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Abstract

We presenthe rst, view-independentell projectionalgorithmfor

off-the-shelfprogrammablegraphicshardware. Our implementa-
tion performsall computationdor the projectionandscancorver

sion of a setof tetrahedraon the graphicshardware andis there-
fore compatiblewith mary of the hardware-acceleratedptimiza-
tions for polygonalgraphics,e.g. OpenGLvertex arraysand dis-

play lists. Apart from our actualimplementationwe discusspo-

tential improvementson future, more e xible graphicshardware
andapplicationdo interactie volumevisualizationof unstructured
meshes.

CR Categories:  1.3.3 [Computer Graphics]: Picture/Image
Generation—Bitmapand frameluffer operations,Display algo-
rithms; 1.3.7 [ComputerGraphics]: Three-DimensionaGraphics
andRealism—Colorshadingshadaving, andtexture, Raytracing

Keywords: cell projection,pixel shading,programmablegraph-
ics hardware,ray tracing,tetrahedrameshesunstructuredaneshes,
volumerenderingyolumevisualization

1 Intro duction

Without doubtthereis a predominancef polygonsin interactve,
three-dimensionatomputergraphics.But even moreimportantly
thedevelopmenbf new mass-mar&tgraphicshardwareis — apart
from very few exceptions— driven by the needsof fastpolygon-
basedrendering; thus, the performancegap betweenpolygonal
graphicsandalternatve approaches.g.volumegraphicsjsin fact
widening despiterecentprogressedn volume graphics. This de-
velopmentis not only a seriouschallengefor the volume visual-
izationcommunity but alsooffers greatopportunitiesfor technical
adwancesn volumerendering— providedthatthe potentialof new
hardwarefeatureds successfullyexploitedfor volumegraphics.
Our ultimategoal arevolumetricgraphicsprimitivesthatareas
well supportedby graphicshardware as polygonal primitives are
today Givensuchprimitives,renderingof complex volumescanbe
performedby decomposingheminto tetrahedraandscanconvert
eachcell in the samemannerascomplec surfacesaredecomposed
into singletrianglesfor rasterizatiorby the graphicshardware. In
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fact, it wasdemonstrateéh [8] thathardware-supportedcancon-
versionof tetrahedraprimitiveswould dramaticallyacceleratein-
structuredvolumerendering.The primary advantageof hardware-
basedrasterizatiorof tetrahedrakellsis the possibility to exploit

graphicshardwareoptimizationse.g.OpenGLdisplaylists, vertex

arrays,etc. More generallyspolen, the amountof transferrediata
is reducedandhighertransferratesareachiezed asthe main CPU
may sendsetsof tetrahedraprimitivesto the graphicsboardwith-

out ary preprocessing— at the samerate aspolygonalprimitives
aresent.

However, insteadof proposingyet anotherhardware systemfor
volumerenderingwe presenatetrahedratell projectionalgorithm
thatis suitablefor off-the-shelfprogrammableyraphicshardvare,
in particularnVidia's GeForce3graphicschip. Our algorithmis
“view-independent’in the sensethat the very sameperpixel op-
erationsare performedindependentlyof the viewing parameters,
which is a crucial requirementfor an implementationon today's
programmablegraphicshardware. Therefore all the computations
requiredfor the projectionandscancorversionof tetrahedratells
areperformedonthe graphicsboardandthe only remainingtaskof
the main CPUiis to transferthe view-independentlataspecifying
thetetrahedrao thegraphicsubsystemln thecaseof asmallnum-
berof tetrahedrathis datamayactuallybe bufferedon thegraphics
board, suchthat the renderingperformancds not limited by the
bandwidthof the graphicsbus.

Thus, our approachpromisesto overcomeseveral limitations
of previously published hardware-acceleratecell projectionalgo-
rithms, which are briey reviewed in Section2. A detailedde-
scription of our algorithmis given in Section3 beforeits imple-
mentationis presentedn Section4. Dueto limitations of today's
programmablgraphicshardware,we wereforcedto designseveral
workaroundsyhich arealsodescribedn detailasthey arepartof
the currentimplementation.Basedon integration of differentop-
tical modelsdemonstrateth Section5, we discussthe application
of our approacho volumevisualizationof unstructuredneshesn
Section6 andreportperformanceesultsin Section7. Futurework,
in particularwith respecto future graphicshardware, is discussed
in Section8.

2 Previous Work

Cell projectionis awell-known volumevisualizationtechniquefor
unstructuredneshesMore preciselyspolen,a scalar eld is visu-
alized,whichis speci ed by scalarvaluesat all verticesof a mesh.
Of particularinterestaretetrahedrameshessincethescalarvalues
may be linearly interpolatedwithin tetrahedraktells. Usually, the
scalareld is mappedo colorsandopacitieshy transferfunctions.

Early cell projectionalgorithms,e.g.by Max etal. [13], did not
employ ary graphicshardware but relied on a rasterizatiorof the
cellsin software. This approachis still of interest,seefor example
Fariasetal. [5], becausef its e xibility andits suitability for par
allelisation; however, hardware-acceleratedlgorithmsturnedout
to be considerablyfasterundermostcircumstancedn the past,al-
mostall of thesealgorithmswerebasedntheProjectedletrahedra
(PT) algorithm,whichwas rst publishedn [15].



The algorithm by Shirley and Tuchman exploits hardware-
acceleratedriangle scan corversion by decomposingprojected
tetrahedranto trianglesandrasterizinghesetriangles.The correct
color and opacity are computedby ray integrationalongthe view
directionaccordingto someopticalmodel,e.g.thevolumedensity
modelby Williams andMax [17,12,18]. While thevolumerender
ing integralis evaluatedcorrectlyat thetrianglevertices the colors
and opacitiesof all remainingpixels have to be interpolatediin-
early which causesatherstrongartifacts. Moreover, thetriangles
aresemi-transparenthus,they have to be renderedn the correct
visibility order i.e.thetetrahedrameshhasto besorted.

