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Figure1: All imagesshowtetrahedral meshesconsistingof 125K to 190K cells rendered with our hardware-basedray castingalgorithm.
Thealgorithmexploits theprogrammablefragmentunit of theATI Radeon9700graphicschip and runsat several framesper secondin a
512� 512viewport. Theleft image showsmultipleshadedisosurfaces,themiddleandright imagesare renderedwith a full density-emitter
model.

Abstract
We present the �rst implementationof a volume ray casting
algorithm for tetrahedralmeshesrunning on off-the-shelf pro-
grammablegraphicshardware. Our implementationavoids the
memorytransferbottleneckof thegraphicsbussincethecomplete
meshdatais storedin the local memoryof the graphicsadapter
and all computations,in particular ray traversaland ray integra-
tion, areperformedby the graphicsprocessingunit. Analogously
to otherray castingalgorithms,our algorithmdoesnot requirean
expensive cell sorting. Provided that the graphicsadapteroffers
enoughtexturememory, our implementationperformscomparable
to the fastestpublishedvolumerenderingalgorithmsfor unstruc-
turedmeshes.

Our approachworkswith cyclic and/ornon-convex meshesand
supportsearly ray termination. Accurateray integration is guar-
anteedby applying pre-integrated volume rendering. In order
to achieve almost interactive modi�cations of transferfunctions,
we proposea new methodfor computingthree-dimensionalpre-
integrationtables.
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1 Intr oduction

Theevolution of computergraphicshardwarehasalwaysbeenone
of the predominantfactorsfor the designof algorithmsfor com-
putergraphicsin generalandcomputervisualizationin particular.
For example,the steadyincreasein memoryof graphicssubsys-
temsfavored frame buffer and texturing techniquesover alterna-
tiveapproaches.Nowadays,moderngraphicshardwareis addition-
ally characterizedby a highly parallelarchitecture,�oating-point
arithmetic,andanincreasingly�e xible programmability. Provided
that thesefeaturesare ef�ciently exploited, many algorithmscan
be implementedcompletelyin graphicshardware, therebyreduc-
ing thecommunicationbetweentheCPUandthegraphicsadapter
to thebareminimumandrunninggraphicshardwareat full capac-
ity. Therefore,the possibility to ef�ciently exploit thesefeatures
is a moreandmoreimportanttrait of visualizationalgorithms. In
orderto achieve this goal, therearetwo particularlyimportantre-
quirementsfor thedesignof analgorithm:Firstly, aparallelimple-
mentationshouldbe straightforward; andsecondly, the algorithm
shouldnot requirerandommemorywrites. The latter requirement
is often expressedby a “streamingprocessormodel”; see,for ex-
ample,[Purcellet al. 2002].

With respect to direct volume visualization of tetrahedral
meshes,it is worth noting that thereappearsto beno working im-
plementationof a hardware-basedalgorithmthat ful�lls thesetwo
requirements.For example,cell projectionwith non-commutative
blendingrequirescell sorting,but a parallelimplementationof cell
sortingin graphicshardwarehasnot beenpublishedyet. With the
R-buffer architecture[Wittenbrink 2001; King et al. 2001] order-
independentcell projectioncould be achieved. Unfortunately, it
hasnotbeenbuilt yet.

Ontheotherhand,raycastingwasrecentlyimplementedfor uni-
form meshesin programmablegraphicshardware [Röttger et al.
2003]. Moreover, ray casting was also successfullyemployed



for view-independentprojectionof singletetrahedra[Weiler et al.
2002; Weiler et al. 2003]. Therefore,our approachis to design
andimplementacompleteraycasterfor tetrahedralmeshesin pro-
grammablegraphicshardware. Obviously, all pixels canbe pro-
cessedin paralleland—aswe will demonstrate—norandommem-
ory writesarerequired.Similarly to otherray castingapproaches,
cyclic meshesdo not poseany particularproblemsandtheperfor-
mancecanbene�t from earlyray terminationtechniques.

Thus,raycastingappearsto beanextremelyattractivealgorithm
for direct volume visualizationof tetrahedralmesheson today's
and future graphicshardware. Unfortunately, limitations of tex-
turememoryresourcesandtheparticularproblemsposedby com-
plex non-convex mesheswill oftendiminishtheadvantagesof our
approach. Therefore,insteadof suggestingthat ray castingwill
replacecell projectionas the algorithm of choice for hardware-
assisteddirect volume visualizationof unstructuredmeshes,we
want to clarify underwhich circumstancesray castingis a serious
competitoronmoderngraphicshardware.

Before presentingour ray casting algorithm for tetrahedral
meshesin Section3, we discusspreviousandrelatedwork in Sec-
tion 2. Section4 introducesincrementalpre-integration, an algo-
rithm thatallowsusto employ pre-integratedvolumerenderingand
still modify transferfunctionsat almostinteractive rates. Imple-
mentationissuesof our ray castingapproacharediscussedin Sec-
tion 5, while resultsarepresentedin Section6.

2 Previous Work

Our ray castingalgorithm is mainly basedon the algorithmpub-
lishedin [Garrity 1990],which—foreachviewing ray—traversesa
meshby following links betweencell neighbors.However, in or-
der to computere-entriesof viewing rays in non-convex meshes,
we employ a conceptpublishedin [Williams 1992],which we re-
fer to astheconvexi�cation of non-convex meshes.Rayintegration
within individual cells is performedanalogouslyto the hardware-
based,view-independentcell projectionpublishedin [Weiler et al.
2002; Weiler et al. 2003]; in particular, we also employ pre-
integratedvolumerenderingassuggestedin [Röttgeretal. 2000].

