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Figure 1: Various high-quality volume renderings of anatomical data sets generated with our GPU-basedraycasting system. All visualizations
use a combination of isosurfacerendering and semi-transparent volume rendering to provide both focus (bone) and context (tissue).

ABSTRACT

GPU-basedaycastingoffers an interestingalternatve to corven-
tional slice-based/olumerenderingdueto the inherent e xibility
andthe high quality of the generatedmages. Recentadwvancesin
graphicshardwareallow for theray traversalandvolumesampling
to beexecutedonaperfragmentevel completelyontheGPUlead-
ing to interactve frameratesin this work we presenpptimization
techniqueghatimprove the performanceandquality of GPU-based
volumeraycastingWe applyahybrid image/objecspaceapproach
to accelerat¢heraytraversalin animationsequencethatworksfor
both isosurficerenderingand semi-transparentolume rendering.
An empty-space—leapingchniquethat exploits the spatialcoher
encebetweerconsecutiely renderedmagesds usedto estimatehe
optimal initial ray samplingpoint for eachimagepixel. This can
doublethe renderingperformanceor typical volumetricdatasets
without sacri cing imagequality. The achieved speed-upallows
for furtherimprovementsof imagequality. We demonstratenob-
jectspaceantialiasingechniquebasedn selectve supersampling
at sharpcreasesandsilhouetteedgeswhich alsobene ts from ex-
ploiting frame-to-framecoherence.
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1 INTRODUCTION

Mary researchereely on volumerenderingasa tool for analyzing
andunderstandingheir data. Thedegreeto which this undertaking
succeedss highly dependenbn the quality of the visualizations
obtainedwith thevolumerendererln this contet, thetermquality
hasseveral aspects.On the onehandit meanghattheimagesare
artifact-freeandno informationcontainedn the datahasbeenlost
dueto, e.g.,numericalinaccuracies.On the otherhandit means
thatquality is alsohigh in termsof the informationcontentof the
visualization,.e. theresearcheis offereda choiceof visualization
techniqueddirect volume renderingallowing for an examination
of inner structuresjndirectedvolume renderingwith isosuraces,
combinationsnodelingmaterialpropertiedik e transluceng) from
which the researchecan choosethe approachwhich revealsthe
optimum of information relevant for the analysis. This meansa
practicalvolumerenderehasto bevery e xible andeasyto extend.

Finally, both accurag and e xibility becomevirtually mean-
inglessif the computationgequiredfor synthesizingthe images
are so computationallyexpensve that animationsrequirethe pre-
computatiorof videosequencesThelatterboils down to the prop-
erty of interactvity. So, in a nut shell, in orderto be of value
for dataanalysis—especiallfor critical applicationdik e medicine,
Fig. 1—avolumerenderemustbefast, e xible, andableto gener
atevisually pleasinguseful,andaccuratevisualizations.

While traditional slice-basedvolume renderingmeetstwo of
thesecriteria it fails to meetthe third: e xibility. This is dueto
the factthatin slice-basedsolume renderingthe discretizedvol-
ume renderingintegral is evaluatedimplicitly by blending semi-
transparenslices.

On the other hand, the classicalraycastingapproachexplicitly
performsthe numericalintegrationrequiredfor solvingthevolume
renderingintegral andit explicitly performsthe intersectioncalcu-
lationsrequiredfor generatingsosurfices. Accordingly raycast-
ing is alsonot subjectto inaccuraciesnvolvedin, e.g.,frameluffer
blendingbut insteadcantake advantageof themaximumnumerical
accurag offeredby the underlyingprocessinginit.



However, until recentlythis processinginit wasthe CPUwhich
meantthat, again, one criterion—interactiity—was unful lled.
The adventof modernGPUssupportingprogrammablerertex and
fragmentprocessorsvith ShadeModel 3.0functionalityproviding
full dynamic o w control capabilitieshaschangedhis and there
arenow GPU-basedaycastingmplementationgroviding signif-
icant performanceboostscomparedo software implementations.
Neverthelessthe exceptionalperformanceof slice-basednethods
hasnot beenreachedyet. Thus,avolumerenderetbeingsuperior
in every aspecis still unavailable.