Therefore subsequemesearctwasmainly focusedontheprob-
lem of efciently sorting unstructuredmesheq13, 19, 1, 20, in
particularnon-comwvex mesheg16, 2] andcyclic mesheg9]. Con-
siderablyfewer publications,e.g. Steinet al. [16] and Rottger et
al. [14], were concernedvith a more accuratebut still hardware-
accerelate@valuationof thevolumerenderingntegral.

Recentlyagraphicshardwarearchitecturavasproposedy Wit-
tenbrink[21] togethemwith King etal. [8], which permitsto raster
ize and sort tetrahedraimeshesn hardware. Unfortunately this
hardwarearchitecturavasnotbuilt yet.

3 Scan Conversion of Tetrahedra

As mentioned in the introduction, a hardware-based, view-
independenscancorversionof tetrahedravould enableusto em-
ploy optimizationtechniquessuchasOpenGLdisplaylists or ver
tex arrays. Thesecannotbe usedin the PT algorithm, sincethere
areseveral casef the Shirley-Tuchmandecompositionpf which
onehasto be selectediependingntheview parameters.

In contrasto this, our approachmovesall view-dependentom-
putationgo thegraphicsboardandachiesesview-independenchy
arasterizatiortechniquesimilarto ray casting.

3.1 View-independent Cell Projection

In orderto computeoneray for eachpixel coveredby theprojected
tetrahedronye renderits front faceswith the scalarvaluesof the
volumespeci ed asvertex colors. Note that, althoughwe areonly
interestedn thevisible facesyview-dependentiatais not required
sincewe canassurdhatonly front facesarerasterizedy employ-
ing OpenGLbackfceculling.

As suggestedh [14], we usea texture mapto accuratelyevalu-
atetheray integral within the tetrahedrorallowing arbitrarytrans-
fer functions. Thevariablesrequiredastexture coordinatesarethe
scalavalues; attheentrypoint,thescalawvalues, attheexit point,
andthelengthl of theviewing ray within the cell; seeFigurel.

<[ Sf S =

Figurel: Intersectinga tetrahedratell with aviewing ray. sf and
S, arethe scalarvalueson the front and backfacerespectiely; |
denoteghethicknesf thecell for thisray.

As we setthe vertex colorsto the scalarvaluesof the mesh the
linearinterpolationof vertex colorsperformecby thegraphicshard-
wareprovidesthescalarvalues; ontheentry (front) faceperfrag-
ment. The only remainingeffectively unknovn parameteiis the
thicknesd of thecell for theviewing ray, sincethethird parameter
s, canbeeasilycomputedrom s; andl usingthegradientg of the

scalar eld within this tetrahedrorandthe normalizeddirection &
of theviewing ray:

$=srt+ (g d)l: 1)

Thus, the remainingproblemis to determinethe correct per
fragmentthicknessof thecell I, whichis equivalentto the problem
of nding thedistanceatwhich aviewing ray exits thetetrahedron.

We will rst describethe ideain generalwithout considering
limitationsof currentgraphicshardware.

3.2 Computation of Exit Points

In thissectionwewill assumethatary pertetrahedromatais avail-
ableat eachfragment,in particularthe facenormalsandthe scalar
eld' sgradient.Also, thecoordinate®f theentrypoint, which cor
respondso thefragmenthaveto beknown. Thelattercaneasilybe
achieved by eitherexplicitly de ning the vertex positonastexture
coordinatesr usingautomatictexture coordinategenerationwith
anappropriatgparametrization.

The task of determiningthe length of the viewing ray inside
a tetrahedronis quite similar to the problemof clipping a three-
dimensionaline againsta corvex polyhedronwhichin this caseis
atetrahedronHowever, we areonly interestedn the exit point, as
theentrypointis alreadyknown. Thetwo-dimensionahnaloguéas
depictedin Figure2. Letv betheentrypoint correspondingo the
fragmentunderconsideration The tetrahedrons boundedoy four
planeswith eachplanenormaln; perpendiculato facef;.
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Figure 2: lllustration of perfragmentray casting. We shav the
analoguesituationin 2D. A viewing ray startingat the entry point
v, which correspondgo the fragmentof the (blue) front face, is
intersectedvith all facesof thecell.

We adaptthe well-known idea of parametricalline clipping
against corvex polyhedraas proposedamongstothersby Cyrus
andBeck[3]: Testtheline with every faceof the polyhedronand
computeline parametergor the intersectionpoints. Using a clas-
si cation of eachintersectioraspotentiallyenteringor potentially
leaving, the exit point we are looking for is given by the leaving
intersectionwith the smallestparametewalue.

As the considereday startson a face,we only have to take into
accounthethreeremainingfacesof thetetrahedronWe assumea
parametriale nition of theviewing ray:

= v+ td; (2)



wherein the caseof perspectie projectiond is the normalized
vectorfrom the view point to the entry point correspondingo the
fragment. For orthographicprojection,d is the normalizedview
vector which canbe extractedfrom the camergparametersWith
a; denotingthe constantermin the planeequationof face f;, the
ray parametet; for theintersectiorwith facef; canbecomputedas
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Theclassi cationof intersectionss slightly simplerthanin the
generaline clipping algorithm.Thereasoris indicatedin Figure3:
Accordingto the directionof ry, face f; mustbe classi ed aspo-
tentially entering. However, asthe ray startsat the correctentry
point, which is the maximumof all potentialentry points,the ray
parameterfor additionalenteringintersectiongrenecessarilyieg-
ative. All positive ray parameterg > 0 arepotentiallyleaving and
the minimum of all positive parametergorrespondso the actual
exit point. Furthermoreasthe facenormalsandtheview direction
areconsideredo benormalizedthe minimumpositiet; is alsothe
thicknesd of the cell alongthe viewing ray, which is requiredfor
ray integration.