Several of our modi�cations of Garrity's ray castingalgorithm
thatwerenecessaryfor animplementationin programmablegraph-
icshardwareweresuggestedby theraytracingalgorithmin [Purcell
et al. 2002]andtheray castingalgorithmfor uniform meshespub-
lishedin [Röttgeretal.2003].Preliminaryversionsof ourapproach
weredescribedin [KrausandErtl 2002]and[Weileretal. 2003].

3 Parallel Ray Casting

The fundamentof our ray castingalgorithm for programmable
graphicshardware is a ray propagation approachsimilar to [Gar-
rity 1990]; seeFigure2. Eachviewing ray is propagatedfront to
backfrom cell to cell until thewholemeshhasbeentraversed.The
ray startsfrom its �rst intersectionwith the mesh,which is deter-
minedduringaninitialization phase.Thetraversalis performedin
passes;in eachpassthecolor andopacitycontribution of a pixel's
currentcell is computedandaccumulatedin theframebuffer.

A softwaresolutiontypically processesthepixelsand,therefore,
theviewing rayssuccessively. However, raycastingalgorithmscan
beparallelizedeasilyasthecomputationsperformedfor eachpixel
areindependent.Thispavestheway for animplementationonpro-
grammablegraphicshardware,whereeachfragmentis processed
individually.

pixelsin
view plane

tetrahedralmesh

Figure 2: Ray propagation: For each pixel one viewing ray is
traced,which stopsat all intersectedcell faces. Theinitial inter-
sectionsaremarkedwith dots(� ), further intersectionswith circles
(� ), squares(� ), anddiamonds(� ).

3.1 Overview

We employ fragmentprogramsto performall computationsof the
ray propagation in graphicshardware. A screen-sizedrectangleis
renderedto performonepropagationstepfor eachpixel and,thus,
for eachviewing ray at thesametime. With eachrenderedrectan-
gle eachviewing ray will proceedonecell throughthe tetrahedral
mesh.

This strategy requiresthat intermediateinformationon intersec-
tionsof rayswith cellsof themeshis communicatedbetweensuc-
cessive renderingpasses.This is accomplishedwith the help of
several two-dimensionalRGBA texturesof the dimensionsof the
framebuffer thatarereadandupdatedin every pass.Thetextures
containthe currentintersectionpoint of the ray with the faceof a
cell andthe index of thecell the ray is aboutto enterthroughthis
face.

In orderto beableto computeall requiredinformationfor a ren-
deringpass,thefragmentprogramrequiresaccessto themeshdata.
Therefore,westorevertex data,facenormals,andneighbordatain
severaltexturemaps,whichnotonly enablesrandomaccessby the
fragmentprogrambut alsoallows for thedatato residein thelocal
memoryof thegraphicsadapter;thus,our algorithmhasvery low
bandwidthrequirements.

For eachviewing ray, the algorithmbasicallyperformsthe fol-
lowing steps:

1. initialization

2. while still within themesh:

(a) computeexit point for currentcell

(b) determinescalarvalueatexit point

(c) computeray integralwithin currentcell

(d) blendto framebuffer

(e) proceedto adjacentcell throughexit point

We startby clearingtheframebuffer andby initializing the�rst
intersectionof theviewing ray, which is anintersectionwith oneof
theboundaryfacesof themesh.This maybeimplementedusinga
rasterizationof thevisibleboundaryfaces.However, it mayalsobe
performedin softwareasthereareusuallyfar lessboundaryfaces
thancells in a mesh,and thus, this stepis not time critical. The
remainingstepscanbedividedinto rayintegrationandraytraversal
issues.We will describebothpartsaftera brief introductionto the
nomenclatureusedin thispaper.



3.2 Nomenc lature

In orderto describethecomputationsof onerenderingpass,a few
notationshaveto beintroduced;seealsoFigure3. Tetrahedralcells
of a meshconsistingof n cells are identi�ed by an integer index
from 0 to n� 1; oftenthis index is calledt. Eachtetrahedront has
four faces,thenormalvectorsof which aredenotedby nt;i , where
i speci�es the faceandis 0, 1, 2, or 3. Note that normalvectors
alwayspoint to the outsideof their cell. Eachtetrahedront also
de�nes four verticesvt;i , wherevertex vt;i is oppositeto the i-th
face;seeFigure3a. As indicatedin Figure3b, the neighborof a
tetrahedront thatsharesthe i-th faceis denotedby at;i . The index
of thefaceof at;i thatcorrespondsto thei-th faceof t is denotedby
ft;i ; seeFigure3c.
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Figure3: Nomenclaturein thispaper: (a) Thevertex vt;i is opposite
to andthefacenormalnt;i is perpendicularto thei-th faceof cell t.
For tetrahedral cellsi is 0, 1, 2, or 3. (b) Theneighborat;i of cell t
sharesthe i-th face. (c) Faceindices ft;i of t's neighbors: Thei-th
faceof t correspondsto the ft;i -th faceof t'sneighborat;i .