In this papemwe presenta completelyGPU-base@mpty-space—
leapingtechniquefor optimizing the performanceof GPU-based
raycastingandfor alleviating the performancessue. The speed-
up gainedby the spaceleapingallows us to further increasethe
quality by antialiasingthe imagesusing a selectve object space
supersamplingapproach.

Many accelerationechniquedor raycastinchave beenproposed
but not all of themare easilyadaptedo the GPU. The basicidea
behindmostacceleratiotechniquess to avoid traversingandsam-
pling emptyvoxels,i.e. voxelsthatdo not contritute to the volume
renderingintegral sincethey have zeroopacity or, in the caseof
isosurbicerenderingdo not containpartsof theisosurfice.

Two majorgroupsof techniqgueshave beendeveloped.The rst
emplagys regular or hierarchicalspace-partitioninglatastructures,
e.g.BSP-treesto distinguishbetweemon-emptyand empty vox-
elsandskip thelatter The secondexploits thefactthatduringuser
interactionspatio-temporatoherencéor raysshotthroughthevol-
umeis very high in volumerenderingto skip emptyregionsusing
informationfrom previously renderedmagesanddirectly leap to
the rst datavoxel or ray samplingpositionthatexhibits signi cant
datavalues.Raytraversalis thenstartedat this point, reducingthe
volumesamplingcostsigni cantly.

Although, hierarchicalspace-partitionindechniquegprovide by
far the bestspeed-upgspeciallyin the caseof isosurbiceraycast-
ing, they alsohave disadwantagesFor instancehey donotallow for
easyintegrationof self-shadwing andthe requireddepthordering
malesit dif cult to includeshadingtechniquedasedon changing
ray directions,e.grefractionor re ection. And, whatis especially
importantin our case,suchhierarchicaldatastructurescannotbe
easilymappedon currentgraphicsprocessinginits. In contrastan
empty-space—leapirgpproackcanbe tted easilyin therendering
pipelineof GPUraycastingand,aswe will shaw, candirectly ben-
et from the native datamodelsandthe parallelprocessingpower
of theGPU.

2 RELATED WORK

Raycastingof volumetric dataon the GPU hasonly recentlyat-
tractedthe attentionof researchersAlthoughusinggraphicshard-
warehasalongtraditionin volumerenderindg1, 3], only recentad-
vancesn programmabilityandtheincrediblepaceatwhichtheper
formanceof graphicsprocessorincreasedver thelastyears,pro-
videsthe meansof carryingthe bene ts of raycastingo hardware-
acceleratedolumerendering.

Several GPU-basedmplementation®f the basicraycastingal-
gorithm for both structured[9, 15, 17, 19] and unstructured21]
grids have beenpresented.Thesesolutionscanbe divided in two
classes. The rst [9, 17, 21] group performsmultiple rendering
passes—similao traditionalslice-basedolumerendering—iror-
derto traversethevolumeandstoresntermediateesultscomputed
on a perfragmentbasisin temporarybuffers that are accessedn
subsequentenderingpasses. The second[15, 19] executesthe
whole raycastingalgorithmin a single renderingpassexploiting
the dynamicbranchingfunctionality introducedwith Pixel Shader
Model 3.0availableon contemporargraphicsgprocessorsin [15] a
simpletechnologydemois shavn thatdemonstratethe useof ad-

# Determine ray direction
SUBdirection,  fragment.texCoord[1],
NRMdirection, direction;
# Start ray traversal
REPslicecount;
# Lookup scalar value in 3D volume texture
TXL texvalue, position, texture[0], 3D;
MOVscalar.r,  texvalue.a;
# Dependent lookup in pre-integrated
TXL src, scalar, texture[1], 2D;
# Perform front-to-back blending
SUBtexblen.r, 1.0, dst.a;
MAD_SATst, src, texblen.r, dst;
# Move position one step forward along ray direction
MADposition,  direction, stepsize,  position;
# Test if outside volume and exit loop
SGEtempl.xyz, position, volExtentMin;
SLE temp2.xyz, position, volExtentMax;

camera;

transfer  function

DP3inside.x, templ, temp2;
SEQUQnside.x, inside.x, 3.0;
BRK(EQ.x);
# Save current scalar value for pre-integration
MO\Vscalar.g, scalar.r;
ENDREP;