Vo

Figure 3: Potentiallyenteringintersectionscan be eliminatedby
consideringhe sign of the correspondingay parameterEntering
intersectiondesideghe actualentry point correspondo negative
ray parameters.

In the next section, we presentour currentimplementation,
which employs acombinatiorof vertex programsandfragmentop-
erations.In Section8, we will discussmprovementsof theimple-
mentationfor future hardware.

4 Implementation

Althoughthe perfragmentcomputatiorpresentednh Section3.2is
not very compl, it cannotbe performedon a perfragmentba-
sison currentgraphicshardware. For example,nVidia's fragment
pipelineof the GeForce3chip series,consistingof texture shaders
andregistercombinerg7], requiresall texturelookupsto take place
beforeary arithmeticalfragmentoperation. Our approach how-
ever, requiresadependentexturelookupafterseveralperfragment
computations.The ATl fragmentshaderextensionallows to inter
leave arithmeticaloperationsvith texturelookups but thecurrently
available ATI RadeonR200 chip supportsonly eight suchopera-
tions beforethe last texture lookup, which is insufcient for our
purposes.However, by limiting usto orthographigprojection,we
canimplementthe sameideausingmainly pervertex operations,
which canbe performedview-independentiypy the graphicshard-
wareusingvertex programgsee[7]).

For othographicprojections,the view directionis constantfor
every fragment;thus, the intersectionparameters; vary linearly
for all fragmentsof a certainfront face. We can exploit this fact
by computingthe parametersnly for the verticesof the front face
andrely on the graphicshardwareto interpolatethet; parameters
correctlyperfragment.

4.1 Per-Fragment Computations

As theray parametersre provided aslinearly interpolatedvertex

attributes, the only remainingperfragmentoperationis the selec-
tion of the positive minimum of the threeray parametersWe use
texture coordinatego storethe threet; at eachvertex sincethey

mustnot be clampedto [0; 1], which is the casefor color compo-
nents. Therearetwo methodsfor computingthe minimum: A se-
quenceof “conditional set” instructionscanbe usedif includedin

thesetof availablefragmentoperationsasit is thecasefor the ATI

RadeorR200graphicschip.

In our currentimplementatiorfor the nVidia Geforce3graph-
ics chip, however, we usea 3D texture mapto determinethe mini-
mumof thethreetexturecoordinategr; s;t) withO r;s;t 1. Un-
fortunately whencomputingthet; accordingto Equation3 values
greaterthanl arelikely to occur We avoid this by “normalizing”
eachtetrahedrorsuchthatthe greatespossiblethicknesss 1.

This can be achieved by storing the maximumedgelength of
the tetrahedrorin the homogeneougexture coordinateg. We use
thehomogeneousoordinatensteadof dividing thetexture coordi-
natesby the maximumedgelength,sincetheformerallows amore
accurateinterpolationduring rasterization as the division by the
homogeneousoordinatey is performedon theinterpolatedexture
coordinates.

Althought; may still be greaterthan 1 after the normalization,
the correctminimum is guaranteedo be lessthan1; thus,values
greaterthan 1 may simply be clampedfor the lookup using the
OpenGLCLAMHA QEDGHexture ervironment. Clampingcanalso
beemployedto preventnegative values which correspondo poten-
tially enteringintersectionsfrom beingconsideredy overwriting
negative ray parameterdy alarge positive value.

Notethataccurateshadingdependseaily ontheresolutionof
theminimumtexture. Thisis especiallyanissuefor stretchedetra-
hedrasince dueto thenormalizationthey useonly partsof thetex-
ture alongthe shortedges.However, large texturesimposea large
memoryoverhead.We considerusinga resolutionof 1283, which
takes4 MB for aluminancealphatexture map,agoodcompromise
betweerimagequality andmemoryrequirements.

4.2 Per-Vertex Computations

As we have statedbefore,our goal is the view-independenscan
corversionof tetrahedra. Therefore,the requiredpervertex pro-
cessingis not performedby the CPU but with the help of pro-
grammablevertex transformationas provided by the nVidia ver
tex programextension[7]. This extensionreplacesthe standard
OpenGLtransformandlighting calculationsby a vertex program,
which may consistof a sequencef up to 128 oating-point vec-
tor instructions. The programis calledfor eachvertex in orderto
transformthe provided setof vertex attributesto outputattributes,
which arethe input to the rasterizatiorunit. An additionaladwan-
tageof vertex programss therelatively large setof oating-point
4-componentegistersto operateon anda large setof constanin-
putregistersto provide additionalinput requiredby the vertex pro-
gram. This functionalrangeallows usto de ne view-independent
meshprimitivessinceall operationsequiredfor thecell projection
canbeperformedby thevertex programdiscussedh theremainder
of this section.



The crucial partsof the vertex programare the view transfor
mation of the verticesand the computationof the ray parameters
accordingio Equation3. As theformulationof bothis straightfor-
ward with the available setof vertex programinstructions,we do
notpresenparticularcodefragmenthere.However, wewouldlike
to mentionthatthe OpenGLfeedbacknodeseneswell for testing
vertex programs.

As explainedin Section3.2,we have to computetheray param-
eterst; of the intersectionpoint of the ray with threefacesof the
tetrahedron.Conceptuallythis would requirethe planeequations
of all threefacesas parameterdor eachvertex, sincevertex pro-
gramscannotshareary information betweenvertices. However,
this would increasehe numberof vertex attributessigni cantly.

Fortunatelythenumberof parametersanbereducedy thefol-
lowing agument.Considertheintersectiorof aray with atetrahe-
dronillustratedin Figure4.

Figure4: Nomenclaturdor tetrahedra.

