer.

Ohlviously, the sameprocedurecanbe appliedby choosingan
appropriateshadingmodelandby issuingthe materialgradientas
thevertex normal. Thenthe renderedriangleswill beilluminated
with respecto thegradientf the volumematerial.

Nevertheless,since we are interestedin renderinga specific
iso-surbicewe have to find thoseelementsthe surfaceis passing
through. But even moredifficult, the exactlocationof the surface
within thesecellshasto be determinedn orderto computeappro-
priateinterpolationweights(seeFigure8).

Thekey idealiesin amulti-passapproach:

a: Facesarerendered having smooth color interpolation in or-
der to computetheinterpolation weights.

b: Faces arerendered having smooth shading in order to com-
puteilluminated pixels.

c: Theinterpolation weights are used to modulate the results
properly.

In orderto computethe interpolationweightswe duplicatethe
materialvaluesgivenat the verticesinto RGBa-quadruplesThese
are usedasthe currentcolor values. Next, all the backfacesare
renderedput only thosepixels nearesto the imageplanewith an
alphavaluelarger thanthe thresholdare maintainecdby exploiting
the alphatestandthe z-huffer test. The stencilbuffer is setwhen-
ever apixel passedothtests.

We proceedby invertingthe alphatestandby drawing the front
faces Althoughz-buffer comparisorns in effect, z-valuesarenever
goingto be changedsincethey areneededater. Pixel valuesmay



@®  Hit with front face
@  Hit with iso-surface

@® Hit with back face

Figure 8: Interpolationweightsare computedasq Si; stf and

1 qin orderto obtaintheiso-surfce.

beaffectedwherethestencilbuffer is set,but, in fact,notall compo-
nentswill bealteredin orderto retainthe previously writtenresults.

Insteadof processingll front facesatoncewe alternatvely ren-
dereachelements backfacesagain. By settingtheir alphavalues
to zeroit is guaranteedhat they always passthe alphatest. No-
tice thatif pixelswereacceptedn thefirst passthe corresponding
z-valuesarestill presensincewe did notalterthe z-buffer. Choos-
ing an appropriatestencil function allows the stencil buffer to be
lockedwheneer apixel is writtenwith az-valueequatto thestored
one. At theselocationsthe framebuffer is locked in orderto pre-
ventthe correctlydravn pixels from beingdestrged. Finally, the
pixel datais readinto mainmemoryandtheinterpolationweights
are computedand storedinto two distinct pixel imagesl; andly,
respectiely.

Onceagain,the entireproceduras repeatedbut now the hard-
ware is exploited to renderilluminated facesinsteadof colored
ones. Theresultsof the first renderingpassare blendedwith the
pixel imagel; andthe modulatedpixel datais transferedto the
accumulatiorbuffer [7]. Pixel dataproducedn the secondpassis
blendedwith thepixel imagel, andaddedo thedataalreadystored
in the accumulationbuffer. During both passeslendingensures
thatthe shadedacesareinterpolatedcorrectlyin orderto produce
the surfaceshading. Finally, entireimageis dravn backinto the
framebuffer.

However, evenwithoutcomputingtheinterpolationweights just
by equallyblendingthe lighted front andbackfaces,this method
producessuficient results(seeFigure 9). It is quite evident that
sometimeghe geometricstructureof the cells shawvs up, but this
seemgo betolerableduringinteractve sessions.

Figure9: Iso-surhicereconstructedrom a tetrahedrabrid. Color
valuesof the imagewere equalizedto enhancehe effects. The
left imagewas generatedvithout using the interpolationweights
necessario achieze smoothresults.

4.2 Directly slicing unstructured grids

It is now easyto derive analgorithmwhichallows usto reconstruct
arbitraryslicesout of the data. For eachvertex we alsostoreit’s
distanceo theimageplaneanduseit temporarilyasthe scalama-
terialvalue.Butthen,aslicejustcorrespondt aplanariso-surfice
definedby aniso-valuethatis equalto the distanceof thatslice to
theimageplane. As a consequenceur methodfor reconstructing
shadedso-suracescanbeapplieddirectly. Evenmoreefficiently,
sincewe areonly interestedn the scalarmaterialvaluesfacesare
alwaysrenderechaving smoothcolor interpolation.