Figure 2: Basic fragment program code of a volume raycaster using
pre-integrated lookup tables.

vancedfragmentshaderfunctionality to implementa basicsingle-
passraycastingalgorithmfor regularvolumedatain a singlefrag-
mentprogram.In [19] we presentea@ e xible framavork for single
passGPU-raycastinghat takes advantageof the easily extensible
raycastingapproacho demonstrat@ numberof non-standardol-

ume renderingtechniquesjncluding refractingmaterialand self-

shadaving isosurfces.

Although a wide rangeof acceleratiortechniquedor volume
raycastinghave beenproposedand mary optimizationsfrom tra-
ditional raytracingof polygonalgeometrycanbe appliedaswell,
we will notgive anexhaustve overview of all techniqueshere.We
ratherfocuson the classof space-leapingechniquesandtheir ap-
plicationin volumerenderingthataredirectly relatedto our work.
In particular we will not discussthe large eld of empty-space-
skipping techniquesbasedon spatial subdvision [8, 11, 14] and
distanceelds [18].

The rst to describeempty-space—leapintgchniquesthat ex-
ploit thespatio-temporatoherencén successie animationframes
to speedup volume raycasting have been Gudmundsonand
Rancen [5] and Yagel and Shi [23] in the early 1990s. While
the solution shawn in [5] was limited to parallel projections,the
introductionof an intermediatecoorinatesbuffer that storesthe
objectspacecoordinateof the rst non-transparentoxel encoun-
tered during ray traversalby Yagel and Shi [23] allows also for
perspectie projections.By reprojectingthe contentof the coordi-
natesbuffer of the previously renderedrameusingpoint-splatting
accordingto the new viewing parametershey obtainan estimate
of theinitial ray positionfor computingthe currentimage,thereby
skippingvoxelsthatdo not contrituteto the nal image.

Several extensionsand improvementsto the original algorithm
have beenproposed.Wan et al. [20] usea cell-splattingapproach,
reprojectingvoxels insteadof pointsandcombineit with precom-
puteddistance-baseeimpty-spacekipping.Anotherapproaciwas
demonstratedy Yoon et al. [24]. Insteadof transformingthe
point coordinateghey projectthe raysinto the coordinatesuffer
of the previous animationframein orderto rapidly nd intersec-
tions with isosurfices. A recentapproachby Lakare and Kauf-
man[10] exploitsray coherencénsteadof inter-framecoherencé¢o
build the spacdeapingstructure.The basicempty-space—skipping



approach—baseahray coherenceframe-to-framecoherenceand
spacepartitioning—isalsowidely usedin traditionalraytracingof
polygonalobjects.

Theonly approachto ourknowledge thatappliesgraphicshard-
wareto computeempty-space—leapirgatafor raycastingvaspre-
sentedy WestermanmandSevenich[22]. They acceleratsoftware
raycastingusingdepthinformationobtainedfrom slice-basedol-
umerendering.

3 RAYCASTING ON THE GPU

The basicapproacho volumeraycastingon the GPU is to render
only the front facesof the boundingbox to generatenefragment
for eachpixel thatis possiblyaffectedby the volume. Attributes
interpolatedperfragment,suchastexture coordinatescanbe used
to easilydeterminethe ray startingpositionson the boundingbox
front facesand alsoallow for the inexpensve computationof ray
directionswith respectto the position of the camera. The actual
ray traversalandthe incrementaintegrationof the volumerender

ing integral with a given optical model and samplingdistanceis

carriedout completelyin a fragmentprogramwithin a singleren-
deringpass. In Fig. 2 codefor a completive implementatiorof a

volume raycasterusing pre-int@ratedlookup tables[4] is listed.

