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Figurel: All imagesshowtetrahedal meshegonsistingof 125K to 190K cells rendeed with our hardware-baseday castingalgorithm.
Thealgorithm exploits the programmablefragmentunit of the ATI Radeor®700graphicschip and runs at several framesper secondn a
512 512viewport. Theleft image showsmultiple shadedsosurfacesthe middleandright imagesare rendeedwith a full density-emitter

model.

Abstract

We presentthe rst implementationof a volume ray casting
algorithm for tetrahedralmeshesrunning on off-the-shelf pro-
grammablegraphicshardware. Our implementationavoids the
memorytransferbottleneckof the graphicsbus sincethe complete
meshdatais storedin the local memoryof the graphicsadapter
and all computationsjn particularray traversaland ray integra-
tion, are performedby the graphicsprocessinginit. Analogously
to otherray castingalgorithms,our algorithmdoesnot requirean
expensve cell sorting. Provided that the graphicsadapteroffers
enoughtexture memory our implementatiorperformscomparable
to the fastestpublishedvolume renderingalgorithmsfor unstruc-
turedmeshes.

Our approachworkswith cyclic and/ornon-cowex meshesand
supportsearly ray termination. Accurateray integrationis guar
anteedby applying pre-integrated volume rendering. In order
to achieve almostinteractve modi cations of transferfunctions,
we proposea nev methodfor computingthree-dimensionapre-
integrationtables.
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1 Introduction

Theevolution of computergraphicshardwarehasalwaysbeenone
of the predominantactorsfor the designof algorithmsfor com-
putergraphicsin generaland computervisualizationin particular
For example, the steadyincreasein memoryof graphicssubsys-
temsfavored frame buffer and texturing techniquesover alterna-
tive approachedNowadaysmoderngraphicshardwareis addition-
ally characterizedy a highly parallel architecture, oating-point
arithmetic,andanincreasingly e xible programmability Provided
that thesefeaturesare ef ciently exploited, mary algorithmscan
be implementedcompletelyin graphicshardware, therebyreduc-
ing the communicatiorbetweerthe CPU andthe graphicsadapter
to the bareminimumandrunninggraphicshardwareat full capac-
ity. Therefore,the possibility to ef ciently exploit thesefeatures
is a moreand moreimportanttrait of visualizationalgorithms. In
orderto achieve this goal, therearetwo particularlyimportantre-
quirementdor thedesignof analgorithm: Firstly, a parallelimple-
mentationshouldbe straightforvard; and secondly the algorithm
shouldnot requirerandommemorywrites. The latter requirement
is often expresseddy a “streamingprocessomodel”; see,for ex-
ample,[Purcelletal. 2002].

With respectto direct volume visualization of tetrahedral
meshesit is worth noting thatthereappeargo be no working im-
plementatiorof a hardware-basedlgorithmthatful lls thesetwo
requirements For example,cell projectionwith non-commutatie
blendingrequirescell sorting,but a parallelimplementatiorof cell
sortingin graphicshardware hasnot beenpublishedyet. With the
R-buffer architecturgWittenbrink 2001; King et al. 2001] order
independentell projectioncould be achieved. Unfortunately it
hasnotbeenbuilt yet.

Ontheotherhand ray castingwasrecentlyimplementedor uni-
form meshesn programmablegraphicshardware [Rottger et al.
2003]. Moreover, ray castingwas also successfullyemployed



for view-independenprojectionof singletetrahedrgdWeiler et al.
2002; Weiler et al. 2003]. Therefore,our approachis to design
andimplementa completeray casterfor tetrahedraimeshesn pro-
grammablegraphicshardware. Obviously, all pixels canbe pro-
cessedn paralleland—aswve will demonstrate—noandommem-
ory writes arerequired. Similarly to otherray castingapproaches,
cyclic mesheglo not poseary particularproblemsandthe perfor
mancecanbene t from earlyray terminationtechniques.

Thus,ray castingappearso beanextremelyattractve algorithm
for direct volume visualizationof tetrahedralmesheson today's
and future graphicshardware. Unfortunately limitations of tex-
ture memoryresourcesndthe particularproblemsposedby com-
plex non-cowex meshewill oftendiminishthe advantagef our
approach. Therefore,insteadof suggestinghat ray castingwill
replacecell projectionas the algorithm of choice for hardware-
assisteddirect volume visualizationof unstructuredmesheswe
wantto clarify underwhich circumstancesay castingis a serious
competitoron moderngraphicshardware.

Before presentingour ray casting algorithm for tetrahedral
meshesn Section3, we discusrevious andrelatedwork in Sec-
tion 2. Section4 introducesincrementalpre-integration, an algo-
rithm thatallows usto employ pre-intgratedvolumerenderingand
still modify transferfunctionsat almostinteractve rates. Imple-
mentationissuesof our ray castingapproacharediscussedn Sec-
tion 5, while resultsarepresentedn Section6.

2 Previous Work

Our ray castingalgorithmis mainly basedon the algorithm pub-

lishedin [Garrity 1990],which—for eachviewing ray—traversesa

meshby following links betweencell neighbors.However, in or-

der to computere-entriesof viewing raysin non-cowex meshes,
we emplgy a conceptpublishedin [Williams 1992], which we re-

fer to asthecorvexi cation of non-cowex meshesRayintegration

within individual cellsis performedanalogouslyto the hardware-
basedyiew-independentell projectionpublishedin [Weiler et al.