Let the highlightedface fy of the tetrahedroroppositeto vo be
the front faceto be rendered.In this casethe potentialexit faces
are f1, f, and f3. Thus, the ray parameterd;, to, andtz must
beinterpolatedor every fragmentof fo andthereforecomputecat
the verticesvy, Vo, andvs. Note thatfor v we alreadyknow the
correctt, withoutary computationsincevs is partof facef;; thus,
to mustbe 0. The sameappliesto t3, whichis alsoO0, asv; is part
of f3. In fact,we have to evaluateEquation3 only for t1; thus,we
only requirethe planeequationof f; asvertex parametefor v;. In
generalwe needthe planeequationfor f; asvertex parametefor
Vi.

De ning a planeequationasvertex parameteusually requires
four oat values,a normal vector with three componentsand a
planeoffset asadditionalparameter Reducingthis numberof pa-
rameterss a worthy goal sinceevery additionalvaluethat hasto
be transferredo the graphicsadapterdecreasethe overall perfor
manceor reduceghe maximumnumberof cellsof anunstructured
meshbufferedonthegraphicschip. Thereforejt is worth mention-
ing thatthesamenformationcanbeprovidedusingonly three oat
values.As the planenormalhasto be a unit vector we candeduce
thethird componenfrom the rst andsecondusing:

A= (no;nimp) = (Ng;m; 1 ng n2);  for >0 (4)
Thus,we maycomputehethird componenwith thehelpof only
afew vertex programinstructions.However, Equation4 only holds
for positive ny. Fortunatelyt and + leadsto the sameresultof
Equation3; thus,we canhandlethis problemby simply negating
thenormalvectorif thethird components lessthanO.

Note that at eachvertex only one ray parametet; is actually
computedby the vertex program. However, all verticesof a face
mustagreeon the orderingin which the threerequiredray param-
eterst; arestoredin the texture coordinates, s, andt, suchthat
they areconsistentlyinterpolatedduring rasterization We achieve

this by explicitly providing theindex of thetexture coordinatethat
shouldbe usedfor storingtj. An index of 0 denotes, while sand
t aredenotedby 1 and 2, respectiely. Using vertex programin-
structionswe have found two differentwaysof storinga scalarin
a certaincomponenbf an outputvector The correspondingode
fragmentsaregivenin Figure5 andFigure6. See[7] for a detailed
de nition of vertex programsyntaxandsemantics.

#c8 ={1, 2, 3, 0}
#c9 =1{0, 1, 2, 0}
# R3.x = computed ray parameter

SLTR1, V[TEX0].z, c[8];
SGER2, V[TEX0].z, c[9];
MULRO, R1, R2;

MULR4, R3.x, RO;
ADDO[TEX0], R4;

Figure5: Mappingthecomputeday parametet; to aspeci c com-
ponentof the texture coordinatesvith conditionalsetinstructions
“setonlessthan”(SLT) and“setongreaterequal’(SGE).Thecom-
ponentis speci edasanindexi (0 i 2) by thet-texture coor
dinateof the vertex input attributes(v[TEX0].z ). Multiplying the
outputof a STL anda SGE operationwith the de ned constants
resultsin avectorwith 1 atpositioni andO elsevhere.We multiply
this vectorwith the ray parameteandaddit to thetexture coordi-
nates.

#c[18] ={1, 0, 0, 0}
#c[19] ={0, 1, O, 0O}
#c[20] ={0, O, 1, 0}
# R1.x = computed ray parameter

ARLAO.x, V[TEXO0].z;
MULRO, R1.x, c[AO.x + 18];
ADDoO[TEX0], RO;

Figure6: Mappingthe computedray parameteto a speci ¢ com-
ponentof the texture coordinatesisingthe “addressregisterload”

(ARL) instruction. The components speci ed by thet-texture co-
ordinateof the vertex input attributes(v[TEXO0].z ). The ARL in-

structionmapstheindex i to oneof thevectorsc[18] , c[19] , and
c[20] provided asconstantprogramattributes. We multiply this
vectorwith theray parameteandaddit to thetexture coordinates.

4.3 Edge Artifacts

Usingtheray parametersomputedat the vertex positionsfor tex-
ture coordinatesasdescribedn the previous sectionleadsto arti-
factsatedgeof thetetrahedrorascanbe obseredontheleft-hand
sideof Figure7. Note thatthe thicknessof the cell is mappedto
intensityin the gure. Theinsetshavs a darkseamalongtheedge
representin@ thicknesof zero,whichis obviously wrong.

The reasonfor theseartifacts lies in the texture coordinates
shavn on the right-handside of Figure 7. Whenrenderingface
f1 ther coordinaterepresentshe distanceto face fq. It is obvious
thatthis distancds negative. In otherwords,theintersectiorof the
viewing ray with facefg is a potentiallyenteringintersectiorpoint
and shouldnot be consideredor the exit point search. For most
fragmentonfacef; thisis the case sincethe handlingof negative
ray parameterslescribedn Section4.2will guaranteehatty does
notin uence theminimumsearch.
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Figure7: Identifying the minimum of the interpolatedray param-
eterswith the thicknessof the cell leadsto artifactsalong edges
betweenvisible faces. They result from assuminga zero thick-

nessalongthe edge. In the presentediisualizationthe thickness
is mappedo intensity thusthe artifactsshav up asclearlyvisible

darklines.

However, theinterpolationweightfor vg is zeroalongthe edge
fromv, to vs; thereforewelosetheclassi cationstoredn tg. Thus,
the intersectionof the viewing ray with face fg is misinterpreted
as enteringpoint and the texture lookup for the minimal texture
coordinateerroneouslyeturnszero. Theproblemcouldbeavoided,
if a minimal interpolationweight could be speci ed. In this case,
we would usea small offset for the interpolationand compensate
thisby biasingthetexturecoordinatedeforethelookupor by using
asmallbiasin our minimumtexture map.

