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Abstract

OpenGLand its extensionsprovide accessto advancedper-pixel
operationsavailable in the rasterizationstageand in the frame
buffer hardware of modern graphicsworkstations. With these
mechanisms,completelynew renderingalgorithmscanbedesigned
andimplementedin a very particularway. In this paperwe extend
theideaof extensively usinggraphicshardwarefor therenderingof
volumetricdatasetsin variousways. First, we introducethe con-
ceptof clipping geometriesby meansof stencilbuffer operations,
and we exploit pixel texturesfor the mappingof volume datato
sphericaldomains.We show waysto use3D texturesfor the ren-
deringof lightedandshadediso-surfacesin real-timewithout ex-
tractingany polygonalrepresentation.Second,wedemonstratethat
even for volumedataon unstructuredgrids, whereonly software
solutionsexist up to now, bothmethods,iso-surfaceextractionand
directvolumerendering,canbeacceleratedto new ratesof interac-
tivity by simplepolygondrawing andframebuffer operations.

CR Categories: I.3.7 [ComputerGraphics]:Three-Dimensional
GraphicsandRealism—-Graphics Hardware, 3D Textures, Volume
Rendering, Unstructured Grids

1 Intr oduction

Over thepastfew yearsworkstationswith hardwaresupportfor the
interactive renderingof complex 3D polygonalscenesconsisting
of directly lit andshadedtriangleshave becomewidely available.
Thelasttwo generationsof high-endgraphicsworkstations[1, 17],
however, besidesproviding impressive ratesof geometryprocess-
ing,alsointroducednew functionalityin therasterizationandframe
buffer hardware, like texture andenvironmentmapping,fragment
testsandmanipulationaswell asauxiliary buffers. The ability to
exploit thesefeaturesthroughOpenGLand its extensionsallows
completelynew classesof renderingalgorithmsto be developed.
Anticipating similar trendsfor the moreadvancedimaging func-
tionality of todayshigh-endmachinesweareactively investigating
possibilitiesto accelerateexpensive visualizationalgorithmsby us-
ing theseextensions.
�
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In this paperwe are dealingwith the efficient generationof a
visual representationof the informationpresentin volumetricdata
sets. For scalar-valuedvolumedatatwo standardtechniques,the
renderingof iso-surfaces,and the direct volume rendering,have
beendevelopedto ahighdegreeof sophistication.However, dueto
the hugenumberof volumecells which have to be processedand
to the variety of differentcell typesonly a few approachesallow
parametermodificationsandnavigationat interactive ratesfor real-
istically sizeddatasets.To overcometheselimitationswe provide
a basisfor hardware acceleratedinteractive visualizationof both
iso-surfacesanddirectvolumerenderingon arbitrarytopologies.

Direct volumerenderingtries to convey a visual impressionof
the complete3D datasetby taking into accountthe emissionand
absorptioneffectsasseenby anoutsideviewer. Theunderlyingthe-
ory of thephysicsof light transportis simplifiedto thewell known
volumerenderingintegralwhenscatteringandfrequency effectsare
neglected[9, 10, 15,29]. A few standardalgorithmsexist for com-
putingtheintensitycontributionalongarayof sight,enhancedby a
widevarietyof optimizationstrategies[13, 15, 12, 4, 11]. But only
recently, sincehardwaresupported3D texturemappingis available,
hasdirectvolumerenderingbecomeinteractively feasibleongraph-
icsworkstations[2, 3, 30]. Weextendthisapproachwith respectto
flexible editingoptionsandadvancedmappingandrenderingtech-
niques.

Ourgoalis thevisualizationandmanipulationof volumetricdata
setsof arbitrary data type and grid topology at interactive rates
within oneapplicationon standardgraphicsworkstations.In this
paperwefocusonscalar-valuedvolumesandshow how to acceler-
atetherenderingprocessby exploiting featuresof advancedgraph-
icshardwareimplementationsthroughstandardAPIslikeOpenGL.
Our approachis pixel oriented,taking advantageof rasterization
functionality suchas color interpolation,texture mapping,color
manipulationin thepixel transferpath,variousfragmentandstencil
tests,andblendingoperations.In thisway we� extend volume rendering via 3D textures with respectto arbi-

trary clipping geometriesandexploit pixel texturesfor volume
renderingin sphericaldomains

� render shaded iso-surfaces at interactive ratescombining3D
texturesand fragmentoperationsthusavoiding any polygonal
representation

� accelerate volume visualization of tetrahedral grids employ-
ing polygonrenderingof cell facesandfragmentoperationsfor
bothshadediso-surfacesanddirectvolumerendering.
In the remainderof this paperwe first introducethe basiccon-

ceptof directvolumerenderingvia 3D textures.We thendescribe
our extensionfor arbitraryclipping geometries,andwe introduce
thepixel texturemechanismfor sphericaldomainsbereusedlater
on. Basicalgorithmsfor renderingshadediso-surfacesfrom regular
voxel gridswill bedescribed.Finally, weproposeageneralframe-
work for thevisualizationof unstructuredgrids.Someof theearlier
ideascanbeusedhereagain,but 3D textureshave to beabandoned
in favor of polygonrenderingof the cell faces. We concludeour
paperwith detailedresultsandadditionalideasfor futurework.
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2 Volume rendering via 3D textures

When3D texturesbecameavailableon graphicsworkstationstheir
potentialbenefitin volumerenderingapplicationswassoonrecog-
nized[3, 2]. Thebasicideais to interpretthevoxel arrayasa 3D
texturedefinedover

�
0� 1� 3 andto understand3D texturemapping

asthe trilinear interpolationof the volumedatasetat an arbitrary
point within this domain. At the core of the algorithm multiple
planesparallelto theimageplaneareclippedagainsttheparametric
texturedomain(seeFigure1) andsentto thegeometryprocessing
unit. The hardware is thenexploited for interpolating3D texture
coordinatesissuedat the polygonverticesand for reconstructing
the texturesamplesby trilinearly interpolatingwithin the volume.
Finally, pixel valuesareblendedappropriatelyinto theframebuffer
in orderto approximatethecontinuousvolumerenderingintegral.