2002; Weiler et al. 2003]; in particular we also employ pre-

integratedvolumerenderingassuggestedh [Rottgeretal. 2000].

Several of our modi cations of Garrity's ray castingalgorithm
thatwerenecessarjor animplementatiorin programmablgraph-
icshardwareweresuggestedly theraytracingalgorithmin [Purcell
etal. 2002]andtheray castingalgorithmfor uniform meshegpub-
lishedin [Rottgeretal. 2003]. Preliminaryversionsof ourapproach
weredescribedn [KrausandErtl 2002]and[Weiler etal. 2003].

3 Parallel Ray Casting

The fundamentof our ray casting algorithm for programmable
graphicshardwareis a ray propagtion approachsimilar to [Gar-
rity 1990]; seeFigure2. Eachviewing ray is propagtedfront to
backfrom cell to cell until thewhole meshhasbeentraversed.The
ray startsfrom its rst intersectionwith the mesh,which is deter
minedduringaninitialization phase.The traversalis performedin
passesin eachpassthe color andopacity contrikution of a pixel's
currentcell is computedandaccumulatedn the framebuffer.

A softwaresolutiontypically processethepixelsand,therefore,
theviewing rayssuccessiely. However, ray castingalgorithmscan
be parallelizedeasilyasthe computationgperformedor eachpixel
areindependentThis pavestheway for animplementatioron pro-
grammablegraphicshardware, whereeachfragmentis processed
individually.
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Figure 2: Ray propagation: For ead pixel one viewing ray is
traced,which stopsat all intersectedcell faces. Theinitial inter-
sectionsare markedwith dots( ), furtherintersectionswith circles
(), squaes( ), anddiamondy ).

3.1 Overview

We employ fragmentprogramsto performall computationf the
ray propag@tionin graphicshardware. A screen-sizedectangleis
renderedo performonepropagtion stepfor eachpixel and,thus,
for eachviewing ray at the sametime. With eachrenderedectan-
gle eachviewing ray will proceedonecell throughthe tetrahedral
mesh.

This strateyy requiresthatintermediaténformationon intersec-
tions of rayswith cells of the meshis communicatedbetweersuc-
cessve renderingpasses. This is accomplishedwith the help of
several two-dimensionaRGBA texturesof the dimensionsof the
framebuffer thatarereadandupdatedn every pass.Thetextures
containthe currentintersectionpoint of the ray with the faceof a
cell andtheindex of the cell theray is aboutto enterthroughthis
face.

In orderto beableto computeall requiredinformationfor aren-
deringpassthefragmentprogramrequiresaccesso themeshdata.
Thereforewe storevertex data,facenormals,andneighbordatain
severaltexture maps,which notonly enablesandomaccessy the
fragmentprogrambut alsoallows for the datato residein thelocal
memoryof the graphicsadapterithus, our algorithmhasvery low
bandwidthrequirements.

For eachviewing ray, the algorithmbasicallyperformsthe fol-
lowing steps:

1. initialization
2. while still within themesh:

(a) computeexit pointfor currentcell

(b) determinescalarvalueatexit point

(c) computeray integral within currentcell
(d) blendto framebuffer

(e) proceedo adjacentell throughexit point

We startby clearingthe framebuffer andby initializing the rst
intersectiorof theviewing ray, whichis anintersectiorwith oneof
the boundaryfacesof the mesh.This maybeimplementedisinga
rasterizatiorof thevisible boundaryfaces.However, it mayalsobe
performedin softwareasthereareusuallyfar lesshoundaryfaces
thancellsin a mesh,andthus, this stepis not time critical. The
remainingstepscanbedividedinto rayintegrationandray traversal
issues.We will describeboth partsaftera brief introductionto the
nomenclatureisedin this paper



3.2 Nomenc lature

In orderto describethe computation®f onerenderingpassa few
notationshaveto beintroducedseealsoFigure3. Tetrahedratells
of a meshconsistingof n cells areidenti ed by aninteger index
fromOton 1;oftenthisindex is calledt. Eachtetrahedron has
four faces the normalvectorsof which aredenotedby n;j, where
i speci esthefaceandis 0, 1, 2, or 3. Note that normalvectors
always point to the outsideof their cell. Eachtetrahedrort also
de nes four verticesvt;;, wherevertex vt;; is oppositeto the i-th
face;seeFigure3a. As indicatedin Figure 3b, the neighborof a
tetrahedror thatshareghei-th faceis denotedby a;i. Theindex
of thefaceof a;;j thatcorrespondso thei-th faceof t is denotedoy
ft;i; seeFigure3c.

R T Tl
PO%

Figure3: Nomenclatuein thispaper: (a) Thevertex vt is opposite
to andthefacenormaln; is perpendicularo thei-th faceof cellt.
For tetrahedal cellsi is 0, 1, 2, or 3. (b) Theneighbora; of cellt
shaesthei-th face (c) Faceindicesfi;j of t's neighbos: Thei-th
faceoft correspondso the fi:-th faceof t's neighbora;; .