While this simple approachalreadyproducesusableresults,some
optimizationsin termsof usability and performancecanbe added
easily

First, the maximalloop countsofar is limited to 255 iterations
for actualhardware,i.e. NVIDIA GeForce 6x, which imposesan
upperboundof possiblesamplepointsthatis too low for sub-voxel
samplingof reasonablysizeddatasets. By simply addinga sec-
ond, nestedoop this upperlimit canbe raisedto 255 iterations,
which should prove to be sufcient for the datasetsfocusedon
nowvadays.Secondthe performancef theraycastecanbe signif-
icantly increasedy additionallyterminatingrays as soonasthey
have left the volume. Third, the raycastingapproactcanbe easily
extendedby earlyray terminationwith respecto thealreadyaccu-
mulatedopacity during the traversalto avoid unnecessaryexture
sampling,reducethe numberof arithmeticoperationsandoverall
minimizefragmentshadeexpensesHaving thepossibilityof data-
dependentoop termination this functionality canbeimplemented
with a singleinstruction.

Such a single-passGPU-basedraycastingapproachprovides
severalbene tsover slice-basediolumerendering.lt is e xible in
termsof aneasyintegrationof differentopticalmodelsandshading
styles. While raycastingcaneasilyincorporatesven very sophisti-
catedoptical models,for examplecontinuousrefractionwith pos-
siblechangeof theray directionat every samplepoint, somemeth-
ods are quite challengingto apply to slice-based/olume render
ing andimposequite often multiple renderpasseswith additional
computationabverhead.Neverthelessmary advancedtechniques
for volume visualizationwere integratedinto slice-basedender
ing systems.For exampleKnissetal. [6, 7] usedhalf-angleslices
to incorporatevolumetriclight attenuatioreffects, like volumetric
shadavs or transluceny, into volumerendering.

In termsof quality, raycastingorovidessomecharacteristicghat
leadto superiorresults. On the one hand,the samplingdistances
remainconstantthroughoutthe whole volumewhenusedin con-
nectionwith perspectie projection,while usingmultiple slicesas
proxy geometryresultsin varying sampledistancedor eachray.
On the other hand, raycastingoffers higher accurag dueto the
useof full precision oating pointcalculationghroughouthecom-
pletepipeline. Slice-basediolumerenderingaswell asmulti-pass
GPUraycastingsuffer from thelack of high-accurag oating point
blending. Although with the introduction of application-created
frameluffer objectsto OpenGLby the EXTframebuffer _object
extensionit is now possibleto renderto oating point buffersthat

supportl6 and32 bit blending,this issueis still not solved. While
blendingin a 16 bit RGBA oating point color buffer is still signif-
icantly slowerthanblending8 bit color values full precision32 bit
blendingis, by now, notof cialy supportedprohibitively slow, and
asaresultnotfeasiblefor interactve applications.

However, GPU raycastingso far is slower comparedto slice-
basedrenderingalthoughboth approachesave in principle the
samecomputationakompleity. This is mainly dueto the over
headimposedby thedynamic o w controlinstructionsin thefrag-
mentshadeprogram.Evenif this penaltywill hopefullyalleviated
with the next generation®f graphicsprocessorsfurtheroptimiza-
tionscanhelpto signi cantly increaseheraycastingperformance.
Of themary otheroptimizationstratgiesthathave beenoriginally
proposedor traditional CPU-basedaycastinghe mostpromising
is to exploit frame-to-framecoherencen connectionwith empty-
spacdeapingin orderto speedip raycastingpn GPUSs.

4 EMPTY SPACE LEAPING BY REPROJECTION
ON GRAPHICS HARDWARE

Beforegiving detail on how to implementempty-spacéeapingon
graphicshardware,we startthe discussiorwith a brief description
of haw the basicapproachasdescribedn [23] canbe integrated
into anexisting volumeraycastingsystem.