3.3 Ray Integration

Rayintegrationwithin singlecellsis themaintaskof onerendering
passof our ray castingalgorithm. Given the currentcell for each
viewing raywehave to computethecolorandopacitycontribution
for theraysegmentinsidethecurrentcell, whichhasto beblended
into the framebuffer. Note that we apply the pre-integratedclas-
si�cation approachpublishedin [Röttgeret al. 2000],which stores
pre-integratedcolor andopacityvaluesin a texturemap,anduses
thescalarvalueat theentrypoint, thescalarvalueat theexit point,
andthelengthof theraysegmentasparametersfor thelookupinto
this texture.

Theentrypoint andits scalarvaluecanbereadeasilyfrom the
texturescommunicatingintermediateinformationbetweenrender-
ing passesasintroducedin Section3.1.Thesetexturesalsoidentify
thecell that the ray enteredat this point. We determinethecorre-
spondingexit point by computingthreeintersectionpointsof the
ray with thefacesof theenteredcell andchoosingtheintersection
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Figure4: Intersectionsof a viewing raywith thefacesof a cell.

point that is closestto the eye point but not on a facethat is visi-
ble from theeye point. Notethatit is not necessaryto considerthe
intersectionwith theenteringface.

With the enteringface j, the eye point e, and the normalized
directionr of theviewing ray (seeFigure4), thethreeintersection
pointswith thefacesof cell t aree+ l ir with 0 � i < 4^ i 6= j and

l i =
(v � e) � nt;i

r � nt;i
; where v := vt;3� i : (1)

This equationis easilyimplementedwith pixel shadingoperations
asthree-dimensionalvectoroperationsareusuallywell supported.
A faceis visible if thedenominatorin thepreviousequationis neg-
ative; thus,this testcomesalmostfor free. If l i is setto anappro-
priatelylargenumberfor all visiblefaces,minf l i j0 � i < 4^ i 6= jg
identi�es the exit point. Determiningthe minimum of threenum-
bersis usuallylesswell supportedby pixel shadinghardware,but
it maybe implementedwith thehelpof a sequenceof conditional
setoperations.(An alternativesolutionbasedontexturemappingis
discussedin [Weileretal. 2002].)

Oncetheminimuml i andits facei areidenti�ed, theintersection
pointx maybecomputedasx = e+ l ir . Thescalar�eld values(x)
atapoint x canbecomputedas

s(x) = gt � (x � x0) + s(x0) = gt � x+ (� gt � x0 + s(x0)) ; (2)

wheregt is thegradientof thescalar�eld, which is constantfor a
cell, andx0 is any point in cell t, e.g.,oneof thevertices.Notethat
Equation(2) implies that we only have to storeonevectorgt and
onescalarĝt = � gt � x0 + s(x0) for eachcell in orderto beableto
computethe scalar�eld valueat any point within the cell. More-
over, thisreconstructionof scalarvaluesinvolvesonlyonedotprod-
uctandonescalaraddition,whichcanbeperformedmuchmoreef-
�ciently thanafull linearinterpolationfrom thescalarvaluesat the
verticesof themeshsinceno computationof interpolationweights
is involved.

With thescalarvaluesof theentrypointandtheexit pointandthe
lengthof the ray segment,which canbecomputedasthedistance
betweenthe coordinatesof thesepoints,we arenow ableto eval-
uatetheray integral by performinga lookup in thepre-integration
texturemap.Notethatthelengthhasto bedividedby themaximum
edgelengthof themeshin orderto serve asa texturecoordinatein
the rangeof [0: : :1]. This dependentlookup canbe implemented
by only oneadditionalfragmentprogramoperation.

As demonstratedin [Weileretal. 2002]this lookupsupportsdif-
ferentopticalmodelsincludingemission,absorption,maximumin-
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 castingapproachnaturallyallows for op-
tical modelsrequiringnon-commutative blending,in particularthe
full density-emittermodel [Williams andMax 1992] that is com-
monlyappliedin volumerenderingapplications(seeFigure5). The
cell traversalensurestheprocessingof theray segmentsin correct
visibility order. Therefore,in contrastto cell projectionbasedalgo-
rithmsnoexpensivecell sortingis requiredandvisibility cyclesare
correctlyrendered.

In a last step,the color contribution of the ray segmenthasto
bewritten to theframebuffer. As theblendinghasto beperformed
front-to-back,theaccumulatedassociated(i.e.,premultiplied)color
C̃0

k andopacitya0
k afterk passesis givenby

C̃0
k = C̃0

k� 1 + (1� a0
k� 1)C̃k and a0

k = a0
k� 1 + (1� a0

k� 1)ak;

whereC̃k andak denotetheassociatedcolor andtheopacityof the
raysegmentprocessedin thek-th pass.



3.4 Cell Traversal

As mentionedabove, the traversalof theviewing raysthroughthe
tetrahedralmeshis performedby successively renderingscreen-
sizedrectangles.Eachrenderingpassprogressesonelayerof cells
of themesh.Thetraversalis controlledby a currentcell index per
viewing ray that is storedin intermediatetexturesof thesamesize
astheframebuffer.

The fragmentprogramappliedin eachrenderingpassreadsthe
currentindex andupdateseachtexel of thetexturewith theindex of
the cell adjacentto the facethroughwhich the viewing ray leaves
the currentcell. This index is given by at;i for the currentcell t
with i being the index of the minimum intersectionl i computed
duringray integration.