3.3 Ray Integration

Rayintegrationwithin singlecellsis the maintaskof onerendering
passof our ray castingalgorithm. Given the currentcell for each
viewing ray we have to computethe color andopacitycontritution
for theray segmentinsidethe currentcell, which hasto beblended
into the frame buffer. Note that we apply the pre-intgyratedclas-
si cation approactpublishedn [Rottgeret al. 2000], which stores
pre-intggratedcolor andopacity valuesin atexture map,anduses
thescalarvalueatthe entry point, the scalarvalueat the exit point,
andthelengthof theray sgmentasparameter$or thelookupinto
this texture.

The entry point andits scalarvalue canbe readeasilyfrom the
texturescommunicatingntermediatanformationbetweerrender
ing passessintroducedn Section3.1. Theseexturesalsoidentify
the cell thatthe ray enteredat this point. We determinethe corre-
spondingexit point by computingthreeintersectionpoints of the
ray with thefacesof the enteredcell andchoosingthe intersection

Figure4: Intersectionsof a viewing ray with the facesof a cell.

point thatis closestto the eye point but not on a facethatis visi-
ble from the eye point. Notethatit is not necessaryo considerthe
intersectiorwith the enteringface.

With the enteringface j, the eye point e, and the normalized
directionr of the viewing ray (seeFigure4), thethreeintersection

pointswith thefacesof cellt aree+ | jr with0 i< 47i6 jand
V € N
li= v o ni Y. where vi= v i (1)
I Ngi

This equationis easilyimplementedwith pixel shadingoperations
asthree-dimensionatectoroperationsare usuallywell supported.
A faceis visible if thedenominatoin the previousequations neg-
ative; thus, this testcomesalmostfor free. If |  is setto anappro-
priatelylargenumberfor all visiblefacesminf | ;j0 i< 476 jg
identi es the exit point. Determiningthe minimum of threenum-
bersis usuallylesswell supportedy pixel shadinghardware,but
it may be implementedwith the help of a sequencef conditional
setoperations(An alternatve solutionbasedn texturemappingis
discussedn [Weileretal. 2002].)

Oncetheminimuml ; andits facei areidenti ed, theintersection
pointx maybecomputedasx = e+ | jr. Thescalareld values(x)
atapointx canbecomputedas

()= (X X))+ s(X0)=a X+ ( g Xots(x0)); (2

whereg; is the gradientof the scalar eld, which is constanfor a
cell, andxg is ary pointin cellt, e.g.,oneof thevertices.Notethat
Equation(2) implies that we only have to storeonevectorg; and
onescalar§ = gt Xo+ S(Xp) for eachcell in orderto beableto
computethe scalar eld valueat ary point within the cell. More-
over, thisreconstructiorf scalarvaluesinvolvesonly onedotprod-
uctandonescalaraddition,which canbe performedmuchmoreef-
ciently thanafull linearinterpolationfrom thescalarvaluesatthe
verticesof the meshsinceno computatiorof interpolationweights
is involved.

With thescalavaluesof theentrypointandtheexit pointandthe
lengthof the ray segment,which canbe computedasthe distance
betweerthe coordinateof thesepoints,we arenow ableto eval-
uatetheray integral by performinga lookupin the pre-inteyration
texturemap. Notethatthelengthhasto bedividedby themaximum
edgelengthof the meshin orderto sene asatexture coordinatan
therangeof [0:::1]. This dependentookup canbe implemented
by only oneadditionalfragmentprogramoperation.

As demonstratedh [Weiler etal. 2002]this lookupsupportdif-
ferentopticalmodelsincludingemissionabsorptionmaximumin-
tensity projection, and the renderingof multiple at shadediso-
surfacesaswell asarbitrary transferfunctions,which only affect
the generationof the texture map. In contrastto [Weiler et al.
2002], however, our ray castingapproacmaturallyallows for op-
tical modelsrequiringnon-commutatie blending,in particularthe
full density-emittemodel [Williams and Max 1992]thatis com-
monly appliedin volumerenderingapplicationgseeFigure5). The
cell traversalensureghe processingf the ray sggmentsin correct
visibility order Thereforejn contrasto cell projectionbasedalgo-
rithmsno expensve cell sortingis requiredandvisibility cyclesare
correctlyrendered.

In a last step, the color contribution of the ray sggmenthasto
bewritten to theframebuffer. As theblendinghasto be performed
front-to-back theaccumulatedssociated.e., premultiplied)color
CP andopacitya afterk passess givenby

&=+ af & and af=af 1+ (1 af Yay

whereC, anday denotethe associatedolor andthe opacityof the
ray segmentprocessedh thek-th pass.



3.4 Cell Traversal

As mentionedabore, the traversalof the viewing raysthroughthe
tetrahedralmeshis performedby successiely renderingscreen-
sizedrectanglesEachrenderingpassprogressesnelayerof cells
of themesh.Thetraversalis controlledby a currentcell index per
viewing ray thatis storedin intermediateexturesof the samesize
astheframebuffer.

The fragmentprogramappliedin eachrenderingpassreadsthe
currentindex andupdatesachtexel of thetexturewith theindex of
the cell adjacento the facethroughwhich the viewing ray leaves
the currentcell. This index is given by a; for the currentcell t
with i beingthe index of the minimum intersectionl ; computed
duringray integration.