Figure1: Volumerenderingby 3D textureslicing.

Nevertheless,besidesinteractive framerates,in many practical
applicationsediting the datain a free and easyway is of partic-
ular interest.Althoughtexture lookuptablesmight bemodifiedin
orderto enhanceor suppressportionsof thedata,therelevantstruc-
turescanoftenbe separatedin a muchmoreconvenientandintu-
itive way by usingadditionalclipping geometries.Planarclipping
planesavailableascoreOpenGLmechanismsmaybeutilized,but
from theuser’s point of view morecomplex geometriesareneces-
sary.

2.1 Arbitrar y clipping geometries

A straightforwardapproachwhichis implementedquiteoftenis the
useof multiple clipping planesto constructmorecomplex geome-
tries.However, noticethatthesimpletaskof clippinganarbitrarily
scaledboxcannotberealizedin thisway.

Evenmoreflexibility andeaseof manipulationcanbeachieved
by takingadvantageof theper-pixel operationsprovidedin theras-
terizationstage.As we will outline, aslong asthe objectagainst
whichthevolumeis to beclippedis aclosedsurfacerepresentedby
alist of trianglesit canbeefficiently usedastheclippinggeometry.

The basicideais to determineall pixels which arecoveredby
the cross-sectionbetweenthe object and the actualslicing plane
(seeFigure2). Thesepixels, then,arelocked, thuspreventingthe
texturedpolygonfrom gettingdrawn to theselocations.

Thelocking mechanismis implementedexploiting theOpenGL
stencilbuffer test.It allowspixel updatesto beacceptedor rejected
basedontheoutcomeof acomparisonbetweenauserdefinedrefe-
rencevalueandthevalueof thecorrespondingentry in thestencil
buffer. Beforethetexturedpolygongetsrenderedthestencilbuffer
hasto be initialized in sucha way that all color valueswritten to
pixelsinsidethecross-sectionwill berejected.

In orderto determinefor a certainplanewhethera pixel is cov-
eredby across-sectionor notwerendertheclippingobjectin poly-
gonmode.However, sinceweareonly interestedin settingthesten-
cil buffer we do not alterany of the framebuffer values. At first,
anadditionalclippingplaneis enabledwhichhasthesameorienta-
tion andpositionastheslicingplane.All backfaceswith respectto
the actualviewing directionaredrawn, andeverythingin front of
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Figure2: Theuseof arbitraryclipping geometriesis demonstrated
for thecaseof a sphere.In regionswheretheobjectintersectsthe
actualslice the stencilbuffer is locked. The intuitive approachof
renderingonly the back facesmight result in the patternederro-
neousregion.

theplaneis clipped. Wherever a pixel would have beendrawn the
stencilbuffer is set. Finally, by changingthestenciltestappropri-
ately, renderingthetexturedpolygon,now, only affectsthosepixels
wherethestencilbuffer is unchanged.

In general,however, dependingon the clipping geometrythis
procedurefails in determiningthecross-sectionexactly (seeright-
mostimagein Figure2). Therefore,beforethetexturedpolygonis
renderedall stencilbuffer entrieswhich aresetimproperlyhave to
beupdated.Notice that in front of a backfacewhich waswritten
erroneouslythereis alwaysa front facedueto thetopologyof the
clipping object.Thefront facesarethusrenderedinto thosepixels
wherethestencilbuffer is setandthestencilbuffer is clearedwhere
apixel alsopassesthedepthtest.Now thestencilbuffer is correctly
initializedandall furtherdrawing operationsarerestrictedto those
pixelswhereit is setor viceversa.Of course,thestencilbuffer has
to beclearedin orderto processthenext slice.

Sincethis approachis independentof the usedgeometryit al-
lows arbitraryshapesto bespecified.In particular, it turnsout that
adaptive manipulationsof individual verticescanbehandledquite
easilythusproviding a flexible tool for carvingportionsout of the
datain anintuitiveway.

2.2 Spherical domains

Traditionally, 3D texture spaceis parameterizedover a Cartesian
domain.Becausethetextureis mappedto acube,all cross-sections
betweena sliceparallelto theimageplaneandthevolumestill re-
mainplanarin parametrictexturespace.As a consequenceit suf-
ficesto assigntexturecoordinateson a per-vertex basisandto bi-
linearly interpolatebetweenthemduringrasterization.

However, in many applicationsthe texturehasto be mappedto
domainswhicharenotCartesian.For instance,observe thatin geo-
scienceatmosphericdatais oftenparameterizedin sphericalcoor-
dinatesandmappedto thecorrespondingdomain.

Now 3D texturemappingbecomesdifficult becauseplanarslic-
ing planesaremappedto non-planarsurfacesin texturespace.No
longercanbilinearinterpolationonaper-vertex basisbeused.One
way to dealwith this limitation is to assigntexturecoordinatesfor
eachpixel separatelyrather than to interpolatethe valuesacross
polygons. With the pixel texgen OpenGLextensionavailableon
SGI Impactarchitecturesthis becomespossiblein a quiteefficient
way by giving the userdirect control of texture coordinateson a
per-pixel basis.