For themethodto proceedoroperly we storethescalavaluesin
the RG color component&ndthe distancevaluesin the Ba com-
ponentsissuedat eachvertex. Again we startrenderingthe back
faces.For asliceatthedistanced from theimageplaneonly pixel
valueswith an alphavaluelargerthanor equalto d areaccepted.
We only allow RB pixel valuesto bewrittento theframebuffer. As
usual,the stencil buffer is setwherea pixel passeghe depthtest
andthe alphatest. Now the front facesarerenderedbut only the
Ga componentsaregoingto bealtered.Locking the stencilbuffer
is donein the sameway asdescribed.

Finally, all valuesnecessaryo correctly interpolatethe scalar
valueswithin the actualslice are availablein the pixel data. We
readthedataandcalculate

R d
R B

d B

for eachRGBa pixel value. Beforethe resultingscalarvalue are
written backinto the frame buffer they get mappedvia a lookup
tableprovided by the graphicshardware. In orderto approximate
the volumerenderingintegral the grid is slicedmultiple timesand
thegeneratedmagesareblendedproperly
Theremarkabldactis thatwe neverneedo explicitly usethege-
ometricdescriptionof primitivesor thetopologyof the underlying
grid. Sortingis implicitly doneon the perpixel basisin theraster
izationunit. Polygondrawing is exploitedfor reconstructingcalar
valueson the cell faces.All valuesnecessaryo interpolatewithin
oneslice areaccessedrom the framebuffer. Moreover, adaptve
slicing caneasilybe performed.For example,to preview theresult
atavery coarsdevel only afew sliceshave to berendered.

4.3 Data Structures

In this sectionwe briefly discussthe basicdatastructuresusedin
the presentedapproaches.In particularthe following two issues
will beaddressed:

Find all elementsa particular iso-surface passesthrough

Which elements contributeto a particular dice

It is importantthatthedecisionwhetheracell hasto berendered
ornotcanbedonein apredictveway. Thenaive approacho render
every cell in eachpassof the algorithmwould causethe graphics
hardwareto collapsefor suficiently largedatasets.

In iso-surbce renderingwe prefer a simple byte streamdata
structurewhich is easyto accesandefficient to store. All scalar
materialvaluesare scaledto the range[0,1] which is partitioned
into anarbitrarynumberof equallyspacedntenals.

Letusconsidetthatwe have N cellsto processFor eachintenal
astreanof N 8 bytesis stored.A bit is setif notall of thevalues
givenattheverticesof thecorrespondingell arecompletelylessor
largerthanthe boundsof theinterval. For a surfaceto berendered
with respecto a particulariso-valueit nov suficesto find those
entriesin therelevantstreamwhich areset. Sincein generaimary
adjacenentrieswithin the sameinterval will be emptythis kind of
representatioprovides an effective datastructureto be runlength
encodedIn addition,this encodingschemeallows emptyintenals
to be skippedquite efficiently.



In our slicing approactito simulatedirect volumerenderingwe
mainly borraved ideasfrom [31]. Eachcell occurstwice in a set
of lists, eachof which is storedfor exactly oneslice. Sinceeach
elementjn generalcontritute to multiple slices,it is includedinto
thoselistswhich arestoredfor thefirst andthelastslicethatis cov-
eredby theelementIn addition,anactive cell list is utilized which
capturesall cellscontrituting to the slicethatis actuallybeingren-
dered. Ohviously, otherdatastructureq27] might be well suited
for thiskind of application put we foundthe presenbneto beopti-
malin ourtestcasesTree-like datastructurespf course avoid the
incrementalipdatefrom sliceto sliceandfrom viewpoint to view-
point, but in orderto keepthe memoryoverheadmoderatemuch
morecells have to be renderedn general.In all our experiments
thetime necessaryo updatethe cell lists wasnegligible compared
to thefinal renderingtimes. We believe thatthe additionalamount
of memoryintroducedby this approachis fairly acceptableeom-
paredto thegainsit offers.

5 Results

Comparedo puresoftwaresolutiongheaccurag of theresultspro-
ducedby our approachestrongly dependson the available frame
buffer hardware. Wheneer pixel valuesare readand processed
furtheron the numberof bits percolor channedetermineshepre-
cision that can be achiered. This turnsout to be mostcritical in
renderingshadedso-surficeswith the pixel texturewherewe may
accessvronglocationsin the texture domain. For example,let us
considera 1024 texture which shouldbe processedisinga 8 Bit
framebuffer. Sincepixel valuesareonly precisewithin Tés wemay
acceswoxel valueswhich areabout4 cellsaside.