Notethatfor boundarycellsthisindexis 1;thus,we caneasily
determinenvhetheraviewing ray hasleft the meshandtheray pro-
cessingfor a particularpixel shouldend. In this casethe new exit
point shouldbe setto the old entry point resultingin a zerolength
ray sggmentwithout effect on theframebuffer content.A moreef-
cient solutionwhich exploits the early z-testof moderngraphics
adapterss presentedn Section5.2

However, this procedureis only useful for convex meshesas
there may be re-entriesif the meshis non-cowex. We cornvert
non-cowex meshesnto corvex-meshesy lling theemptyspace
betweenthe boundaryof the meshanda convex hull of the mesh
with imaginarycells as proposedn [Williams 1992]. In the ren-
dering passwe have to take specialcareof imaginarycells since
thesecells mustnot contribute to the color and opacity of the ray.
However, we have to computetheexit pointandthenext cell in the
sameway asfor ordinarycells.

Theraytraversalhasto continueuntil all rayshave left themesh.
An appropriatgestcanbe performedn softwareby evaluatingthe
componenbdf theintermediateexturesspecifyingthe currentcell.
However, this requiresan expensve readback from the graphics
adapter Fortunately moderngraphicsadapterscan provide feed-
back,e.g.,via the occlusionqueryfunctionality, which canbe ex-
ploitedto evaluatethe stopconditionin hardwareasdemonstrated
in Section5.2.

Furthermorethe currentcell index allows usto easilyincorpo-
ratetechniquegor earlyray termination which hasthe potentialof
greatlyimproving renderingperformancalueto thereducedaster
ization. We simply have to setthe currentcell in the intermediate
textureto 1, if theaccumulatedpacityis sufciently high.

Figure5: A non-covex FE-datasetonsistingof 124K tetraheda
is rendeed with a three-dimensionapre-integration lookuptable
implementinga volumedensity-emittemodel.

4 Incremental Pre-Integration

As mentionedn Section3.3,the color andopacitycontritution of
eachray sggmentis determinedy a pre-integratedtexture lookup
assuggestedh [Rottgeretal. 2000].

We emplg transferfunctionst(s) andc(s), which dependon
scalarvaluess = g(x) for ary pointx. t(s) speci esextinction co-
ef cients andcolor densitiegper unit length)while emittedcolors
arespeci edby ¢(s). Thus,theassociatedolor C andopacitya of
aray segmentwithin atetrahedrorare

Z,
¢ = t (1 wsi+ws, ¢ (1 w)sp+ ws |
0 z,
exp Ot(l wWisi + wh, 1dw® dw  (3)
and z,
a=1 exp t (1 w)si+ws ldw (4)
0

with the scalarvalue s¢ at the entry point, the scalarvalue s, at
the exit point, andthelengthl of theray segment. Apart from the
transferfunctionst (s) andc(s), C anda dependonly on s¢, s,
andl; thus, onethree-dimensiondlexture is sufcient for a table
lookup of theseintegrals. As this lookup table hasto be updated
whenever the transferfunctionst (s) or c¢(s) aremodi ed, anef-
cientevaluationof Equationg3) and(4) is critical for mary volume
visualizationapplications.

Here we presentincrementalpre-integration, which is one of
the mostefcient acceleratiortechniquedor the computationof
lookuptablesfor C = C(s¢; ;1) anda = a(s¢; ;1) accordingto
Equationg3) and(4). Variantsof thistechniqueveredevelopedn-
dependentlyy severalresearchergGuthe2002]but, to our knowl-
edge have notbeenpublishedpreviously.
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Figure 6: Splitting of a ray segmentof lengthl into two parts of
lengthDl andI® respectively

Provided that a lookup table hasbeencalculatedfor all entries
with lengthdessor equall®, theentriesfor thenext lengthl = 1% DI
canbe calculatedby splitting the integralsinto one part of length
Dl andone part of length|*, seeFigure 6. The scalarvalue sp
at the split point is interpolatedlinearly betweenss and s, i.e.,
sp= (1%t + DIs,)=(Dl + 19. As the integralsfor thesepartsare
alreadycoveredby the lookup table, the evaluationis reducedto
interpolationsof takulatedintegralsandablendingoperation More
speci cally, C(st; ;1) anda(ss; sp;1) aregivenby

Clsiispil®+ D) = C(sy;sp; D) +
+ (L a(sr;sp:D))CspimilY; (5)
a(sr;s; 1%+ D) = a(sy;sp;Dl)+

+ (1 a(sr;spD))alspisld: (6)

NotethatC(st; sp;0) anda(ss; y;0) are0 for all s; ands,, andthat
C(st;sp;Dl) anda(ss;sy; D) have to be calculatedby a numeric
evaluationof theintegralsin Equationq3) and(4).



The interpolationof takulatedintegralsfor the tablelookupsin
Equations(5) and (6) introducesan error dependingon the cho-
senresolutionof thetable. Note thatthe errorsassociateavith the
lookupsfor C(st; sp; DI) anda(ss; sp; Dl) arenotcritical sincethese
errorscannotaccumulate However, the errorsassociateavith the
lookupsfor C(sp; S; 19 anda(sp; s; 19 arepotentiallyaccumulat-
ing. In practice this erroraccumulatioris preventedby the blend-
ing operationsn Equations(5) and(6) dueto the chosenorderof
thetwo partsof lengthDl and!® respectiely.