Notethatfor boundarycellsthis index is � 1; thus,wecaneasily
determinewhethera viewing rayhasleft themeshandtheraypro-
cessingfor a particularpixel shouldend. In this casethenew exit
point shouldbesetto theold entrypoint resultingin a zerolength
raysegmentwithouteffecton theframebuffer content.A moreef-
�cient solutionwhich exploits the early z-testof moderngraphics
adaptersis presentedin Section5.2

However, this procedureis only useful for convex meshesas
theremay be re-entriesif the meshis non-convex. We convert
non-convex meshesinto convex-meshesby �lling theemptyspace
betweenthe boundaryof the meshanda convex hull of the mesh
with imaginarycells asproposedin [Williams 1992]. In the ren-
deringpasswe have to take specialcareof imaginarycells since
thesecellsmustnot contribute to thecolor andopacityof the ray.
However, wehave to computetheexit pointandthenext cell in the
samewayasfor ordinarycells.

Theraytraversalhasto continueuntil all rayshaveleft themesh.
An appropriatetestcanbeperformedin softwareby evaluatingthe
componentof theintermediatetexturesspecifyingthecurrentcell.
However, this requiresan expensive readback from the graphics
adapter. Fortunately, moderngraphicsadapterscanprovide feed-
back,e.g.,via theocclusionqueryfunctionality, which canbeex-
ploitedto evaluatethestopconditionin hardwareasdemonstrated
in Section5.2.

Furthermore,thecurrentcell index allows us to easilyincorpo-
ratetechniquesfor earlyray termination,whichhasthepotentialof
greatlyimproving renderingperformancedueto thereducedraster-
ization. We simply have to setthecurrentcell in the intermediate
textureto � 1, if theaccumulatedopacityis suf�ciently high.

Figure5: A non-convex FE-datasetconsistingof 124K tetrahedra
is rendered with a three-dimensionalpre-integration lookuptable
implementinga volumedensity-emittermodel.

4 Incremental Pre-Integration

As mentionedin Section3.3, thecolor andopacitycontribution of
eachray segmentis determinedby a pre-integratedtexture lookup
assuggestedin [Röttgeretal. 2000].

We employ transferfunctionst (s) and c(s), which dependon
scalarvaluess= s(x) for any point x. t (s) speci�esextinction co-
ef�cients andcolor densities(perunit length)while emittedcolors
arespeci�edby c(s). Thus,theassociatedcolorC̃ andopacitya of
a raysegmentwithin a tetrahedronare

C̃ =
Z 1

0
t
�
(1� w)sf + wsb

�
c
�
(1� w)sf + wsb

�
l

� exp
�

�
Z w

0
t
�
(1� w0)sf + w0sb

�
ldw0

�
dw (3)

and

a = 1� exp
�

�
Z 1

0
t
�
(1� w)sf + wsb

�
ldw

�
(4)

with the scalarvalue sf at the entry point, the scalarvalue sb at
theexit point, andthe lengthl of theray segment.Apart from the
transferfunctionst (s) and c(s), C̃ and a dependonly on sf , sb,
and l ; thus,onethree-dimensionaltexture is suf�cient for a table
lookup of theseintegrals. As this lookup tablehasto be updated
whenever the transferfunctionst (s) or c(s) aremodi�ed, an ef�-
cientevaluationof Equations(3) and(4) is critical for many volume
visualizationapplications.

Here we presentincrementalpre-integration, which is one of
the most ef�cient accelerationtechniquesfor the computationof
lookuptablesfor C̃ = C̃(sf ;sb; l ) anda = a(sf ;sb; l ) accordingto
Equations(3) and(4). Variantsof thistechniqueweredevelopedin-
dependentlyby severalresearchers[Guthe2002]but, to ourknowl-
edge,havenotbeenpublishedpreviously.

l

Dl l¢ ray

sf sbsp

Figure6: Splitting of a ray segmentof length l into two parts of
lengthDl andl0, respectively.

Provided that a lookup tablehasbeencalculatedfor all entries
with lengthslessorequall0, theentriesfor thenext lengthl = l0+ Dl
canbe calculatedby splitting the integrals into onepart of length
Dl and one part of length l0; seeFigure 6. The scalarvalue sp
at the split point is interpolatedlinearly betweensf and sb, i.e.,
sp = (l0sf + Dl sb)=(Dl + l0). As the integrals for thesepartsare
alreadycoveredby the lookup table, the evaluationis reducedto
interpolationsof tabulatedintegralsandablendingoperation.More
speci�cally, C̃(sf ;sb; l ) anda(sf ;sb; l ) aregivenby

C̃(sf ;sb; l0+ Dl) = C̃(sf ;sp;Dl ) +

+ (1� a(sf ;sp;Dl ))C̃(sp;sb; l0); (5)

a(sf ;sb; l0+ Dl) = a(sf ;sp;Dl ) +

+ (1� a(sf ;sp;Dl ))a(sp;sb; l0): (6)

NotethatC̃(sf ;sb;0) anda(sf ;sb;0) are0 for all sf andsb, andthat
C̃(sf ;sb;Dl ) anda(sf ;sb;Dl ) have to be calculatedby a numeric
evaluationof theintegralsin Equations(3) and(4).