Pixel texturesarespecifiedin thesameway asstandard3D tex-
tures.Onceapixel texturehasbeenactivatedall pixel valueswhich
aredrawn from mainmemoryinto theframebuffer areinterpreted
astexture coordinatesinto this texture. At first, eachRGB color
triple is mappedto thetexture.Then,insteadof thecolorvaluesthe
interpolatedtexturevaluesaredrawn.



Let usconsiderasimpleexampleto demonstratetherelevanceof
pixel texturesin volumerendering.A sphericalobjectis rendered
having smoothcolor interpolationacrosspolygons.Redandgreen
colorcomponentsaresetaccordingto thenormalizedsphericalco-
ordinates. The blue componentis initialized by a constantvalue
(seeleft of Figure3). By readingthe framebuffer anddrawing it
backwith enabledpixel textureeachof the RGB valuesis treated
asa texturecoordinateinto the3D map.

Figure3: Usingpixel texturesto performtexturemappinganddis-
tortiononsphericaldomains.Theright imagewascreatedby using
constantcoloracrossfaces.

Sincetexture coordinatescanbe modified in main memoryon
theper-pixel basisit is easyto applyarbitrarytransformationswith-
outmanipulatingandre-loadingthetexture.For example,in Figure
3 theoriginal texturewasjust a simplestripedpattern,but texture
coordinatesweredistortedwith respectto avectorfield beforethey
gotmapped(seemiddleof Figure3).

Arbitraryhomogeneoustransformationscanbeappliedusingthe
OpenGLpixel transferoperations.Beforepixel datagetswrittento
the framebuffer it is multiplied with the color matrix andfinally
scaledandbiasedby vector-valuedfactors.More precisely, if CM
is the4x4colormatrixandb ands arethefour componentbiasand
scalevectorsproviding separatefactorsfor eachcolorchannel,then
eachRGBα quadruple,p, becomesb + s � CM � p.

Evenmoreefficiently pixel texturescanbeexploited in volume
renderingapplications.Forexample,imagec) in Figure10waspro-
ducedby renderingthe sphericalobjectmultiple times,eachtime
whichaslightly increasedradiuscodedinto thebluecolorchannel.
The pixel datawas then re-usedto map to the 3D texture before
it wasblendedinto theframebuffer thussimulatingvolumetricef-
fects.

3 Rendering shaded iso-surfaces via 3D
textures

Sofar, with ourextensionsto texturemappedvolumerenderingwe
introducedconceptsfor adaptiveexplorationof volumetricdatasets
aswell asfor theapplicationto ratherunusualdomains.

In practice,however, thedisplayof shadediso-surfaceshasbeen
shown as one of the most dominantvisualizationoptions,which
is particularlyuseful to enhancethe spatial relationshipbetween
structures.Moreover, this kind of representationoften meetsthe
physicalcharacteristicsof therealobjectin amorenaturalway.

Differentalgorithmshave beenproposedfor efficiently recon-
structingpolygonalrepresentationsof iso-surfacesfrom scalarvol-
ume data [14, 16, 19, 26], but unfortunatelynone of theseap-
proachescaneffectively be usedin interactive applications.This
is dueto theeffort thathasto bespentto fit thesurfaceandalsoto
theenormousamountof trianglesproduced.

For example, the iso-surface shown in Figure 4 was recon-
structedfrom a 5122x128 abdomendataset. It took abouthalf
a minute to generate1.4 million triangles. Renderingthe trian-
gle list on a high-endgraphicsworkstationtakesseveral seconds.
Thus,interactively manipulatingthe iso-valueis quite impossible,

Figure4: Iso-surfacereconstructedwith theMC algorithm.

andalsorenderingthesurfaceat acceptableframeratescanhardly
be achieved. In contrast,with the methodwe proposethe surface
canbe renderedin approximatelyonesecond,including arbitrary
updatesof theiso-value.

In ordertodesignanalgorithmthatcompletelyavoidsany polyg-
onalrepresentationwecombine3D texturemappingandadvanced
pixel transferoperationsin a way thatallows the iso-surfaceto be
renderedon a per-pixel basis.Sincethemaximumpossiblefeature
size is a singlepixel we expectour methodto be able to capture
eventhesmallestfeaturesin thedata.

Recently, first approachesfor combininghardware accelerated
volumerenderingvia 3D texture mapswith lighting andshading
werepresented.In [24] thesumof pre-computedambientandre-
flectedlight componentsis storedin the texturevolumeandstan-
dard3D texturecompositionis performed.On thecontrary, in [8]
the orientationof voxel gradientsis storedtogetherwith the vol-
umedensityas the 3D texture map. Lighting is achieved by in-
dexing into an appropriatelyreplicatedcolor table. The inherent
drawbacksto thesetechniquesis theneedfor reloadingthetexture
memoryeachtimeany of thelightingparameterschange(including
changesin theorientationof theobject)[24], andthedifficulty to
achieve smoothlyshadedsurfacesdueto the limited quantization
of the normalorientationandthe intrinsic hardware interpolation
problems[8].

Basically, our approachis similar to the oneusedin traditional
volumeray-castingfor the displayof shadediso-surfaces.Let us
considerthatthesurfaceis hit if thematerialvaluesalongtheraydo
exceedtheiso-valuefor thefirst time. At this locationthematerial
gradientis computedwhichis thenusedin thelightingcalculations.

By recognizingthat we do alreadyexploit texture interpolation
to re-samplethedata,all thatneedstobeevaluatedishow to capture
thosetexturesamplesabove the iso-valuewhich arenearestto the
imageplane.ThereforewehaveemployedtheOpenGLalpha test,
whichis usedto rejectpixelsbasedontheoutcomeof acomparison
betweentheiralphacomponentanda referencevalue.