5 Implementation Issues

In thedescriptiorof our parallelray castingalgorithmfor fragment
shadinchardwarein Section3 wetriedto avoid mostof thedistract-
ing hardware-speci cdetails. This sectionwill dealwith issuesof

animplementatioron an ATl Radeor8700with DirectX 9 andthe
Pixel Shader2.0 shadinganguage.

The featuresetof Pixel Shader.0 allows for a quite straight-
forward implementatiorof the operationsdescribedn Section3,
sinceseveralrestrictionghatappliedto thepreviousversion—Pixl
Shaderd .4—have beenrelaxed, in particularthe numberof differ-
enttexturemapsthatcanbeaddresseL6in Pixel ShadeR.0),and
the numberof perfragmentoperationgprovided per pass(32 tex-
ture addressingnstructionsand 64 color blending/arithmetidn-
structions).Moreover, the currentpixel shaderAPI doesno longer
restrictthe interlearing of texture and arithmeticaloperationsand
supportsoating point precisionthroughoutall stepsof the geom-
etry andrasterizatiorpipeline. We will, therefore not presenipar
ticular pixel shadeicodein this paper

The essentiafeatureof DirectX 9 for our algorithmis the sup-
portof textureswith full 32 bit oating point precisionsincethese,
for the rst time, allow us to storethe completemeshin texture
maps,i.e., in the local memory of the graphicsadapter without
losing accurag. They alsoallow usto randomlyaccesghe data
from afragmentprogram.However, severalrestrictions—e.gonly
nearesheighborsamplingandnoblending—applyto oating point
texturesdependingon the actualgraphicshardwareand,therefore,
hadimpacton our implementation.

5.1 Data Structures

All datastructuregequiredby our hardware-baseday caster ex-
ceptfor the pre-intgrationtable, are implementedeither as two-
dimensionalor three-dimensionaloating point RGBA texture
maps. The pre-intgrationtable is storedin an 8 bit RGBA tex-
ture since smoothray integration dependson the trilinear inter
polation. All othertexturesare mainly usedfor indexed lookup;
thus, the lack of linear interpolationfor oating point textureson
the Radeor@700is actuallyno problemhere. Table 1 providesan
overview of therequiredtextures.Notethatthe cell indicesareen-
codedin two texturecoordinateandtwo color componentsistheir
rangemight easilyexceedthe rangeof a singletexture coordinate.

datain texturecoords texturedata

texture ujviw riglhb] a
vertices t i Vi —
facenormals t i Nt:j ft:i
neighbordata t i agi | — —
scalardata t — Ot O
currentcell rasterpos | — t i —
intersect.pt. rastepos | — || — | — | | s(e+1r)
color, opacity || rastermpos | — r g b a

Tablel: Summanpof thetexturesdescribedn the maintext.

Thelowerindex of acell is theremaindeiof the cell index divided
by thev-sizeof thetexture,theupperindex is theintegerpartof the
division result. The texture mapscanbe dividedinto constantex-
turesstoringmeshdataandintermediatéexturesthatcommunicate
databetweerdifferentrenderingpasses.

Meshdataconsistsof threethree-dimensionaiexturesfor ver
tices, facenormals,and neighbordata; and one two-dimensional
texturefor scalardatareconstructior{seeSection3.3). Thenormal
texture additionally storesthe cell type—imaginaryor not—asthe
signbit in thealphachannebf eachtexel. Thetexturesareaccessed
via the cell index speci edin the rst andsecondtexture coordi-
nate.For three-dimensionakxturesthe w-coordinatespeci esthe
index of thevertex, face,or neighbor respectiely. Thus,thethird
dimensiorof all three-dimensiondkxturesis x edatasizeof four
sinceeachtetrahedrorspeci esfour vertices,four faces,andfour
neighbors. The u- andv-size hasto be adaptedo the size of the
mesh.

The traversal data structuresconsistof threetwo-dimensional
RGBA oating point textures. They are accessedby the
raster position of the correspondingpixel.  Unfortunately—
unlike the OpenGLARBfragment _program extension—Piel
Shaders2.0 do not automaticallyprovide the rasterposition of a
fragment;thus, we have to specify the rasterposition of the four
verticesof the renderedectangleastexture coordinatesuchthat
they areinterpolatedor eachfragment.

The rst traversaltexturespeci esthemostrecentlyentereccell
for eachviewing ray; the secondtexture speci es the position of
andthe scalarvalue at the last intersectionpoint of eachviewing
ray with the facesof cells. Notethatin contrasto the description
in Section3 we arenotableto usetheframebuffer for accumulating
the color and opacity of the integratedray segmentssincethereis
no oating pointformatavailablefor the framebuffer. A precision
of 8 bits, however, wouldleadto blendingartifacts;in particular as
the contritution of a singleray segmentusuallyis very small. Fur
thermore the Radeor®700doesnot supportsimultaneousender
ing to texturesandtheframebuffer. Thus,we employ anadditional

oating pointtexturefor color andopacityaccumulation.