The interpolationof tabulatedintegralsfor the tablelookupsin
Equations(5) and (6) introducesan error dependingon the cho-
senresolutionof thetable.Notethat theerrorsassociatedwith the
lookupsfor C̃(sf ;sp;Dl ) anda(sf ;sp;Dl ) arenotcritical sincethese
errorscannotaccumulate.However, theerrorsassociatedwith the
lookupsfor C̃(sp;sb; l0) anda(sp;sb; l0) arepotentiallyaccumulat-
ing. In practice,this erroraccumulationis preventedby theblend-
ing operationsin Equations(5) and(6) dueto thechosenorderof
thetwo partsof lengthDl andl0, respectively.

5 Implementation Issues

In thedescriptionof ourparallelraycastingalgorithmfor fragment
shadinghardwarein Section3 wetriedto avoid mostof thedistract-
ing hardware-speci�cdetails.This sectionwill dealwith issuesof
animplementationon anATI Radeon9700with DirectX 9 andthe
Pixel Shader2.0shadinglanguage.

The featuresetof Pixel Shaders2.0 allows for a quitestraight-
forward implementationof the operationsdescribedin Section3,
sinceseveralrestrictionsthatappliedto thepreviousversion—Pixel
Shaders1.4—havebeenrelaxed,in particularthenumberof differ-
enttexturemapsthatcanbeaddressed(16in Pixel Shader2.0),and
the numberof per-fragmentoperationsprovided per pass(32 tex-
ture addressinginstructionsand 64 color blending/arithmeticin-
structions).Moreover, thecurrentpixel shaderAPI doesno longer
restrict the interleaving of texture andarithmeticaloperationsand
supports�oating point precisionthroughoutall stepsof thegeom-
etry andrasterizationpipeline.We will, therefore,not presentpar-
ticularpixel shadercodein thispaper.

Theessentialfeatureof DirectX 9 for our algorithmis thesup-
port of textureswith full 32 bit �oating point precisionsincethese,
for the �rst time, allow us to storethe completemeshin texture
maps,i.e., in the local memoryof the graphicsadapter, without
losing accuracy. They alsoallow us to randomlyaccessthe data
from afragmentprogram.However, severalrestrictions—e.g.,only
nearestneighborsamplingandnoblending—applyto �oating point
texturesdependingon theactualgraphicshardwareand,therefore,
hadimpactonour implementation.

5.1 Data Structures

All datastructuresrequiredby our hardware-basedray caster, ex-
cept for the pre-integration table,are implementedeitheras two-
dimensionalor three-dimensional�oating point RGBA texture
maps. The pre-integration table is storedin an 8 bit RGBA tex-
ture since smoothray integration dependson the trilinear inter-
polation. All other texturesare mainly usedfor indexed lookup;
thus,the lack of linear interpolationfor �oating point textureson
theRadeon9700is actuallyno problemhere.Table1 providesan
overview of therequiredtextures.Notethatthecell indicesareen-
codedin two texturecoordinatesandtwo colorcomponentsastheir
rangemight easilyexceedtherangeof a singletexturecoordinate.

datain texturecoords texturedata
texture u v w r g b a

vertices t i vt;i —
facenormals t i nt;i ft;i
neighbordata t i at;i — —
scalardata t — gt ĝt

currentcell rasterpos — t j —
intersect.pt. rasterpos — — — l s(e+ l r )
color, opacity rasterpos — r g b a

Table1: Summaryof thetexturesdescribedin themaintext.

Thelower index of a cell is theremainderof thecell index divided
by thev-sizeof thetexture,theupperindex is theintegerpartof the
division result. Thetexturemapscanbedividedinto constanttex-
turesstoringmeshdataandintermediatetexturesthatcommunicate
databetweendifferentrenderingpasses.

Meshdataconsistsof threethree-dimensionaltexturesfor ver-
tices, facenormals,andneighbordata;andone two-dimensional
texturefor scalardatareconstruction(seeSection3.3).Thenormal
textureadditionallystoresthecell type—imaginaryor not—asthe
signbit in thealphachannelof eachtexel. Thetexturesareaccessed
via the cell index speci�ed in the �rst andsecondtexture coordi-
nate.For three-dimensionaltexturesthew-coordinatespeci�esthe
index of thevertex, face,or neighbor, respectively. Thus,thethird
dimensionof all three-dimensionaltexturesis �x edatasizeof four
sinceeachtetrahedronspeci�esfour vertices,four faces,andfour
neighbors.The u- andv-sizehasto be adaptedto the sizeof the
mesh.

The traversaldatastructuresconsistof three two-dimensional
RGBA �oating point textures. They are accessedby the
raster position of the correspondingpixel. Unfortunately—
unlike theOpenGLARBfragment program extension—Pixel
Shaders2.0 do not automaticallyprovide the rasterpositionof a
fragment;thus,we have to specify the rasterpositionof the four
verticesof the renderedrectangleastexture coordinatessuchthat
they areinterpolatedfor eachfragment.

The�rst traversaltexturespeci�esthemostrecentlyenteredcell
for eachviewing ray; the secondtexture speci�es the positionof
andthe scalarvalueat the last intersectionpoint of eachviewing
ray with the facesof cells. Note that in contrastto thedescription
in Section3 wearenotabletousetheframebuffer for accumulating
thecolor andopacityof the integratedray segmentssincethereis
no �oating point formatavailablefor theframebuffer. A precision
of 8 bits,however, would leadto blendingartifacts;in particular, as
thecontribution of a singleray segmentusuallyis very small. Fur-
thermore,theRadeon9700doesnot supportsimultaneousrender-
ing to texturesandtheframebuffer. Thus,weemploy anadditional
�oating point texturefor colorandopacityaccumulation.