Eachelementof the3D texturegetsassignedthematerialvalue
asit’ s alphacomponent.Then,texturemappedvolumerendering
is performedasusual,but pixel valuesareonly drawn if they pass
thez-buffer testandif thealphavalueis largerthanor equalto the
selectediso-value.In any of theaffectedpixelsin theframebuffer,
now, thecolorpresentat thefirst surfacepoint is beingdisplayed.

In orderto obtainthe shadediso-surfacefrom the pixel values
alreadydrawn into the framebuffer we proposetwo differentap-
proaches:� Gradient shading: A four component3D texture is stored

whichholdsin eachelementthematerialgradientaswell asthe
materialvalue. Shadingis performedin imagespaceby means
of matrix multiplicationusinganappropriatelyinitialized color
matrix.



� Gradientless shading: Shadingis simulatedby simple frame
buf� fer arithmeticcomputingforwarddifferenceswith respectto
thelight sourcedirection.Pixel texturing is exploitedto encom-
passmultiple renderingpasses.
Both approachesaccountfor diffuseshadingwith respectto a

parallel light sourcepositionedat infinity. Thenthe diffuse term
reducesto the scalarproductbetweenthe surfacenormal,N, and
the directionof the light source,L, scaledby the materialdiffuse
reflectivity, kd .

The texture elementsin gradientshadingeachconsistof an
RGBα quadruplewhichholdsthegradientcomponentsin thecolor
channelsandthe materialvalue in the alphachannel. Beforethe
texture is storedandinternallyclampedto therange[0,1] thegra-
dientcomponentsarebeingscaledandtranslatedby a factorof 0.5.

By slicing the texture therebyexploiting the alphatest as de-
scribedthe transformedgradientsat the surfacepointsarefinally
displayedin the RGB framebuffer components(seeleft imagein
Figure5). For thesurfaceshadingto proceedproperly, pixel values
have to be scaledandtranslatedbackto the range[-1,1]. We also
have to accountfor changesin theorientationof theobject. Thus,
the normalvectorshave to be transformedby the model rotation
matrix. Finally, thediffuseshadingterm is calculatedby comput-
ing the scalarproductbetweenthe light sourcedirectionand the
transformednormals.

Figure5: Ontheleft, for aniso-surfacethegradientcomponentsare
displayedin theRGB pixel values.On theright, for thesameiso-
surfacethe coordinatesin texturespacearedisplayedin the RGB
components.

All threetransformationscan be appliedsimultaneouslyusing
one4x4 matrix. It is storedin the currentlyselectedcolor matrix
which post-multiplieseachof the four-componentpixel valuesif
pixel datais copiedwithin theactive framebuffer.

For thecolor matrix to accomplishthetransformationsit hasto
beinitializedasfollows:

CM 	
Lx Ly Lz 0
Lx Ly Lz 0
Lx Ly Lz 0
0 0 0 1

Mrot

2 0 0 
 1
0 2 0 
 1
0 0 2 
 1
0 0 0 1

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

Ia
Ia
Ia
0

�
kd
kd
kd
1

CM

R
G
B
α
	

kd � L � Nrot 
 � Ia
kd � L � Nrot 
 � Ia
kd � L � Nrot 
 � Ia

α

whereobviously differentambienttermsandreflectivities canbe
specifiedfor eachcolorcomponent.

To circumvent theadditionalamountof memorythat is needed
to storethegradienttexturewe proposea secondtechniquewhich

appliesconceptsborrowed from [18] but in an essentiallydiffer-
entscenario.Thediffuseshadingtermcanbesimulatedby simple
framebuffer arithmeticif the surfaceis locally orthogonalto the
surfacenormalandthenormalaswell asthelight sourcedirection
areorthonormalvectors.

Notice that the diffuseshadingterm is thenproportionalto the
directionalderivative towardsthelight source.Thus,it canbesim-
ulatedby taking forward differencestoward the light sourcewith
respectto thematerialvalues:

∂X
∂L � X ���p0 � 
 X ���p0

��� � �L �
By renderingthe material values twice, once at the original

surfacepointsandthenshiftedtowardsthe light source,OpenGL
blendingoperationscanbeexploitedto computethedifferences.

In orderto obtainthe coordinatesof thesurfacepointswe take
advantageof the alphatest as proposedand we also apply pixel
texturesto re-samplethematerialvalues.Thereforeit is important
to know that eachvertex comeswith a texture coordinateaswell
asa color value.Usuallythecolor valuesprovide a basecolor and
opacityin orderto modulatetheinterpolatedtexturesamples.

Let us considerthat to eachvertex the computedtexture coor-
dinate � u � v� w � is assignedasRGB color value. Sincetexture co-
ordinatesarecomputedin parametrictexturespacethey arewithin
therange[0,1]. Moreover, thecolorvaluesinterpolatedduringras-
terizationcorrespondto thetexturespacecoordinatesof pointson
the slicing plane. As a consequencewe now have the positionof
surfacepointsavailablein theframebuffer ratherthanthematerial
gradients.