Limited precisionis alsoa problemin direct renderingof un-
structuredgrids wherethe frame buffer is accessednultiple times
toretrievethescalamaterialvaluesandthevaluesnecessarto per
form the interpolation. By repeatedlyblendingthe quantizeddata
sampleghefinal imagemight getdegraded.

Throughoutour experimentswe usedthe 8 bit framebuffer on
a SGI Maximum Impactwherepixel textureshave beenexploited
andin all othercaseghe 12 bit framebuffer of the RealityEnginell.
TheSGI X_pbuffer, anadditionalframebuffer invisible to theuser
was usedthroughoutthe implementationssinceit can be locked
exclusiely in orderto preventotherapplicationdrom draving into
pixel datato beread.

All theresultswererun on differentdatasetscarefullychoserto
outlinethebasicfeaturef our approachesThefirst row of Figure
10 shavs a selectionof imagesdemonstratinghe extensiongo the
traditional texture basedvolume renderingwe developed. In the
imagesa) and b) a simple box was usedto clip the interior and
the exterior of a MRI-scan. Imagec) shaws the benefitsof pixel
texturesfor the visualizationof atmospheridata. The multi-pass
algorithmasdescribedvasemployed.

In the second-ow we compareaesultsof the proposedendering
techniquedor shadedso-surfices.Thesurfaceontheleftmostim-
agewasrenderedn roughly15secondsisingasoftwarebaseday-
caster 3D texturebasedyradientshadingvasrunwith 6 framesper
secondon the next image. The distancebetweensuccessi slices
wasequalto the samplingintervals usedin the softwareapproach.
Thesurfaceontheright appearsomavhatbrighterwith alittle less
contrastbut basicallytherecanhardlybe seenary differences.

The next two imagesshav the comparisonbetweengradient
shadingandgradientlesshading.Obviously, surfacesrenderedy
thelatteroneexhibit low contrastandevenincorrectresultsarepro-
ducedespeciallyin regionswherethevariationof thegradientmag-
nitudeacrosghesurfaceis high. Althoughthe materialdistribution
in the exampledatais almostiso-metric,at somepointsthe differ-
encesanbeeasilyrecognizedAt thesesurfacepointsthestepsize

usedto computethe forwarddifferencehasto beincreasedwhich,
of coursecannotberealizedby our approach.

However, only one fourth of the memory neededin gradient
shadings usedn gradientlesshadingandalsotherenderingimes
differ insignificantly The only differenceliesin theway the shad-
ing is finally computed. In gradientshadingwe copy the whole
framebuffer once.In gradientlesshadingve have to readthe pixel
dataandwe have to write it twice with enabledpixel texturing. For
a512x512viewport the differencewas0.08secondsComparedo
thetraditionalrenderingvia 3D texturesgradientshadinganabout
0.04 secondsslower. On the otherhand,sincethe overheaddoes
notdependnthedataresolutionbut onthesizeof theviewportwe
expectit’ s relative contritution to decreaseapidly with increasing
datasize.

Our final resultsillustrate the renderingof scalarvolume data
definedon tetrahedrabrids (seelast row in Figure 10). The first
image shavs an iso-surfice from the NASA bluntfin which was
convertedinto 225000tetrahedra.To generatehe 512x512pixel
imageit took 0.2 second®naRE2with oneR10000195Mhz cpu.

Direct volumerenderingof a finite-elementdatasetis demon-
stratedby the secondexample. Notice the adaptve manipulation
of thetransferfunctionin orderto indicateincreasingemperature
from blueto yellow. The glowing innerkernelcanbe clearly dis-
tinguished.In Table1 we compareimingsfor variouspartsof the
algorithm. Thesearemainly the elapsedimesneededo readand
write the framebuffer (FbOps) andto renderthe elements faces
(GrOps), andthe cputime requiredto calculatethe interpolation
weightsfor all slices(Cmp).