All thesetexturesare readand updatedduring eachrendering
pass.Thereforewe in factrequiretwo setsof traversaldatastruc-
tures,i.e., two setsof textures,sincecurrentgraphicsadaptersio
not allow to readfrom andwrite into a texture at the sametime.
We apply ping-pongrenderingby binding one set of texturesfor
readingandspecifyingthe secondsetasmultiple rendertargetsfor
writing andexchangetherole of thetexture setsafterevery render
ing pass.

In orderto accesghe normalizedray directionwithin the frag-
mentprogram,we decidednot to usea texture mapbecausef the
additional memory overhead. Insteadwe computethe direction
in eachrenderingpasson-the-y. The additional computational
overheadcan be neglectedsincewe exploit the up-to-nav hardly
stressedjeometryunit by computingtheray directionfor eachver
tex within avertex shadeandaddonly oneadditionaloperationto
thepixel shadethatnormalizegheinterpolateday directions.

5.2 Rasterization Loop

Terminatingthe renderingloop comprisestwo issues. First, for
eachfragmentwe have to detectwhetherthe correspondingiew-
ing ray hasleft the mesh. In this caseideally no more fragment
operationsshouldbe spenton the correspondingixel. Secondly
we mustdeterminevhetherll viewing rayshaveleft themeshj.e.,
whethemwe canstoptherendering.

For the rst task we apply the early z-test provided by the
Radeor700graphicsadaptefRiguer2002]. This additionalz-test
is appliedbeforethe shadingof the fragment;thus, fragmentpro-
cessings stoppedoeforeary pixel shadeis invoked. This solution



is muchmoreef cient thanusingthe pixel shaderkill” operation.

Exploiting the early z-testfor detectingfully processediewing
raysis accomplishedy checkingwithin the pixel shaderwhether
thereis nonext cell,i.e.,whethertheneighborindex ag;j is 1 withi
beingtheindex of the facethroughwhich the view ray leavesthe
currentcell t. In this case the z-value of the correspondingixel
is alteredto z,ear Which preventsfurtherupdatesof the pixel color.
However, this cannotbe performedwithin theregularray process-
ing pixel shadersincethe early z-testis automaticallydisabledfor
pixel shadersnodifying the z-value[Riguer2002]. Thus,we apply
a specialz-updatepass,which readsfrom the sourcetexturesbut
only writesto the z-buffer. As mentionedabove, we updatethe z-
valueof eachpixel with acorrespondingurrentcellindex of 1to
Znear, Otherwisej.e.,if thereis a next cell the pixel's z-valueis not
updated.The latteris accomplishedy exploiting the z-testin the
z-updatepasssincewe assigna value of zg, to the corresponding
fragmentswhich arethereforediscarded.

Sincethis additionalpassintroducessomeoverheadn termsof
rasterizatiorandpixel shadeiswitchesz-updatepassegrenot ap-
plied after every renderingpass.We experiencedhe greatesper
formancamprovementswith onez-updatepassaboutevery 14ren-
deringpassesPixelsnotcoveredby thesilhouetteof thetetrahedral
mesharealreadylocked by an additionalz-updatepassright after
therenderingpassdeterminingthe rst hit of eachray.

Notethatif acell index of 1 hasbeenread,the shadethasto
copy theaccumulateatolor andopacityfrom the sourcetexture to
thedestinatiortexturebecaus¢hedestinatiortexturemaystill con-
tain theresultsfrom the lastbut oneray integrationstep.However,
it is not guaranteedhat the copying takes placebecausehe pixel
might alreadybe locked by the z-buffer. Therefore,jn orderto en-
sureacorrect nal image,we apply z-updatepasse®nly afterodd
renderingpassesi.e., after renderinginto the rst setof textures
andwe alsoexpectthe nal resultthere. This is obviously correct
for raysthatrequirean odd numberof renderingpassesThe nal
resultfor raysrequiringan even numberof passewill eventually
be written into the secondsetof textures. However, sincetheren-
deringloop will be terminatedafter odd passenly, at leastone
additionalpasswill beappliedcopying theresultinto the rst setof
intermediatdextures.

In orderto determinevhetherall rayshave beenfully processed,
we emplgy the DirectX 9 occlusionquery With every z-update
passanocclusionquery (D3DQUERYTYPBCCLUSIONis initi-
atedreturningthe numberof pixelsthatpassedhe z-test. As only
fragmentscorrespondingo viewing rayswhich left the meshsince
thelastz-updatepasswill passthe z-test theresultexactly re ects
thenumberof viewing raysthathave recentlypecomenished. Ac-
cumulatingtheresultsof the occlusionqueriesallows usto stopthe
renderingassoonasthe sumreacheshe numberof pixelscovered
by the projectedmesh. We determinethe latter with an additional
occlusionqueryfor the initial renderingpassthatis usedfor de-
tectingthe rst hit of the viewing rayswith the boundaryof the
tetrahedramesh.

Notethattheasynchronoudelivery of theocclusionqueryresult
leadsto someadditionalrenderingpassesHowever, we foundthis
effect neglectablecomparedo the delaycausedy waiting for the
result.