In orderto displaythecorrectcolorvaluesthey mustnotbemod-
ulatedby thetexturesamples.However, rememberthatin gradient-
lessshadingweusethesametextureformatasin traditionaltexture
slicing. Eachelementcomprisesa single-valuedcolor entrywhich
is mappedvia a RGBα lookup table. This allows us to temporar-
ily setall RGB valuesin thelookuptableto onethusavoiding any
modulationof colorvalues.
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Figure6: Processflow for texture basedvolumerenderingtech-
niques.Green:Standard;Red: GradientShading;Blue: Gradient-
lessShading

At thispoint, therealstrengthof pixel texturescanbeexploited.
The RGB entriesof the texture lookup tableareresetin order to
producetheoriginal scalarvalues.Then,thepixel datais readinto
mainmemoryandit is drawn twice into the framebuffer with en-
abledpixel texture. In thesecondpasspixel valuesareshiftedto-
wardsthelight sourceby meansof theOpenGLpixel bias.Chang-
ing the blendingequationappropriatelylet valuesget subtracted



from thosealreadyin the framebuffer. Figure6 summarizesthe
basic1 stagesandinstructionsinvolvedin theoutlinedmethods.

Sofar, wehaveacceptedthatonly thefirstmaterialvalueexceed-
ing the iso-valuewill becaptured.In practice,however, it is often
usefulto visualizetheexteriorandtheinteriorof aniso-surface,the
latteroneoftencharacterizedby materialvaluesfalling below the
iso-value.Forexample,theleft imagein Figure7 wasgeneratedus-
ing ourapproach.Sincecloseto thevolumeboundariesdatalarger
thanthe iso-valueis presentthe first pixel drawn locks the frame
buffer.

This problemis solved by a multi-passrenderingapproach.At
first, thedepthbuffer is initializedwith avalueright behindthefirst
intersectionwith thetextureboundingbox. All structurescloseto
the boundarywhich are drawn, therefore,fail the depthtest. At
theselocationsthestencilbuffer is set.Now thevolumeis rendered
with thealphatestperformedasusualinto pixelswherethestencil
buffer is unchanged.Then,thealphatestis reversedandthevolume
is renderedinto pixelswherethestencilbuffer hasalreadybeenset.
Theresultis shown in Figure7.

Figure7: Multi-passrenderingto determinethe exterior and the
interiorof iso-surfaces.

3.1 Bric king

All presentedapproacheswork equallywell if thevolumedatahas
to be split into smallerblockswhich aresmall enoughto fit into
texture memory. Eachbrick is renderedseparatelyfrom front to
backstartingwith the one nearestto the imageplane. Sincethe
stencilbuffer is immediatelylockedwheneverahit with thesurface
occurs,onceavaluehasbeensetcorrectlyit will neverbechanged.

Evenwhenpixel texturesareusedthesamealgorithmproceeds
withoutessentialmodifications.Sincetherenderedcolorvaluesare
alwaysspecifiedwith respectto theparametricdomainof theactual
block thepixel texturewill alwaysbeaccessedcorrectly.

4 Volume rendering of unstructured
grids

Now weturnourattentionto tetrahedralgridsmostfamiliar in CFD
simulation, which have also recently shown their importancein
adaptive refinementstrategies. Sincemostgrid typeswhich pro-
vide thedataat unevenly spacedsamplepointscanbequiteeasily
convertedinto this representation,our technique,in general,is po-
tentiallyattractive to awideareaof differentapplications.

Causedby the irregular topology of the grids to be processed
the intrinsic problemshowing up in direct volumerenderingis to
find thecorrectvisibility orderingof the involved primitives. Dif-
ferentwayshave beenproposedto attackthisproblem,e.g.by im-
proving sortingalgorithms[23, 28, 5], by usingspacepartitioning
strategies[27], by taking advantageof hardwareassistedpolygon
rendering[20, 23, 31, 25] andby exploiting the coherencewithin

cuttingplanesin objectspace[6, 21]. Similarto themarchingcubes
algorithm,themarchingtetrahedraapproachsuffersfrom thesame
limitations,i.e., thelargeamountof generatedtriangles.

In eachtetrahedron(hereaftertermedthe volume primitive or
cell)wehavealinearrangein thematerialdistributionandtherefore
a constantgradient. The affine interpolationfunction f � x � y� z � 	
a
�

bx
�

cy
�

dz which definesthematerialdistribution within one
cell is computedby solvingthesystemof equations

1 x0 y0 z0
1 x1 y1 z1
1 x2 y2 z2
1 x3 y3 z3

a
b
c
d

	
f0
f1
f2
f3

for theunknowns a � b � c andd. fi arethe functionvaluesgiven at
locations� xi � yi � zi � .

Now thepartialderivatives,b � c andd, providethegradientcom-
ponentsof eachcell. Gradientsat the verticesare computedby
simply averagingall contributionsfrom differentcells. Theseare
storedin additionto thevertex coordinatesandthescalarmaterial
values,thelatteronesgivenasone-componentcolor indicesinto a
RGBα lookuptable.

4.1 Shaded iso-surfaces

In contrastto regularvolumedataweareno longerableto perform
therenderingprocessby meansof 3D textures.However, geometry
processingandadvancedper-pixel operationswill beexploitedin a
highly effective way which againallows usto avoid any polygonal
representation.

At first, let usconsidera ray of sightpassingthroughonetetra-
hedronin orderto re-samplethe materialvalues. Sincealongthe
ray thematerialdistribution is linearit sufficesto evaluatethedata
within theappropriatefront andbackfaceandto linearly interpo-
late in between.This, again,canbe solved quiteefficiently using
thegraphicshardware. Thereforethematerialvaluesareissuedas
thecolor of eachvertex beforethesmoothlyshadedcell facesare
rendered.The correctly interpolatedsamplesare thenbeing dis-
playedandcanbegrabbedfrom theframebuffer.

Obviously, the sameprocedurecanbe appliedby choosingan
appropriateshadingmodelandby issuingthematerialgradientas
thevertex normal. Thentherenderedtriangleswill be illuminated
with respectto thegradientsof thevolumematerial.