Notethaterroneouslyclassi ed fragmentsareanadditionalrea-
son,why our useof vertex programsis restrictedto orthographic
projections.We like to point out oncemorethattheseartifactsare
solelyintroducedby the workaroundof usingpervertex computa-
tionsinsteadof perfragmentoperationsWith perfragmentopera-
tions, the classi cationcanalwaysbe correctlyevaluatedresulting
in the correctcell thickness.

However, we canalsoavoid the defectsin a pervertex manner
We only have to guaranteghatat leastonevertex on the edgehas
the correctclassi cationof the secondfacesharingthe edge.Dur-
ing rasterizatiorthis classi cationaffectsthe whole edge. We uti-
lize thecounterclockwisele nition of thefacego de ne adirection
for every edgeperface. Doing so, every vertex of the facecanbe
consideredasthe startof one of the threeedges. We supplythe
normal of the adjacentfaceas vertex attribute to the start vertex
of eachedge.Similarly to the handlingof negative ray parameters
describedn Sectiord.2,thevertex programchecksvhetherthead-
jacentfaceis potentiallyenteringandsetsthecorrespondingexture
coordinateto a large positive valueinsteadof 0.

Consideringface f1 in the exampledepictedin Figure 7, vs is
thestartvertex of theedgefrom v3 to vo andwould setther texture
coordinateto somelarge positive value. Ther texture coordinate
of vo will not be changedor renderingface f1. In face fp vertex
Vv is the startvertex of the edgefrom v, to vz andwill modify its
r componensincefacef1, which correspondso theray parameter
t1 atvy, is potentiallyenteringfor all fragmentsof facefo.

Using this scheme pone endpointof the edgeis still being left
“unclassi ed”. However, in orderto computethefull classi cation,
eachvertex of thefacewould needthe normalsof all threeremain-
ing faces,which would requireeven more pervertex parameters.
We dealimagequality for transferrate, sincewe have found this
problemto benegligible. Theremainingclassi cationmistalesoc-
cur at singularpositions,thusat mostone pixel pertetrahedroris
incorrectlycoloredandin mostcaseso pixelis in uencedatall.

5 Optical Models and Ray Integration

Our approachof view-independentcell projection conceptually
computesone ray seggmentof a viewing ray through a tetrahe-
dron for eachpixel. In orderto determinethe color and opacity
contrikution, we apply pre-intgyratedclassi cationfor cell projec-
tion [14, 4]. We usethe scalarvalueonthefront faces;, thescalar
valueon the backfaces,, andthe thicknesd resultingfrom scan
corverting the tetrahedrorastexture coordinatedor a 3D texture
mapstoringthe valuesof thevolumeray integral in dependengcof
I, s¢, ands,.

The lookup in this texture map hasto be performedbasedon
the resultof thelookupin the minimum texture describedn Sec-
tion 4.1. The setupfor the 3D dependentexture lookup using
the nVidia texture shaderextension[7] is depictedin Figure 8.
If the optical model only requiresa 2D texture lookup a simi-
lar setup can be constructedby simply replacingstage2 by a
DOTPRODUCTEXTURED NVoperation.

ty,t, b, W stage 0
(0 12 ) —> TEXTURE_3D
(iw, iw, w, 1) = min(t fw)

L> stage 1
(wxg,,0,05s;) DOT_PRODUCT NV
§ =0y X+
stage 2
(0,0,0,s¢) DOT_PRODUCT NV
St =S¢
S l S
|
Ll stage 3
(w,0,0,0) DOT_PRODUCT_ RGBA

TEXTURE_3D_NV ... to register combiners

Figure8: Textureshadessetupfor a3D dependenibokupusingthe
minimumray parametefrom the minimumtexture.

Thelookupin the minimumtextureis performedwith the com-
putedray parameterswhich are“normalized”usingthe fourth tex-
turecoordinate Thescalamproductin thesecondstagereconstructs
the scalarvalue on the backfacewith the help of the gradientin
view directiongy andthe scalaron thefront facess. Notethatwe
employ a luminancealphatexture map as minimum texture with
the alphachannelsetto 1 in orderto allow for the additionof ss.
The third stageonly suppliess; as a texture coordinateand the
fourth stageemplagys the “denormalized’ray parametegenerated
by multiplying the scaledlengthl=w with the scalingfactorw to-
getherwith s; ands, to look up the color and opacity according
to eachray sggment. We provide suitabletexture coordinatesfor
the secondo fourth texture shadeistagevia the vertex programin
orderto combineall necessarparametergor the nal lookupin
stages.

5.1 Direct Volume Rendering

With the color and opacity contritution storedin a texture map,
differentshadingechniquesanbeimplementedHowever, for un-
sortedcell projectiononly thoseopticalmodelsarepossible which
leadto acommutate blendfunction,i.e. allow the compositingin

arbitraryorder Among thesemodelsare maximumintensity pro-
jection andrestrictionsof the full volume densitymodelto either
the sourceterm or the absorptionterm. For all thesemodels,the
texturelookupallows usto applyarbitrarytransferfunctions,which
only affectthegeneratiorof thetexture map.



Figure9: Theimage showsa renderingof theblunt n datasetdecomposeihto 225K tetrahedia. WWe demonstate our view-independentell
projectionmethodusingemissiveprojectionwith an appropriate transferfunctionapplied.

For maximumi intensity projection, for example,a 2D texture
map containsthe maximumof the transferfunctionin the interval
[min(st;sp); maxss; Sp)] atposition(ss, p). Moreover, we have to
usea blackbackgroundandthe maximumblendingfunctionof the
OpenGLblendminmaxextension.