All thesetexturesare readand updatedduring eachrendering
pass.Therefore,we in fact requiretwo setsof traversaldatastruc-
tures,i.e., two setsof textures,sincecurrentgraphicsadaptersdo
not allow to readfrom andwrite into a texture at the sametime.
We apply ping-pongrenderingby binding onesetof texturesfor
readingandspecifyingthesecondsetasmultiple rendertargetsfor
writing andexchangetheroleof thetexturesetsafterevery render-
ing pass.

In orderto accessthe normalizedray directionwithin the frag-
mentprogram,we decidednot to usea texturemapbecauseof the
additionalmemoryoverhead. Insteadwe computethe direction
in eachrenderingpasson-the-�y. The additionalcomputational
overheadcanbe neglectedsincewe exploit the up-to-now hardly
stressedgeometryunit by computingtheraydirectionfor eachver-
tex within a vertex shaderandaddonly oneadditionaloperationto
thepixel shaderthatnormalizestheinterpolatedraydirections.

5.2 Rasterization Loop

Terminatingthe renderingloop comprisestwo issues. First, for
eachfragmentwe have to detectwhetherthecorrespondingview-
ing ray hasleft the mesh. In this caseideally no more fragment
operationsshouldbe spenton the correspondingpixel. Secondly,
wemustdeterminewhetherall viewing rayshaveleft themesh,i.e.,
whetherwecanstoptherendering.

For the �rst task we apply the early z-test provided by the
Radeon9700graphicsadapter[Riguer2002].Thisadditionalz-test
is appliedbeforethe shadingof the fragment;thus,fragmentpro-
cessingis stoppedbeforeany pixel shaderis invoked.Thissolution



is muchmoreef�cient thanusingthepixel shader“kill” operation.
Exploiting theearlyz-testfor detectingfully processedviewing

raysis accomplishedby checkingwithin thepixel shader, whether
thereis nonext cell, i.e.,whethertheneighborindex at;i is � 1 with i
beingthe index of the facethroughwhich the view ray leavesthe
currentcell t. In this case,the z-valueof the correspondingpixel
is alteredto znearwhich preventsfurtherupdatesof thepixel color.
However, this cannotbeperformedwithin theregular ray process-
ing pixel shader, sincetheearlyz-testis automaticallydisabledfor
pixel shadersmodifying thez-value[Riguer2002].Thus,weapply
a specialz-updatepass,which readsfrom the sourcetexturesbut
only writes to thez-buffer. As mentionedabove, we updatethez-
valueof eachpixel with acorrespondingcurrentcell index of � 1 to
znear; otherwise,i.e., if thereis a next cell thepixel's z-valueis not
updated.The latter is accomplishedby exploiting thez-testin the
z-updatepasssincewe assigna valueof zfar to the corresponding
fragments,whicharethereforediscarded.

Sincethis additionalpassintroducessomeoverheadin termsof
rasterizationandpixel shaderswitches,z-updatepassesarenot ap-
plied afterevery renderingpass.We experiencedthegreatestper-
formanceimprovementswith onez-updatepassaboutevery14ren-
deringpasses.Pixelsnotcoveredby thesilhouetteof thetetrahedral
mesharealreadylockedby anadditionalz-updatepassright after
therenderingpassdeterminingthe�rst hit of eachray.

Note that if a cell index of � 1 hasbeenread,theshaderhasto
copy theaccumulatedcolor andopacityfrom thesourcetextureto
thedestinationtexturebecausethedestinationtexturemaystill con-
tain theresultsfrom thelastbut oneray integrationstep.However,
it is not guaranteedthat the copying takesplacebecausethe pixel
might alreadybelockedby thez-buffer. Therefore,in orderto en-
surea correct�nal image,we applyz-updatepassesonly afterodd
renderingpasses,i.e., after renderinginto the �rst setof textures
andwe alsoexpectthe �nal resultthere.This is obviously correct
for raysthat requireanoddnumberof renderingpasses.The�nal
resultfor raysrequiringan even numberof passeswill eventually
bewritten into thesecondsetof textures.However, sincetheren-
dering loop will be terminatedafter odd passesonly, at leastone
additionalpasswill beappliedcopying theresultinto the�rst setof
intermediatetextures.

In orderto determinewhetherall rayshavebeenfully processed,
we employ the DirectX 9 occlusionquery. With every z-update
passanocclusionquery(D3DQUERYTYPEOCCLUSION) is initi-
atedreturningthenumberof pixels thatpassedthez-test.As only
fragmentscorrespondingto viewing rayswhich left themeshsince
thelastz-updatepasswill passthez-test,theresultexactly re�ects
thenumberof viewing raysthathaverecentlybecome�nished. Ac-
cumulatingtheresultsof theocclusionqueriesallowsusto stopthe
renderingassoonasthesumreachesthenumberof pixelscovered
by theprojectedmesh.We determinethe latterwith anadditional
occlusionquery for the initial renderingpassthat is usedfor de-
tecting the �rst hit of the viewing rays with the boundaryof the
tetrahedralmesh.