Nevertheless,since we are interestedin renderinga specific
iso-surfacewe have to find thoseelementsthe surfaceis passing
through. But even moredifficult, theexact locationof thesurface
within thesecellshasto bedeterminedin orderto computeappro-
priateinterpolationweights(seeFigure8).

Thekey idealies in amulti-passapproach:
a: Faces are rendered having smooth color interpolation in or-

der to compute the interpolation weights.

b: Faces are rendered having smooth shading in order to com-
pute illuminated pixels.

c: The interpolation weights are used to modulate the results
properly.
In orderto computethe interpolationweightswe duplicatethe

materialvaluesgivenat theverticesinto RGBα-quadruples.These
areusedasthe currentcolor values. Next, all the backfacesare
rendered,but only thosepixelsnearestto the imageplanewith an
alphavaluelarger thanthe thresholdaremaintainedby exploiting
thealphatestandthez-buffer test. Thestencilbuffer is setwhen-
everapixel passesbothtests.

We proceedby invertingthealphatestandby drawing thefront
faces.Althoughz-buffer comparisonis in effect,z-valuesarenever
goingto bechangedsincethey areneededlater. Pixel valuesmay
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Figure8: Interpolationweightsarecomputedasq 	32 Sb 4 S f 5
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 q in orderto obtaintheiso-surface.

beaffectedwherethestencilbuffer isset,but, in fact,notall compo-
nentswill bealteredin orderto retainthepreviouslywrittenresults.

Insteadof processingall front facesatoncewealternatively ren-
dereachelement’s backfacesagain.By settingtheir alphavalues
to zero it is guaranteedthat they alwayspassthe alphatest. No-
tice that if pixelswereacceptedin thefirst passthecorresponding
z-valuesarestill presentsincewedid notalterthez-buffer. Choos-
ing an appropriatestencil function allows the stencilbuffer to be
lockedwheneverapixel is writtenwith az-valueequalto thestored
one. At theselocationsthe framebuffer is locked in orderto pre-
vent thecorrectlydrawn pixels from beingdestroyed. Finally, the
pixel datais readinto mainmemoryandthe interpolationweights
arecomputedandstoredinto two distinct pixel imagesI f andIb,
respectively.

Onceagain,theentireprocedureis repeated,but now thehard-
ware is exploited to renderilluminated facesinsteadof colored
ones. The resultsof the first renderingpassareblendedwith the
pixel image I f and the modulatedpixel data is transferedto the
accumulationbuffer [7]. Pixel dataproducedin thesecondpassis
blendedwith thepixel imageIb andaddedto thedataalreadystored
in the accumulationbuffer. During both passesblendingensures
that theshadedfacesareinterpolatedcorrectlyin orderto produce
the surfaceshading. Finally, entire imageis drawn back into the
framebuffer.

However, evenwithoutcomputingtheinterpolationweights,just
by equallyblendingthe lighted front andbackfaces,this method
producessufficient results(seeFigure9). It is quite evident that
sometimesthe geometricstructureof the cells shows up, but this
seemsto betolerableduringinteractivesessions.

Figure9: Iso-surfacereconstructedfrom a tetrahedralgrid. Color
valuesof the imagewere equalizedto enhancethe effects. The
left imagewas generatedwithout using the interpolationweights
necessaryto achieve smoothresults.

4.2 Directl y slicing unstructured grids

It is now easyto deriveanalgorithmwhichallowsusto reconstruct
arbitraryslicesout of the data. For eachvertex we alsostoreit’ s
distanceto theimageplaneanduseit temporarilyasthescalarma-
terialvalue.But then,aslicejustcorrespondsto aplanariso-surface
definedby aniso-valuethat is equalto thedistanceof thatsliceto
the imageplane.As a consequenceour methodfor reconstructing
shadediso-surfacescanbeapplieddirectly. Evenmoreefficiently,
sincewe areonly interestedin thescalarmaterialvaluesfacesare
alwaysrenderedhaving smoothcolor interpolation.

For themethodto proceedproperly, westorethescalarvaluesin
theRG color componentsandthe distancevaluesin the Bα com-
ponentsissuedat eachvertex. Again we start renderingthe back
faces.For asliceat thedistanced from theimageplaneonly pixel
valueswith an alphavaluelarger thanor equalto d areaccepted.
Weonly allow RB pixel valuesto bewrittento theframebuffer. As
usual,the stencilbuffer is setwherea pixel passesthe depthtest
andthe alphatest. Now the front facesarerenderedbut only the
Gα componentsaregoingto bealtered.Locking thestencilbuffer
is donein thesameway asdescribed.

Finally, all valuesnecessaryto correctly interpolatethe scalar
valueswithin the actualslice areavailable in the pixel data. We
readthedataandcalculate
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for eachRGBα pixel value. Beforethe resultingscalarvalueare
written back into the framebuffer they get mappedvia a lookup
tableprovided by the graphicshardware. In orderto approximate
thevolumerenderingintegral thegrid is slicedmultiple timesand
thegeneratedimagesareblendedproperly.

Theremarkablefactis thatweneverneedto explicitly usethege-
ometricdescriptionof primitivesor thetopologyof theunderlying
grid. Sortingis implicitly doneon theper-pixel basisin theraster-
izationunit. Polygondrawing is exploitedfor reconstructingscalar
valueson thecell faces.All valuesnecessaryto interpolatewithin
oneslice areaccessedfrom the framebuffer. Moreover, adaptive
slicingcaneasilybeperformed.For example,to preview theresult
ataverycoarselevel only a few sliceshave to berendered.