A pureemissve renderingof the unstructurednesh,asdemon-
stratedin Figure 9, simply addsthe contritution of eachtetrahe-
dron. In this casea 2D texture mapis sufcient, sincethe depen-
deng of the color contritution on the lengthof the ray sggmentis
linear and canbe integratedby modulatingthe resultof the shad-
ing lookupwith theresultof the minimumtexture lookup. We use
theregistercombinersextension[7] to multiply theresultof texture
stage?2 with ther coordinateof texture stage0. The texture map
employed in stage2 containsthe integral of the transferfunction
for theintenval [min(s;; sp); maxss; Sp)] atposition(ss, Sp).

In contrasto the previous mentionednodels arestrictionto the
absorptiorterm of the volumedensitymodelrequiresa 3D texture
map containingthe integral of the absorptioncoefcient alongthe
viewing ray segment.

All theseoptical modelsmay be extendedwith intensitydepth-
cuing [6] asdemonstratedh Figure11l. Combiningour approach
with ary cell sortingalgorithm(seeSection6), we canaswell sim-
ulatetheoriginal PT algorithmor integrateary publishedmprove-
ment, e.g. the appoache®f Steinet al. [16] or more recently of
Rottgeretal. [14] basedn texture maps.

5.2 Isosurfaces

We arealsoableto rendermultiple at shadedpaquesosuraces
without visibility orderingof the cells. A texture mapasdepicted
in Figure 10 (seealso[14]) is usedto extractisosuracefragments
from the renderedaces.The correctocclusionof isosurbcefrag-

mentscan be guaranteedven without sortingthe cells of the un-

structuredneshby acombinatiorof thealphatestwith theOpenGL
z-test.

The basicidea is quite obvious. Wheneer the viewing ray
within a tetrahedrorhits the isosurfice, the inequalitiess; < Sgo
ands, > Sgo Or vice versahold. In thesecasesthe texture map
lookupresultsin the ambientmaterialcolor of theisosurice. The
texture map setsthe alphachannelto 0 wheneer no isosurficeis
presentthus,we canusethe alphatestto renderonly fragmentsof
theisosurfice. As mentionedin [14], we have to slightly modify
the texture map, effectively “thickening” the isosuraices,in order

to avoid gapsbetweerisosurficepatchesn adjacentetrahedra.

Figure 10b shawvs an example for a texture map for multiple
isosurfices. The “visibility ordering”is easyto understand:For
st < s we arelooking alongthe gradientof the scalar eld; thus,
isosurhicesfor smallerisovaluesoccludethosefor greaterisoval-
uesandvice versa. Renderingmultiple isosuraceswe canassign
differentmaterialcolorsfor eachisovalueasdepictedn Figure12.

As our approactdoesnot provide interpolatecgradientswe are
limited to at shadedsosuraces.Therefore the completeighting
maybecalculatecby thevertex program.We canrenderavirtually
arbitrarynumberof directionallights (seeFigure13), aseachlight
requireswo entriesin thevertex programs attribute vector— light
directionin objectcoordinatesanddiffuselight color— andthree
vertex programoperations.

1.0 10
S 05 S 05 ]
SSO
0 04 "
0 5,05 1.0 0 05 1.0
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Figure 10: (a) A 2D texture map for renderingisosurbiceswith
view-independentell projection. Texels correspondingo iSosur
facefragmentsare coloredwith the diffuse material color of the
isosurfice. The alphachannelis 0 in the absens®f anisosurfce.
(b) A texture mapfor threeopaquesosurfices.

6 Cell Projection of Tetrahedral Meshes

Apartfrom theprojectionof singletetrahedraherenderingof tetra-
hedralmeshedy cell projectionincludesmoretasks e.qg.visibility
sortingandthe transferof large amountsof tetrahedrawhich will
bediscussedh this section.

Today mostof the volume renderersfor unstructuredmeshes
thatarebasedon the projectedtetrahedralgorithmcannotexploit
the peekperformancef moderngraphicsadapterg8]. Thereason



Figure 11: In both imageswe showthe sameorbital-like arti cial data setconsistingof 150K tetraheda. Different optical modelsare
demonstated. In theleft image an isosurfaces rendeed, wheeasfor the right image a restrictionof the full volumedensitymodelto the
sourcetermis used.We can apply arbitrary transferfunctionsto enhancedeatuesof the dataset.Intensitydepth-cuings usedto enhance
the perceptionof depth.Notetheartifactsin theright image resultingfromthelimited framebuffer resolutionof 8 bit.

is twofold: Firstly, dueto the overheadof elementsorting,current
algorithmsarenotableto supplyordereddecompose®T triangles
at a sufcient rate. A secondlimiting factoris the datatransfer
betweentheCPUandthegraphicsoardespeciallyfor PCgraphics
hardware. The peekperformancenf the AGP busis only achieed

if datais transferredn large blocksusingbursttransfer Note that
bursttransfethasagreatpotentialfor improving theperformancef

volumerendererdor unstructuredneshesAccordingto [8], there
is a possiblespeedupf factor20. However, PT basedalgorithms
producea continousstreanof triangleswhich cannotbecombined
to blockswithout signi cant overhead.

The motivation for our approachof view-independentell pro-
jectionis to overcomethis bottleneckof datatransferbetweenthe
CPUandthe graphicsboard. With aview-independentiescription
of theunstructurednesh,we areableto build a x edsetof datain
a preprocessingtep,which is reusedn every frame. This allows
mary optimizationse.g.cachingor pre-compilatiorof the datafor

Figure12: Individual materialcolorscanbe assignedo eachiso-
valuewhenrenderingmultiple isosurfces.

optimizedtransfer In this contet, standardOpenGLprovidestwo
mechanism$or optimization:displaylists andvertex arrays[22].