6 Results

We have testedour implementationon a PC with an Athlon XP
1900+ processoand 512 MB RAM running Windows XP. How-
ever, the in uence of the CPU is negglectablesince our approach
movesmostof thecomputatiorto thegraphicgprocessaorAs graph-
icsadaptelan ATI Radeor8700Prowith 128 MB of local memory
wasemployed. Theimplementatiorwasbuilt ontop of DirectX 9.

total
no.cells | imaginary | fps | tets/sec
Blunt n (Fig. 1) 190852 3534 3.37 | 643K
Heat-sink(Fig.9) || 124152 2484 2.27 | 282K
Cylinder(Fig. 9) 203460 1860 1.94 | 395K
SphergFig. 1) 148955 — 5.13 | 764K

Table2: Performanceof our hardware-baseday castingalgorithm
for different datasetsusinga Radeon9700 Pro graphicsadapter
Thecell numbes includeimaginary cells from the corvexi cation
process. Therefeenced gur es demonstate the renderingmode
andtheemployedransferfunctions.

Table 2 shavs the performanceof our hardware-baseday cast-
ing algorithmfor differentdatasetpresentedn the paper Sphere,
heat-sinkandblunt n denotethedataset®f Figurel, whereashe
cylinder datasets shawvn in Figure9. Note thatthe performance
is merelyaffectedby the optical modelexceptfor the full density-
emittermodelshavn in themiddleandrightimageof Figurel since
the requiredthree-dimensionatilependentexture lookup is more
expensve thanthetwo-dimensionalookup usedfor the otheropti-
calmodels.However, asourray castingapproactincludesearlyray
terminationthe performancaes in uenced by the selectedransfer
function sincethe traversalterminatesf the accumulatedpacity
is sufciently high. Thetable,therefore containsreferenceso the
correspondingmages.

The performancenumbersin Table 2 representveragevalues
for varyingview directions.They have beenacquiredby ananima-
tion wherethedatasetsrerotatedsimultaneoushaboutthelocal x-
axisandy-axiswith differentangularvelocitiesfor eachaxis. The
actualframerate,or frametime respectiely, almostdirectly corre-
spondgo the numberof callsto the ray traversalshaderwhich is
in uencedby thenumberof pixelscoveredby theprojectecdataset
andthe numberof passesequiredfor eachpixel. The latter de-
pendson the datasettself andthe visualizationparametershatin-

uence the effectivenesf the early ray termination. On average
ourimplementationwasableto performaboutl15 million traversal
shadecallspersecondnthetestsystem A typicalvariationof the
frametime is presentedn Figure?. It correspond$o ananimation
sequencéor the heat-sinkdatasebf Figure9.

The effect of early ray terminationis illustratedin Figure 8,
which shawvs the numberof fragmentgrocessedh eachrendering
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Figure7: The gur eshowghevariation of theframetimesfor vary-

ing view directionsontheheat-sinidataserendeedona512 512

viewport. Thecorrespondingmage is shownin Figure 9. Thecurve
showsgood correspondancéetweerthe frametime and the total

numberof traversal opemtions. Notethat the minimumand maxi-
mumof theframetimescorrespondo 1.80fpsand3.55fpsrespec-
tively.
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Figure8: The gur e showsstatisticsfor the heat-sinkdatasetren-
deredona 512 512viewport. Thecorrespondingmage is shown
in Figure9. Thecurvesre ectthenumberoffragmentgprocessedh
eatrenderingoass.Ascanbeseerfromtheareabelowthecurves,
exploiting the early z-testsigni cantly reduceghe total amountof
rasterizedragments.

passfor the heat-sinkdatasetn Figure9. Without early ray termi-
nation, for this particularsetof viewing parametersour ray cast-
ing algorithmrequires156 renderingpassedo nish (greenline).
Thereby comparedo the brute-forcefragmentprocessingvithout
an early-ztestthatdiscardsaysthat have left the mesh(redline),
theloadonthefragmentprocessois reducedy afactorof 2. When
earlyrayterminationis enabledhetotal fragmentoadis furtherre-
ducedby a factorof 2 andthe renderingcompletesfter 96 passes
(blueline).

Despitetheadwantagesrom earlyray termination currently our
ray castingalgorithmcanin mary situationsbe outperformecby
optimizedcell projectionalgorithms,e.g., asreportedby [Guthe
et al. 2003]. This is in particularthe casefor large viewports,
sinceour algorithmis highly outputsensitve. However, cell pro-
jectionapproachesspeciallyfor non-commutatie opticalmodels,
arelimited by thevisibility sorting,which alreadypreventsthe cur
rentgraphicsadaptergrom runningat full capacity dueto limited
CPU resourcesnd graphicsbus bandwidth. Thus, projectingthe
developmentof CPUsand graphicsadaptersduring the lastyears
our ray castingapproachwhichis only limited by therasterization
performancef the graphicsadaptermay sooncatchup.

Figure9: Theleftimage showsanisosurfaceenderingof thehheat-
sink dataset. In the right image the cylinder datasetis presented.
Theholein themiddlehasbeenlled with imaginary cellsin order
to allow for re-entriesduring the cell traversal. Both datasetsare
rendeedona512 512viewport.