4.3 Data Structures

In this sectionwe briefly discussthe basicdatastructuresusedin
the presentedapproaches.In particularthe following two issues
will beaddressed:� Find all elements a particular iso-surface passes through
� Which elements contribute to a particular slice

It is importantthatthedecisionwhetheracell hasto berendered
ornotcanbedonein apredictiveway. Thenaiveapproachto render
every cell in eachpassof the algorithmwould causethe graphics
hardwareto collapsefor sufficiently largedatasets.

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

Let usconsiderthatwehaveN cellsto process.For eachinterval
astreamof 6 N 7 88 bytesis stored.A bit is setif notall of thevalues
givenattheverticesof thecorrespondingcell arecompletelylessor
largerthantheboundsof theinterval. For a surfaceto berendered
with respectto a particulariso-valueit now sufficesto find those
entriesin therelevantstreamwhich areset.Sincein generalmany
adjacententrieswithin thesameinterval will beemptythis kind of
representationprovidesan effective datastructureto be runlength
encoded.In addition,thisencodingschemeallows emptyintervals
to beskippedquiteefficiently.



In our slicing approachto simulatedirectvolumerenderingwe
mainly9 borrowed ideasfrom [31]. Eachcell occurstwice in a set
of lists, eachof which is storedfor exactly oneslice. Sinceeach
element,in general,contributeto multipleslices,it is includedinto
thoselistswhicharestoredfor thefirst andthelastslicethatis cov-
eredby theelement.In addition,anactivecell list is utilizedwhich
capturesall cellscontributing to theslicethatis actuallybeingren-
dered. Obviously, otherdatastructures[27] might be well suited
for thiskind of application,but wefoundthepresentoneto beopti-
mal in our testcases.Tree-like datastructures,of course,avoid the
incrementalupdatefrom sliceto sliceandfrom viewpoint to view-
point, but in order to keepthe memoryoverheadmoderatemuch
morecells have to be renderedin general. In all our experiments
thetime necessaryto updatethecell lists wasnegligible compared
to thefinal renderingtimes.We believe that theadditionalamount
of memoryintroducedby this approachis fairly acceptablecom-
paredto thegainsit offers.

5 Results

Comparedtopuresoftwaresolutionstheaccuracy of theresultspro-
ducedby our approachesstronglydependson the availableframe
buffer hardware. Whenever pixel valuesare readand processed
furtheron thenumberof bitspercolor channeldeterminesthepre-
cision that canbe achieved. This turnsout to be mostcritical in
renderingshadediso-surfaceswith thepixel texturewherewe may
accesswrong locationsin thetexturedomain.For example,let us
considera 10243 texturewhich shouldbe processedusinga 8 Bit
framebuffer. Sincepixel valuesareonly precisewithin 1

256 wemay
accessvoxel valueswhichareabout4 cellsaside.

Limited precisionis alsoa problemin direct renderingof un-
structuredgridswherethe framebuffer is accessedmultiple times
to retrievethescalarmaterialvaluesandthevaluesnecessaryto per-
form the interpolation.By repeatedlyblendingthequantizeddata
samplesthefinal imagemightgetdegraded.

Throughoutour experimentswe usedthe 8 bit framebuffer on
a SGI MaximumImpactwherepixel textureshave beenexploited
andin all othercasesthe12bit framebuffer of theRealityEngineII.
TheSGIX pbuffer, anadditionalframebuffer invisibleto theuser,
was usedthroughoutthe implementationssinceit can be locked
exclusively in orderto preventotherapplicationsfrom drawing into
pixel datato beread.

All theresultswererunondifferentdatasetscarefullychosento
outlinethebasicfeaturesof ourapproaches.Thefirst row of Figure
10shows aselectionof imagesdemonstratingtheextensionsto the
traditional texture basedvolumerenderingwe developed. In the
imagesa) and b) a simple box was usedto clip the interior and
the exterior of a MRI-scan. Imagec) shows the benefitsof pixel
texturesfor the visualizationof atmosphericdata. The multi-pass
algorithmasdescribedwasemployed.

In thesecondrow wecompareresultsof theproposedrendering
techniquesfor shadediso-surfaces.Thesurfaceon theleftmostim-
agewasrenderedin roughly15secondsusingasoftwarebasedray-
caster. 3D texturebasedgradientshadingwasrunwith 6 framesper
secondon thenext image.Thedistancebetweensuccessive slices
wasequalto thesamplingintervalsusedin thesoftwareapproach.
Thesurfaceontheright appearssomewhatbrighterwith a little less
contrast,but basicallytherecanhardlybeseenany differences.

The next two imagesshow the comparisonbetweengradient
shadingandgradientlessshading.Obviously, surfacesrenderedby
thelatteroneexhibit low contrastandevenincorrectresultsarepro-
ducedespeciallyin regionswherethevariationof thegradientmag-
nitudeacrossthesurfaceis high. Althoughthematerialdistribution
in theexampledatais almostiso-metric,at somepointsthediffer-
encescanbeeasilyrecognized.At thesesurfacepointsthestepsize

usedto computetheforwarddifferencehasto beincreased,which,
of course,cannotberealizedby our approach.

However, only one fourth of the memoryneededin gradient
shadingisusedin gradientlessshading,andalsotherenderingtimes
differ insignificantly. Theonly differencelies in theway theshad-
ing is finally computed. In gradientshadingwe copy the whole
framebuffer once.In gradientlessshadingwehaveto readthepixel
dataandwehave to write it twicewith enabledpixel texturing. For
a512x512viewport thedifferencewas0.08seconds.Comparedto
thetraditionalrenderingvia 3D texturesgradientshadingranabout
0.04secondsslower. On the otherhand,sincethe overheaddoes
notdependonthedataresolutionbut onthesizeof theviewportwe
expectit’ s relative contribution to decreaserapidly with increasing
datasize.