Thebasicideaof displaylistsis to cachehe OpenGLcommands
suchthatthesamegeometrycanbede ned onceandrenderednul-
tiple times by simply executingthe display list. Optimized per
formancecanbe achieved, sinceparticulargraphicshardwaremay
storedisplaylists in dedicatednemoryor may storethe datain an
optimizedform thatis morecompatiblewith thegraphicshardware
or software.

Vertex arrayswere designedo reducethe numberof OpenGL
functioncallssincestoringall vertex relateddatain justafew arrays
allows the programmeto specifyalot of graphicalprimitiveswith
only onefunctioncall. Similarly to displaylists, vertex arrayscan
alsobecachedr pre-compiledor moreef cient rendering.Recent
extensions,e.g. the vertex array rangeextension[7], might even
allow to buffer vertex relateddatain local graphicsmemoryor at
leastto storevertex datain a dedicatedareaof the client address
spacein orderto enablethe graphicshardware to pull the vertex
datavia Direct Memory Access(DMA) usingbursttransfer Thus,
the OpenGLclient hasto passonly vertex indicesor the numberof
primitivesto render

Furthermore vertex arraysallow for nonredundanprocessing
of sharedvertices. However, our currentimplementatiorrequires
individual vertex datafor eachfaceof thetetrahedrand,therefore,
cannotbene t from optimizedprocessingf sharedvertices.

Accordingto our measurementslisplaylists hardlyimprove the
performanceof our methodon currentPC graphicsadapterdased
for exampleon the nVidia GeForce3or ATl RadeonR200 chip.
Therefore,our implementationemploys vertex arrays. However,
thischoicehasafew unfavorableimplications.Renderingwith ver
tex arraysallows no dataperelementut only pervertex data;thus,
somedatareplicationis needede.g.to provide eachvertex with the
gradientof thescalareld thatis constanpertetrahedron.

As switchingto aninterlearedvertex arraydoesnotsigni cantly
affect the performanceof our implementationwe decidedto use
four arraysof vertex data: a vertex array a color array a normal
array andan array of texture coordinates.For eachfaceof each
tetrahedrorwe needindividual vertex instancesi.e. insteadof us-
ing a triangle strip of six verticesper tetrahedronfwelve vertices
arerequiredfor thefour triangularfacesof eachcell.

The pervertex datanecessaryor our approachsumsup to 15

oat values.Thevertex positionis storedin thex, y, andz compo-



Figure13: Bothimagesshow at shadedsosurfacesvith multiplelight soulcesusingour view-independentell projection. In theleftimage
an analyticaldatasef about150K tetraheda is rendeedwith two isosurfacesAlthoughperspectiveprojectionis usedartifactsare hardly
visible dueto a compaatively small eld-of-view. Theright image showsthe samemethodappliedto a nite-elementmesh(heat-sink)

consistingof 120K tetrahed®a usingorthographic projection.

nentsof thevertex array while thew componenholdsthe constant
factorof the planeequatiorfor the oppositeface, whichis required
for the computationof the ray parameter Note that we canaluse
this componenfor our purposesincethevertex programcanover
write the homogeneousoordinateof the vertex with 1 beforeper
forming the view transformation.Two component®f the opposite
facenormalare storedin r ands of the texture coordinates.The
reconstructiorof the third componenif the normalvectoris de-
scribedin Section4.2. Thet texture coordinateholdstheindex of
the componentthe vertex will storethe ray parametein; q stores
the maximal edgelength of eachelementrequiredfor “normaliz-
ing” texturecoordinategseeSectior4.1).

We usethe four color componentdo specify the tetrahedors
gradientandthe scalarvalueof the vertex. We do not have to take
careof clamping,sinceall vertex datais provided assigned oat
valuesto thevertex program.Finally, eachvertex is provided with
thenormalof oneadjacenfacein orderto avoid edgeartifacts(see
Sectior4.3).

We rendera completeunstructuredmeshby a single call of
glDrawArrays . Thus,assuminghatvertex datamay residein lo-
cal graphicsmemory our approachideally limits the transferbe-
tweenCPU andthe graphicsadaptetto a few bytesperframeand
the graphicschip canoperateat full capacitywithout waiting for
datato bedelivered.

However, asall elementsin the vertex arraysarede ned in a
x edlinear order no visibility sortingcanbe applied,which lim-
its our choiceof opticalmodels. Our view-independenprojection
method,though,alsoallows usto renderin visibility order using
the samevertex arraydata. Insteadof a singleglDrawArray call,
onecall pertetrahedromayaddressheelementsn sortedorderby
justtransferingtwo indicespercell to thegraphicshardware. Note
thatthesortingalgorithmneeddgo provide only thesortediist of in-
dices.In this sensepur approachs compatiblewith ary published
cell sortingalgorithm.

7 Results

We have testedourimplementatiorontwo systemsThe rst wasa
Linux PCwith anAthlon 1200MHz processoand512MB RAM.
However, thein uence of the CPUis negligible sinceour approach

movesmostof thecomputatiorio thegraphicgprocessorAs graph-
ics adapteia GeForce3with 64 MB of local memorywasused.
Table 1 shaws the performanceof the GeForce3for different
datasetpresentedn the paper Sphereand heat-sinkdenotethe
dataset®f Figure 13, whereashe orbital datasets shawvn in Fig-
ure 11. Note thatthe performancds not affectedby a particular
opticalmodelor transferfunction, sincedifferentopticalmodelsor
transferfunctionsareimplementedoy modifying the contentof a
2D texture maponly. Eventhe moreexpensve 3D texture lookup
requiredfor the absorptiononly optical modelperformscompara-
bly whichindicateghatourimplementatioris notrasterizatiodim-
ited. We presentheresultsfor renderingwithout visibility sorting.

| no.cells | fps | tets/sec| MB/sec

Blunt n 224874 | 1.08 | 242K 174
Heat-sink | 121668 | 2.01 | 244K 175
Orbital 148955 | 1.65 | 245K 177
Sphere 148955 | 1.65 | 245K 176

Table 1: Performanceof our view-independentell projectionfor
differentdatasetsisinga Geforce3graphicsadapter

The Geforce3 chip performed better than the also tested
GeForce3Ti200 chip with the sameamountof local memory As
expectedtheachievedframeratesarelinearin the numberof cells.
Table1 shavs thatthe numberof tetrahedrgrocessegber second
is almostconstant.