A schematioverview of thealgorithmis shavn in Fig. 3. Up to
threeoff-screerrendertargetsBg to B, areusedto storeintermedi-
ateinformation,suchasray startingpositionsthe nal imageof the
renderedsolumefor post-processing.g.antialiasingor tonemap-
ping, andthe positionof the rst non-transparergamplingpoints
alongtheray, similar to the coordinatesuffer introducedin [23].
All rendertargetshave oating point precision.Then,the acceler
atedraycastingproceedssfollows: For the rst frameafull-scale
raycastingof the volume hasto be performed thusthe initial ray
positionsaresetto the objectsspacepositionscorrespondingo the
front facesof thevolume's boundingbox. Then,thevolumeis ray-
castandtwo rendertargetsare written: One containingthe usual
raycastcolorimageof the volumeanda secondhatstoresthe po-
sitions of the rst relevant ray samplingpoints, in the following
referredto asthe hit points encounterediuringray traversal. The
raycastimageis either directly copiedto the frameluffer, possi-
bly involving a tone mapping,or further processedsdescribedn

Initialization Reprojection

BO BO

Raycasting

B1

Figure 3: Schematic overview of GPU-basedspace leaping.



Sec.5. For consecutie frames the previously storedhit pointsare
reprojectedi.e. transformedegardingto the new viewing parame-
ters,in orderto obtaina new estimatefor theray startingpositions
for the subsequentaycastingstep. The graphicsprocessois per
fectly suitedfor this kind of point projectiontechniqueasit is pri-
marily designedor fastvertex processingBesidesthevertex pro-
cessingunits aremostly idle in a GPU-basedaycastingapproach
asit is heavily rasterization-boundndthe only geometryinvolved
sofaris the proxy-geometryepresentetly thefacesof thevolume
boundingbox. Thus, the overheadimposedby projectingthe hit
pointsontotheimageplanecanberegardedinsigni cant compared
to the overall computationakostof raycasting. Furthermorethe
necessarylepthsorting of the reprojectedpoints comesvirtually
for free.

We have implementedhis approachasan extensionto the sin-
gle passraycastingsystent describedn [19] using OpenGL2.0
on a NVIDIA GeForce 7800 GTX basedMS Windows system.
The NVfragment _program2 and NV.vertex _program3 exten-
sions are usedfor dynamic ow control in fragmentprograms
necessaryor implementingthe raycasterand performingtexture
lookupsin a vertex programnecessaryn the reprojectionstepsas
will bedescribedn Sec.4.3. Thegraphicsmemorybuffersneeded
to storethespacdeapinginformationhave to be 32bitRGB oating
pointbufferssincethey storeobjectspacevertex coordinatesBasi-
cally, nowadays therearetwo possibilitiesfor implementingsuch
off-screerbuffers. EitherP-Buffersin combinatiorwith therender
to-texture extensionor the recentlyintroducedapplication-created
frameluffer objectscanbe used. We decidedto useframetuffer-
attachedexturesprovided by the new EXTframebuffer _object
extensionfor directly renderingto texture memorydueto the sim-
plicity of handlingandthegoodperformanceomparedo theother
possibility Furtherdetailon how the differentstepsof theacceler
atedraycastingare actuallyimplementedwill be givenin the fol-
lowing sections.

4.1 Initialization

Beforeraycastinghe rst imagein ananimationsequencethestart
pointsfor therayscastthroughthe volumehave to beinitialized in
orderto startthe pipelinewith a well-de ned state. As no further
informationis available,yet, theintersectiondetweertheraysand
the boundingbox of the volume have to be used,similar to the
standardalgorithm describedn Sec.3. Thus, the front facesof
the boundingbox arerenderednto the texture boundto buffer Bg
mappingnterpolatedbjectspacecoordinateso RGB colorvalues.

Reinitializationof theray startpositionsis alsonecessaryf, for
example thewindow is resizedthusinvalidatingtherendertargets,
or large changeof the volumeor view parameterse.g.isovalue,
transferfunctionor large cameramovementshave beenperformed
by the user However, moderatechangesn the volumeparameters
arecompensately theconsenrative estimateakenfor theray start
positions. Thus, reinitializationis only necessaryf, e.g.,theiso-
valueis changedn very large stepsor a completelynew transfer
functionis loaded.