Tablel1: Processegrimitivesandtimings (secondsjor thefinite-
elementataset.(400slices,400x400viewport)

| | #Tetra | FoOps| GrOps| Cmp | Total |

fedataO|| 60000 5.0 9.2 6.4 | 20.6
fedatal|| 110000 5.0 115 6.4 | 22.9
fedata2| 150000 5.0 153 6.4 | 257
fedata3|| 200000 5.0 18.0 6.4 | 29.4

Obsere that the time neededto computethe interpolation
weightsdoesnot changesince the numberof pixels which have
to be processedemainsconstant.

The experimentaltimes are significantly fasterthan the times
proposedin [31, 25, 22] without noticeablelossesin the image
quality Comparedo the lazy sweepalgorithm[21], however, our
methodis slightly slower. The significantimprovementis thatthe
expectedtimesdo not dependon the grid topology As a conse-
quencene endupwith constanframeratesfor arbitrarytopologies
but equalnumberof primitives. Thisis amajordifferenceto a vari-
ety of existing approachesvhich exploit the connectiity between
cells. Oncethefirstintersectiorwith the boundarieiasbeencom-
putedthegrid canbetraversedvery efficiently takingbenefitof the
pre-computeaheighborhoodnformation.

Our final imageshaws a particularstateof a binary cellular au-
tomaton. A testcasefor which we expectothertechniquegaking
adwantageof the coherencédetweenprimitivesto be significantly
slower. Eachprimitive represents living cell in the automaton.
Originally, 8000cellsweregeneratedEachcell hasbeenconverted
to 12 tetrahedravhich have the centerpoint of the original cell in
common.In orderto shav a potentialsurfacearoundthe centersof
thecells,there thematerialvaluesweresetto one. At all otherver-
ticesthey weresetto zero. No connectiity informationwasused.
Thetime neededo renderthe shavn iso-suricewas1.8 seconds.
Direct volumerenderingwith the samesettingsas describedook
14.1seconds.

Ohviously, sincethe performancef our algorithmsstronglyde-
pendson the throughpubf the geometryengineaswell astheras-



terizationunit, we expectthemto beacceleratedonsiderablyf run
onthecurrentlyavailablehigh-endsystemdik e the InfiniteReality
or futurearchitectures.

6 Conclusion

In this paperwe have presentednary differentideasto exploit ad-
vancedfeaturesofferedby modernhigh-endgraphicsworkstations
throughstandardAPIs like OpenGLin volumerenderingapplica-
tions. In particular real-timerenderingof shadedso-surficeshas
beenmadepossiblefor Cartesiarandtetrahedragridsavoidingary
polygonalrepresentationFurthermorewe have presentea direct
volume renderingalgorithm for unstructuredgrids with arbitrary
topologyby meanof hardvaresupportedyeometryprocessingind
color interpolation. Sinceary connectiity informationhasbeen
abandonedve expectthe frameratesto beindependentf the grid
topology

Our resultshave shawvn that the presentednethodsare signif-
icantly fasterthan other methodspreviously proposedwhile only
introducing slight image degradations. Sincewe take adwantage
of graphicshardwarewheneer possible the numberof operations
to be performedin software is minimized makingthe algorithms
relatively simpleand easyto implement. However, thereare still
severalareago beexploredin thisresearch:

Hardware supported specular lighting effects and shadows
will helpto improve thespatialperceptiorof volumetricobjects
andmayalsobeintegratedin globalillumination algorithms.

Image based pixel manipulationsareusefulin avariety of ap-
plications, e.g. image basedrendering,volume morphingor
vectorfield visualization. In this context, the benefitsof pixel
textureshave to be exploredmorecarefully

Multi-block data setsand arbitrary cell primitives areama-
jor challengein scientificvisualization. Efficient renderingal-
gorithmsfor thesekindsof representatiostill needto be devel-
oped.
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(a) Box clipping performedwith the (b) Inversebox clipping of thebrain. (c) Visualizingatmospherizolumedata

stencilbuffer. with the pixel texture.
(d) Iso-surhce rendering by (e) Iso-surfice rendering per (f) Iso-surbice rendering per (g9) Iso-surhce rendering by
softwareray-casting. formedwith a 3D gradienttex- formedwith a 3D gradienttex- framebuffer arithmetic.
ture. ture.
(h) Shaded iso-surhce extracted (i) Direct volumerenderingof a finite- (j) 1so-surbcedisplayedrom a highly irreg-
from the NASA bluntfin dataset. elementdataset. ulartopology

Figure10: Imageplateshaving theresultsof hardwaresupported/olumevisualization.