Oneof themainadwantage®f ourapproachis thelow bandwidth
requiremenfor thegraphicsbusthatallows the graphicsprocessor
to run at full capacity This, however, limits the size of suitable
datasetsinceinteractve frameratescannotbe achieved if texture
pagingis necessary

Providedthatthe framebuffer consumed.2:5 MB of the graph-
ics memory (2 32 bit RGBA + 16 bit depth for a standard
1280 1024 desktop),we areableto storebetween500,000 and
600, 000 tetrahedradependingon the optical modelused. We ap-
ply a 8 bit 128 128 256 (b 16 MB) RGBA texture for the
full density-emittermodel sincethis requiresa three-dimensional
pre-inteyration table, whereasfor the remainingmodelsa two-
dimensionalRGBA texture (256 256 % 0:25 MB) is sufcient
sincethe length of the ray sgmentaffectsthe color contrikution
eitherlinearly or notatall.

Unfortunately with DirectX 9 all texturesfor intermediatedata
mustsharethe samepixel formatin orderto sene asrendertagets,
which producesquite somememoryoverheadsince accordingto
Table 1 we only need9 of the 12 provided color componentper
texture set. Moreover, 16 bit shortvalueswould provide enough
precisionfor cell andfaceindicessincewe only have do address
2048differenttexels, the maximumdimensionof a texture. Thus,
the memoryrequiredfor one pixel in the outputimageis 2 48
bytesaccordingo thefollowing summary:

vertices 4 4 Abytes
2 currentcell 4 4bytes | normals 4 4 Abytes
2 intersectpt. 4 A4bytes| neighbors 4 2 2bytes
2 color,opacity 4 A4bytes| scalardata 1 4 4bytes
2 48208 | total 160 s

Eachtetrahedrorrequires160 bytesof memory As mentioned
above, mostmeshdatais storedin RGBA oating point textures;
however, neighbordataonly requiresa two-componentii6 bit tex-
ture.

Notethatlimited fragmentoperation$iave prohibitedfurtherop-
timizations, e.g., datapacking, storing only one instanceof each
vertex andreferencinghe verticesof eachcell by anindex in this
texture,encodingnormalswith two componentandonesignbit, or
usinga single32 bit valuefor cell indicesandfaceindex restoring
theindividual componentsn the pixel shadewon-the- y.

Thesearrangementsvould have decreasedhe memory con-
sumptionto 16 bytes/\ertex, 64 bytes/tetragand2 32 bytes/pixel
allowing for 1;280,000 to 1;530 000 tetrahedraon a 128 MB
graphicsadaptemithoutlossof accurag.

Theincrementapre-intgrationwastestedfor alookuptableof
128 128 256 0n anAthlon XP 1900+. Computingeachentry
individually took about128 sec.,wherethe transferfunction was
sampledwith the Nyquist frequeng, but the numberof integra-
tion stepswas not increasedwith the length of eachviewing ray
segment. With our incrementapre-intgyrationapproactthe com-
putationtook only 1.5 sec. to complete. In this casewe perform
an explicit integrationonly for the rst slice of the texture corre-
spondingto %6 of the maximumsegmentlength. Combiningtwo
suchray sggmentduringtheincrementatomputatioris equivalent
with the numericalintegrationusingtwice asmuchsamplesalong
the length of the ray segment. Thus, the completeintegrationta-
ble is computedvith a x edsampledistancealongtheray segment
and, therefore the resultsare much more accurate.Note that the
correspondingiumericalintegration of eachentry of the integra-
tion texturewith a x ed sampledistancealongthe ray takeshours
to complete.



7 Conclusions

We have presentedhe rst implementatiorof a volumeray cast-
ing algorithmfor tetrahedrameshesunningon off-the-shelfpro-
grammablegraphicshardware. In contrastto cell projectionap-
proachesour algorithm allows the graphicsadapterto accessall
meshdatafrom its local memory Thus,it canrun at full capacity
sinceit is neitherlimited by the bandwidthof the graphicsbusnor
by the CPU. Cell projection,however, is computationabndband-
width boundsincethe CPU hasto provide sortedcellsandalot of
trianglesmustbe transferedo the graphicschip perframe. There-
fore, we expectour approacho bene t morefrom theincreasen
performancef graphicshardwarethancell projectionalgorithms.

On the otherhand,cell projectionapproachesvill bene t more
from higher CPU speedsand improved graphicsbus bandwidths
sincethe rasterizatioris more expensve for our approachandwe
are—dueto the greateramountof texture lookups—additionally
limited by the internalmemorybandwidthof the graphicsadapter
Furthermore althoughwe can exploit early ray termination,with
our approachthe total numberof fragmentscan be higher since
more fragmentsmight be generateger pixel thanthe depthcom-
plexity of themeshrequires.In contrasto this, cell projectionguar
anteego rasterizezxactly thefront facesof all cells.

Texture memoryis a crucial limitation of our approachsinceall
meshdatafor adatasehasto t into thelocalmemoryof thegraph-
icsadaptein orderto allow for interactve visualizationsHowever,
memoryresource®n graphicsadapterarealsoincreasingout may
not keepup with the sizeof the datasetso bevisualized.In sum-
mary, our approachis of particularinterestfor visualizing small,
possibly cyclic, corvex mesheswith high opacities,e.g., due to
opaqusasosurfces.
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