However, the averagedatatransferrateof about175MByte/sec,
which canbe computedwith the productof verticesper element
(12), number of vertex attributes (15), and the size of a oat
value, is signi cantly below the theoreticalpeek performanceof
1000MByte/secof a4 AGP connection.

This hastwo reasons¥First, at leaston the GeForce3,usingour
vertex programsohbviously imposesa signi cant overheadcom-
paredto standardOpenGLtransformand lighting. We were not
ableto transformmorethan6.4 million verticeswith ourquitemod-
eratevertex programsof about30-50 instructions,dependingon
the optical model. Using standardOpenGLtransformandlighting
our testsystemachieved ratesof up to 18 million vertices. Note,
thatavery simplevertex programwhich only consistof theview-



transformationperformscomparably

However, the main bottleneckis not the vertex transformation
unit ortherasterizatiorbut thedatatransfer For datasetsf relevant
sizewe could not exploit the vertex array rangeextension,which
we have foundoutto be 2-3timesfasterthanevery otherapproach.
This performancas dueto the factthat vertex rangearraysallow
the vertex datato be cachedin the local memoryof the graphics
adapteror in amemoryareawhich canbe accessedirectly by the
graphicsadapterusing DMA pull. However, vertex rangearrays
are currently limited to vertex dataof lessthan 32 MB, even on
graphicsadaptersvith 128MB of localmemory whichwould have
restrictedusto roughly 90K tetrahedraRelyingon ordinaryvertex
arraysthe bottleneckof our implementationis the bandwidthfor
themainmemoryaccessThis is demonstratetly Table2.

| no.cells | fps | tets/sec| MB/sec

Blunt n 224874 | 1.67 | 375K 167
Heat-sink | 121668 | 3.02 | 367K 163
Orbital 148955 | 2.53 | 377K 168
Sphere 148955 | 2.53 | 377K 168

Table2: Performanceof our view-independentell projectionona
GeForce3for different datasetsusing mainly short valuesinstead
of oats asvertex data.

Herewe have usedshortvalues,nsteadof oats for therequired
pervertex datawherever possible Therebywe wereableto reduce
the memorybandwidthrequirementsrom 720 bytesper tetrahe-
dronto 456 bytespertetrahedronlt hasturnedout thatthe effect
of the moreinaccuratedatarepresentatioon the imagequality is
negligible. The tableshavs almostthe samedatatransferratesas
Table1 but the numberof tetrahedrgpersecondvasincreasedor
respondinglyto the reductionof data.

Oursecondestsystemwasa Linux PCwith a GeForce4Ti with
128MB of localmemory anAthlon XP 1800+,and512MB RAM.
Onthis graphicschip, we did not recognizea performanceenalty
for vertex programrendering dueto the secondvertex pipline. Ta-
ble 3 shavs the performanceof the systemfor the samedatasets
with areducecamountof pervertex data. Theframeratesreabout
50% higherthanon the GeForce3system.However, asour imple-
mentatioris memorybandwidthlimited, thespeedumnainlyresults
from thefastermemoryacces®f thesecondestsystenratherthan
thefastergraphicschip.

| no.cells | fps | tets/sec| MB/sec

Bluntn 224874 | 2.13 | 479K 213
Heat-sink | 121668 | 3.81 | 464K 207
Orbital 148955 | 3.23 | 481K 214
Sphere 148955 | 3.23 | 481K 214

Table 3: Performanceof our approad for differentdatasetausing
nMdia's Geforce4chip.

8 Future Work

The next generationof programmablegraphicschipswill proba-
bly implementDirectX 9 andin particularversion2.0 of the Pix-
elShadetanguageAccordingto Marshallin [11], this versionwill
allow up to 32 texture lookupsandup to 64 arithmeticoperations,
including the computatiorof reciprocals.Thus,we will beableto
implementour algorithmwith perfragmentoperationonly. This
will notonly remore the costly vertex programbut alsotherestric-
tion to orthographicprojections. Furthermorewe will be ableto

employ texture lookupsto accessary meshdata,e.g.gradientsof
thescalareld orfacenormalsandtherebydramaticallyreducethe
numberof requiredvertex parametersMoreover, thiswill allow us
to reuseverticesof the meshfor multiple triangles;thereforewe
will beableto projectatetrahedrorby renderinga trianglestrip of
four triangles,i.e. with 6 verticesinsteadof 12 verticesin the cur
rentimplementation.The reduceddatawill alleviate the memory
bottleneckeadingto a signi cant speedup.

A more e xible fragmentpipelinewill alsoallow usto imple-
mentseveralinterestingextensiongo ouralgorithm,e.g.clip planes
for tetrahedra.

9 Conclusions

We have presentedhe rst view-independentell projectionalgo-
rithm suitablefor commerciabff-the-shelfgraphicshardware.Un-
fortunately it turnedoutthattoday's graphicshardwareis not e x-
ible enoughfor anoptimalimplementationNonethelesshe view-
independeng allows us to exploit important optimization tech-
nigues,especiallyOpenGLvertex arrays. Therefore our cell pro-
jection algorithmis likely to performsigni cantly betterthanthe
traditional Shirley-Tuchmanprojection on future graphicshard-
ware.

Moreover, our algorithmis suitablefor architecturesupporting
orderindependentranspareng as proposedby Wittenbrink [21]
andit may be employed as part of a hardware implementatiorof
theray castingalgorithmin unstructureaneshe$10].
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