4.2 Raycasting

Theraycastingorocesss startedfor all pixels of the projectedvol-

umeby renderingthe front facesof the volume's boundingbox as
aproxy geometry Thesinglepassraycastingorogramdescribedn

Sec.3 hasto beslightly modi ed to accomplistthe spacdeaping.
For eachpixel coveredby thevolumethetexture boundto By holds
the estimatedstartingpositionsfor the raysprovided by the repro-
jection of the hit point coordinatedrom the previous passor set
by theinitialization. Thus,the useof the interpolatedobjectspace

Ihttp://wwwvis.uni-stuttgrt.de/eng/research/ elds/current/siren

coordinateprovided asfragmentattribute is replacedby a texture
lookup basedon the currentfragmentpositionthat yields the ini-
tial ray samplingpositionfrom wherethe volumetraversalis to be
started.

During raycastingthe positionof the rst samplingpoint con-
tributing to the nal imageis written to the texture boundto buffer
B,. For opaquesosuracerenderingthis correspondso the inter-
sectionpointof theray with the surface whereasvhenusingsemi-
transparentolumerepresentationthe rst samplingpointis stored
thatcorrespondto ascalavaluethatis notmappedo acompletely
transparentolor. To copewith inaccuraciesluring the following
reprojectionstepthatwould leadto inexactresultsor evenartifacts
when, for example,the foremostisosuracewould be missed,the
hit point hasto be moved slightly back alongthe ray beforeit is
written to the buffer. Dependingon the samplingsteplengthh the
upperlimit for thenumberof samplesve have to stepbackto make
surenot to missa signi cant datavoxel canbe estimated.A con-
senative estimationwould be

&p
Dx2 + Dy2+ DZ2

Nmax = f ;

with Di denotingthe edgelengthof the voxel in the respectie co-
ordinatedirection. Although, this upperlimit canbe quite high for
small samplingdistancespneto three samplelengthshave been
proven to be sufcient for the volumetric datasetswe have used
to evaluateourimplementatior(Sec.6). For rayscompletelymiss-
ing thevolume,i.e. no non-transparentoxel hasbeenencountered
during ray traversal,the point wherethe ray leavesthe volumeis
written to B,. Note that pixels lying outsidethe volume's projec-
tion alsohave to beinitialized to somemeaningfulvalueto ensure
thatthosepointsdo notinterferewith thefollowing transformation
andprojectionstepasdescribedelow.
Theaccumulatedolorandopacityvaluesfor eachfragmentthat
amountto the raycastedmageis written to anotherrendertarget
boundto buffer B;. Afterwards,the contentof that buffer canbe
eitherdirectly copiedto the framehuffer, e.g.,with tone mapping
applied orfurtherprocessed:.g., antialiasedsdescribedn Sec 5.

4.3 Reprojection

Thenext stepis to obtainanew estimateor theinitial ray sampling
positionsfor the next image. For this, the hit points determined
during the raycastingof the previous animationframe have to be
reprojectednto the imageplanespeci ed by the viewing parame-
tersof thenew frame. As the point coordinatesrestoredin object
spaceit is sufcient to initialize the OpenGLmodelviev andpro-
jection matrix accordingto the new view parametersandto feed
thepositionsthroughthe geometrypipelineto computethenew co-
ordinatesof their screenspaceprojection,i.e. the origin of theray
thatis expectedo hit them.Only thenecessarpointsarerendered,
i.e. thosecorrespondingo pixelsinsidethe screenalignedbound-
ing rectangleof the projectedvolume,to save onvertex processing.
A vertex programis usedto setthe color of theresultingfragment
to theinput objectspacecoordinate®f the respectie hit point po-
sition.