Notethattheasynchronousdeliveryof theocclusionqueryresult
leadsto someadditionalrenderingpasses.However, we foundthis
effect neglectablecomparedto thedelaycausedby waiting for the
result.

6 Results

We have testedour implementationon a PC with an Athlon XP
1900+processorand512 MB RAM runningWindows XP. How-
ever, the in�uence of the CPU is neglectablesinceour approach
movesmostof thecomputationto thegraphicsprocessor. Asgraph-
icsadapteranATI Radeon9700Prowith 128MB of localmemory
wasemployed.Theimplementationwasbuilt on topof DirectX 9.

total
no. cells imaginary fps tets/sec

Blunt�n (Fig. 1) 190852 3 534 3.37 643K
Heat-sink(Fig. 9) 124152 2 484 2.27 282K
Cylinder(Fig. 9) 203460 1 860 1.94 395K
Sphere(Fig. 1) 148955 — 5.13 764K

Table2: Performanceof our hardware-basedraycastingalgorithm
for different datasetsusinga Radeon9700Pro graphicsadapter.
Thecell numbers includeimaginary cells from theconvexi�cation
process. The referenced�gur es demonstrate the renderingmode
andtheemployedtransferfunctions.

Table2 shows theperformanceof our hardware-basedray cast-
ing algorithmfor differentdatasetspresentedin thepaper. Sphere,
heat-sink,andblunt�n denotethedatasetsof Figure1, whereasthe
cylinder datasetis shown in Figure9. Note that the performance
is merelyaffectedby theopticalmodelexceptfor thefull density-
emittermodelshown in themiddleandright imageof Figure1since
the requiredthree-dimensionaldependenttexture lookup is more
expensive thanthetwo-dimensionallookupusedfor theotheropti-
calmodels.However, asourraycastingapproachincludesearlyray
terminationthe performanceis in�uenced by the selectedtransfer
function sincethe traversalterminatesif the accumulatedopacity
is suf�ciently high. Thetable,therefore,containsreferencesto the
correspondingimages.

The performancenumbersin Table2 representaveragevalues
for varyingview directions.They havebeenacquiredby ananima-
tion wherethedatasetsarerotatedsimultaneouslyaboutthelocalx-
axisandy-axiswith differentangularvelocitiesfor eachaxis. The
actualframerate,or frametime respectively, almostdirectly corre-
spondsto thenumberof calls to the ray traversalshader, which is
in�uencedby thenumberof pixelscoveredby theprojecteddataset
and the numberof passesrequiredfor eachpixel. The latter de-
pendson thedatasetitself andthevisualizationparametersthat in-
�uence the effectivenessof the early ray termination.On average
our implementationwasableto performabout15 million traversal
shadercallspersecondonthetestsystem.A typicalvariationof the
frametime is presentedin Figure7. It correspondsto ananimation
sequencefor theheat-sinkdatasetof Figure9.

The effect of early ray terminationis illustrated in Figure 8,
which shows thenumberof fragmentsprocessedin eachrendering
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Figure7: The�gur eshowsthevariationof theframetimesfor vary-
ingview directionsontheheat-sinkdatasetrenderedona512� 512
viewport. Thecorrespondingimageis shownin Figure9. Thecurve
showsgoodcorrespondancebetweenthe frametime and the total
numberof traversal operations. Notethat theminimumandmaxi-
mumof theframetimescorrespondto 1.80fpsand3.55fpsrespec-
tively.
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Figure8: The�gur e showsstatisticsfor theheat-sinkdatasetren-
deredona 512� 512viewport. Thecorrespondingimage is shown
in Figure9. Thecurvesre�ect thenumberof fragmentsprocessedin
each renderingpass.Ascanbeseenfromtheareabelowthecurves,
exploiting theearly z-testsigni�cantly reducesthe total amountof
rasterizedfragments.

passfor theheat-sinkdatasetin Figure9. Without earlyray termi-
nation,for this particularsetof viewing parameters,our ray cast-
ing algorithmrequires156 renderingpassesto �nish (greenline).
Thereby, comparedto thebrute-forcefragmentprocessingwithout
anearly-ztestthatdiscardsraysthathave left themesh(red line),
theloadonthefragmentprocessoris reducedbyafactorof 2. When
earlyrayterminationis enabledthetotalfragmentloadis furtherre-
ducedby a factorof 2 andtherenderingcompletesafter96 passes
(blueline).

Despitetheadvantagesfrom earlyraytermination,currently, our
ray castingalgorithmcan in many situationsbe outperformedby
optimizedcell projectionalgorithms,e.g., as reportedby [Guthe
et al. 2003]. This is in particular the casefor large viewports,
sinceour algorithmis highly outputsensitive. However, cell pro-
jectionapproaches,especiallyfor non-commutativeopticalmodels,
arelimited by thevisibility sorting,whichalreadypreventsthecur-
rentgraphicsadaptersfrom runningat full capacity, dueto limited
CPU resourcesandgraphicsbus bandwidth. Thus,projectingthe
developmentof CPUsandgraphicsadaptersduring the last years
our raycastingapproach,which is only limited by therasterization
performanceof thegraphicsadapter, maysooncatchup.