Our final resultsillustrate the renderingof scalarvolume data
definedon tetrahedralgrids (seelast row in Figure10). The first
imageshows an iso-surface from the NASA bluntfin which was
convertedinto 225000tetrahedra.To generatethe 512x512pixel
imageit took0.2secondsonaRE2with oneR10000195Mhz cpu.

Direct volumerenderingof a finite-elementdataset is demon-
stratedby the secondexample. Notice the adaptive manipulation
of thetransferfunction in orderto indicateincreasingtemperature
from blue to yellow. Theglowing innerkernelcanbe clearlydis-
tinguished.In Table1 we comparetimingsfor variouspartsof the
algorithm. Thesearemainly theelapsedtimesneededto readand
write the framebuffer (FbOps) andto renderthe element’s faces
(GrOps), andthe cpu time requiredto calculatethe interpolation
weightsfor all slices(Cmp).

Table1: Processedprimitivesandtimings(seconds)for thefinite-
elementdataset.(400slices,400x400viewport)

#Tetra FbOps GrOps Cmp Total
fedata0 60000 5.0 9.2 6.4 20.6
fedata1 110000 5.0 11.5 6.4 22.9
fedata2 150000 5.0 15.3 6.4 25.7
fedata3 200000 5.0 18.0 6.4 29.4

Observe that the time neededto compute the interpolation
weightsdoesnot changesincethe numberof pixels which have
to beprocessedremainsconstant.

The experimentaltimes are significantly fasterthan the times
proposedin [31, 25, 22] without noticeablelossesin the image
quality. Comparedto the lazy sweepalgorithm[21], however, our
methodis slightly slower. Thesignificantimprovementis that the
expectedtimesdo not dependon the grid topology. As a conse-
quenceweendupwith constantframeratesfor arbitrarytopologies
but equalnumberof primitives.This is amajordifferenceto avari-
ety of existing approacheswhich exploit theconnectivity between
cells.Oncethefirst intersectionwith theboundarieshasbeencom-
putedthegrid canbetraversedveryefficiently takingbenefitof the
pre-computedneighborhoodinformation.

Our final imageshows a particularstateof a binarycellularau-
tomaton.A testcasefor which we expectothertechniquestaking
advantageof the coherencebetweenprimitivesto be significantly
slower. Eachprimitive representsa living cell in the automaton.
Originally, 8000cellsweregenerated.Eachcell hasbeenconverted
to 12 tetrahedrawhich have thecenterpoint of theoriginal cell in
common.In orderto show apotentialsurfacearoundthecentersof
thecells,there,thematerialvaluesweresetto one.At all otherver-
ticesthey weresetto zero.No connectivity informationwasused.
Thetime neededto rendertheshown iso-surfacewas1.8 seconds.
Direct volumerenderingwith the samesettingsasdescribedtook
14.1seconds.

Obviously, sincetheperformanceof ouralgorithmsstronglyde-
pendson thethroughputof thegeometryengineaswell astheras-



terizationunit,weexpectthemto beacceleratedconsiderablyif run
on the: currentlyavailablehigh-endsystemslike theInfiniteReality
or futurearchitectures.

6 Conc lusion

In this paperwe have presentedmany differentideasto exploit ad-
vancedfeaturesofferedby modernhigh-endgraphicsworkstations
throughstandardAPIs like OpenGLin volumerenderingapplica-
tions. In particular, real-timerenderingof shadediso-surfaceshas
beenmadepossiblefor Cartesianandtetrahedralgridsavoidingany
polygonalrepresentation.Furthermore,we have presenteda direct
volume renderingalgorithm for unstructuredgrids with arbitrary
topologyby meansof hardwaresupportedgeometryprocessingand
color interpolation. Sinceany connectivity informationhasbeen
abandonedwe expecttheframeratesto beindependentof thegrid
topology.

Our resultshave shown that the presentedmethodsaresignif-
icantly fasterthanothermethodspreviously proposedwhile only
introducingslight imagedegradations. Sincewe take advantage
of graphicshardwarewhenever possible,thenumberof operations
to be performedin software is minimizedmaking the algorithms
relatively simpleandeasyto implement. However, therearestill
severalareasto beexploredin this research:� Hardware supported specular lighting effects and shadows

will helpto improve thespatialperceptionof volumetricobjects
andmayalsobeintegratedin globalilluminationalgorithms.

� Image based pixel manipulations areusefulin avarietyof ap-
plications, e.g. imagebasedrendering,volume morphingor
vectorfield visualization. In this context, the benefitsof pixel
textureshave to beexploredmorecarefully.

� Multi-block data sets and arbitrary cell primitives area ma-
jor challengein scientificvisualization. Efficient renderingal-
gorithmsfor thesekindsof representationstill needto bedevel-
oped.
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(a) Box clipping performedwith the
stencilbuffer.

(b) Inversebox clippingof thebrain. (c) Visualizingatmosphericvolumedata
with thepixel texture.

(d) Iso-surface rendering by
softwareray-casting.

(e) Iso-surface rendering per-
formedwith a 3D gradienttex-
ture.

(f) Iso-surface rendering per-
formedwith a 3D gradienttex-
ture.

(g) Iso-surface rendering by
framebuffer arithmetic.

(h) Shaded iso-surface extracted
from theNASA bluntfindataset.

(i) Direct volumerenderingof a finite-
elementdataset.

(j) Iso-surfacedisplayedfrom ahighly irreg-
ular topology.

Figure10: Imageplateshowing theresultsof hardwaresupportedvolumevisualization.