Unfortunately it is not possibleto usethe positionsstoredas
RGRBA colorsin the texture boundto B, directly asinput to ver
tex processinge.g., asa vertex array NVIDIA GPUsby now,
do not supportdirect renderingto vertex buffers. Although, the
SuperBufers extension[12] proposedby ATI and supportedby
their recentfamilies of graphicsprocessorgrovides the possi-
bility of binding a graphicsmemory buffer to arbitrary OpenGL
objects, i.e. rendertargets, texture objectsor vertex arrays, this
functionality has, regrettably not beenincorporatednto the new
EXTframe _buffer _object extensionwe useto renderdirectlyto



a texture. On the other hand, currentATI GPUsdo not support
the dynamiclooping andbranchingfunctionality of ShadeModel

3.0 necessaryor implementingour raycastingsolution. Hence,at
themomenttheonly solutionto userenderegixelsasvertex input
on NVIDIA GPUsthatdoesnot involve a prohibitively expensie

copy to and from main memoryis to usea separatevertex array
containingdummy vertex positionsin combinationwith a texture
lookupin avertex program. The dummyvertex positions,in fact,
have to representhe texture coordinatesvith which the input tex-

tureboundto B, hasto be sampledo getthe actualvertex coordi-
nates. Then,the vertex positionis replacedby the valuereturned
by the texture lookup beforeit is projectedto screen-spaceia the
modelviav projectiontransform. Additionally, eachfragmentof

the projectedpoint is assignedhe object spacecoordinateof the
point asthe RGB color value, servingasthe ray startingposition
for thefollowing raycastingasalreadymentionedabore.

It shouldbe notedthatpixelslying outsidethe projectionof the
volumeboundingbox alreadyhave to beinitialized beforetheray-
castingstepwrites the actualhit points. This is crucialin orderto
avoid problemscausedby suchpoints being projectedinside the
volume’s footprintin imagespaceduring reprojection. Therefore,
we clearbuffer B, with a coordinatevaluethatis guaranteedo lie
outsidethe currentview frustumafter applyingthe view transfor
mation by renderinga viewport lling polygonof that color. A
simple clearwill not work here,asthe clear color getsclamped
to the [0; 1] range. Then,view frustumculling ensureghat those
points do not have an effect on the projectedpoint setby setting
their coordinateso a positionoutsidetheviewing frustum.

4.4 HoleFilling

Although after reprojectionmost pixels have assignedhe correct
startingpositionfor the subsequentaycastingstep,thereare still
two problemsthat have to be addressed.First, holes,i.e. pixels
containingno information of the reprojectedpositions,canoccur
in theimage. This is becausehe screen-spacpositionsof there-
projectedpointsdo notnecessarilgoincidewith theintegerframe-
buffer pixel locationsbut insteadareassignedo the pixels nearest
to their normalizedwindow coordinates. Thus, no space-leaping
informationis availableandwe have to starta full-scaleraycasting
from the rst meaningfulposition, i.e. the intersectionof the ray
with the volumeboundary The secondproblemis closelyrelated
tothe rst. Although,in theory multiple reprojectecointsthatare
mappedto the samepixel locationshouldbe sortedin the correct
depthorderit is still possibleto endup with a wrong estimatefor
theinitial ray positionin certainpixels. Dueto the describeddis-
cretizationproblemsandthe natureof the perspectie transforma-
tion it is likely thatvaluesof pointsthatshouldhave beenactually
coveredby pointslying closerto theviewer arestill visible. Hence,
the wrong start positionswould be chosenandimportantpartsof
the volume would be missedduring raycasting. Several solutions
for this problemhave beenproposed,ncluding the useof point-
andcell-splattingmethodq20, 23].

Both splattingapproachesxploit the factthat projectingpoints
that exhibit a screenspacefootprint larger thana single pixel can
solvetheocclusionproblemaslong asthepointsarespreadiensely
overtheimageplane.Depthsortingguaranteethatfor overlapping
pointsthe mostconsenrative estimatej.e. the point nearesto the
viewer, is alwayschosen.Choosinga point size of two or four we
have not noticedary artifactsdueto wrong depthorderingin our
testcases.On the otherhand,renderingpointsthatarelargerthan
onepixel posenosigni cant overhead As thefragmentprocessors
of all modernGPUsprocessixelsin groupsratherthanindividu-
ally, it is evenslowerto rendemary unconnectedinglepixelsthan
aprimitive with alargenumberof pixels,ascoherencéetweerthe
pixelsis typically muchhigher

Figure 4: lllustration of the e ects of the two hole lling steps. Left:
Start positions after reprojection. Middle: Splatting extended points.
Right: Final start points after both hole lling steps.