Figure9: Theleft imageshowsan isosurfacerenderingof theheat-
sink dataset. In the right image the cylinder datasetis presented.
Theholein themiddlehasbeen�lled with imaginarycellsin order
to allow for re-entriesduring thecell traversal. Bothdatasetsare
renderedona 512� 512viewport.

Oneof themainadvantagesof ourapproachis thelow bandwidth
requirementfor thegraphicsbusthatallows thegraphicsprocessor
to run at full capacity. This, however, limits the size of suitable
datasetssinceinteractive frameratescannotbeachieved if texture
pagingis necessary.

Providedthattheframebuffer consumes12:5 MB of thegraph-
ics memory (2 � 32 bit RGBA + 16 bit depth for a standard
1280� 1024desktop),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-emittermodelsincethis requiresa three-dimensional
pre-integration table, whereasfor the remainingmodelsa two-
dimensionalRGBA texture (256� 256 b= 0:25 MB) is suf�cient
sincethe lengthof the ray segmentaffects the color contribution
eitherlinearlyor notatall.

Unfortunately, with DirectX 9 all texturesfor intermediatedata
mustsharethesamepixel formatin orderto serveasrendertargets,
which producesquite somememoryoverheadsinceaccordingto
Table1 we only need9 of the 12 provided color componentsper
texture set. Moreover, 16 bit shortvalueswould provide enough
precisionfor cell andfaceindicessincewe only have do address
2048differenttexels, themaximumdimensionof a texture. Thus,
the memoryrequiredfor onepixel in the output imageis 2 � 48
bytesaccordingto thefollowing summary:

vertices 4� 4� 4 bytes
2 � currentcell 4� 4 bytes normals 4� 4� 4 bytes
2 � intersect.pt. 4� 4 bytes neighbors 4� 2� 2 bytes
2 � color, opacity 4� 4 bytes scalardata 1� 4� 4 bytes

2 � 48 bytes
pixel total 160 bytes

tetra

Eachtetrahedronrequires160bytesof memory. As mentioned
above, mostmeshdatais storedin RGBA �oating point textures;
however, neighbordataonly requiresa two-component16 bit tex-
ture.

Notethatlimited fragmentoperationshaveprohibitedfurtherop-
timizations,e.g., datapacking,storingonly one instanceof each
vertex andreferencingtheverticesof eachcell by an index in this
texture,encodingnormalswith two componentsandonesignbit, or
usinga single32 bit valuefor cell indicesandfaceindex restoring
theindividual componentsin thepixel shaderon-the-�y.

Thesearrangementswould have decreasedthe memory con-
sumptionto 16 bytes/vertex, 64 bytes/tetra,and2� 32 bytes/pixel
allowing for 1;280;000 to 1;530;000 tetrahedraon a 128 MB
graphicsadapterwithout lossof accuracy.

Theincrementalpre-integrationwastestedfor a lookuptableof
128� 128� 256 on an Athlon XP 1900+. Computingeachentry
individually took about128 sec.,wherethe transferfunction was
sampledwith the Nyquist frequency, but the numberof integra-
tion stepswasnot increasedwith the lengthof eachviewing ray
segment. With our incrementalpre-integrationapproachthecom-
putationtook only 1.5 sec. to complete. In this casewe perform
an explicit integrationonly for the �rst slice of the texture corre-
spondingto 1

256 of themaximumsegmentlength. Combiningtwo
suchraysegmentsduringtheincrementalcomputationis equivalent
with thenumericalintegrationusingtwice asmuchsamplesalong
the lengthof the ray segment. Thus, the completeintegrationta-
ble is computedwith a �x edsampledistancealongtheraysegment
and, therefore,the resultsaremuchmoreaccurate.Note that the
correspondingnumericalintegrationof eachentry of the integra-
tion texturewith a �x edsampledistancealongtheray takeshours
to complete.



7 Conc lusions

We have presentedthe �rst implementationof a volumeray cast-
ing algorithmfor tetrahedralmeshesrunningon 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 thebandwidthof thegraphicsbusnor
by theCPU.Cell projection,however, is computationalandband-
width boundsincetheCPUhasto provide sortedcellsanda lot of
trianglesmustbetransferedto thegraphicschip perframe.There-
fore, we expectour approachto bene�t morefrom the increasein
performanceof graphicshardwarethancell projectionalgorithms.

On theotherhand,cell projectionapproacheswill bene�t more
from higher CPU speedsand improved graphicsbus bandwidths
sincethe rasterizationis moreexpensive for our approachandwe
are—dueto the greateramountof texture lookups—additionally
limited by the internalmemorybandwidthof thegraphicsadapter.
Furthermore,althoughwe canexploit early ray termination,with
our approachthe total numberof fragmentscan be higher since
morefragmentsmight begeneratedperpixel thanthedepthcom-
plexity of themeshrequires.In contrastto this,cell projectionguar-
anteesto rasterizeexactly thefront facesof all cells.

Texturememoryis a crucial limitation of our approachsinceall
meshdatafor adatasethasto �t into thelocalmemoryof thegraph-
icsadapterin orderto allow for interactivevisualizations.However,
memoryresourcesongraphicsadaptersarealsoincreasingbut may
not keepup with thesizeof thedatasetsto bevisualized.In sum-
mary, our approachis of particularinterestfor visualizingsmall,
possiblycyclic, convex mesheswith high opacities,e.g., due to
opaqueisosurfaces.
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