Although renderingenlaged points signi cantly reducesthe
numberof holesin the imagethereare still somepixels left for
whichnoinformationis available. Thesepixelshaveto beidenti ed
andpreseto ameaningfulvalue.A very conserative measureés to
setthemto theintersectiorof the ray with the volume's bounding
box. Thisis accomplishedby initializing the alphacomponent®f
the destinatiorbuffer to zeroprior to reprojectingthe point coordi-
nates.While renderingthe pointsthe alphavaluefor the generated
fragmentsis setto one. Renderingthe front facesof the volume
boundingboxagain andupdatingthe pixelsonly wherealphais not
alreadyequalto onecorrectsixel valuesthatpreviously contained
no valid startpositions.

Anothersolutionto the hole lling problemthat could cometo
the mind would be to rendera closedtrianglemeshinsteadof sin-
gle points. By its very naturethis meshwill not exhibit ary holes.
Unfortunately thereare otherproblemsthat prevent that solution.
Firstof all, renderinghetrianglemeshinvolvesamuchlargerover-
headsincemuchhighervertex processingcostswould arisefrom
renderingthe necessaryrianglestripsor fans. But the maindraw-
back originatesfrom the trianglesthemseles. This is explained
mosteasilyusinganexample.Let usconsidethreeadjacenpixels
forming a trianglesituatedat the silhouetteof the volumesprojec-
tion, e.g.,two verticesof the triangle have objectspacepositions
insidethe volumeandthe remainingvertex lies on the backfceof
the volume's boundingbox. It is very likely thatthis trianglewill
be mappedo a single pixel during rasterizatiorasits normalwill
be nearlyorthogonalto the view direction. As the depthvaluefor
thatpixel will belinearly interpolatedrom the depthvaluesof the
triangle’s verticesand sincethereis no control over which depth
valueand, accordingly color value of the threeverticesis chosen
by the hardwarerasterizerit is in factvery likely to endup with a
completelywrongestimateof the new hit point positions.

Theimagesshowvn in Fig. 4 illustratethe effect of the two hole

lling steps. The left-mostimageshaws the startpositionsbuffer

afterreprojectinghit pointsof sizeonefor anisosuracerendering
of the Bucky Ball dataset. White valuesrepresenpixelsfor which
no space-leapinglatais available,yet. The few outliersin color
onthefront of theisosurbcedepictpixelswith wronginformation
dueto incorrectocclusion. The middle imageshaows the resultof
reprojectiorusingpointsof sizefour. Olviously, all pixelsthatpre-
viously sufferedfrom incorrectocclusionnow have valid informa-
tion. Therightimageshaws theresultafterupdatingtheremaining
holeswith positionson thevolume's front faces.

On the otherhand,the assumptioraboutframe-to-framecoher
enceis obviously only correctfor small differencesn the viewing
parameter$or consecutie images.Neverthelessartifactscanoc-
curwhenviolentinteractionandlow frameratesreinvolved. Thus,
artifactsdueto incorrectray startpositionsareunavoidable.Fortu-
nately splattingof extendedpointsprovidesacertaindegreeof self-
correctingbehaior, i.e. artifactsthat arise from incorrectspace-
leapinginformationaremostly correctedautomaticallyassoonas
the view differencesin consecutiely renderedmagesfall belov
a certainlevel. Thisis aresultof the propagtion of depthinfor-



mationin thevicinity of projectedpointscauseddy their enlaged
screerspacedootprint.

5 SELECTIVE SUPER-SAMPLING

Due to the discretesamplingof the image plane, the raycasting
approachgeneratesmageswith visible artifactspredominantlyat
silhouettesfeaturelines andregionsof high gradientmagnitudes.
Thesealiasingartifactsaremostapparentn imagesof staticviews
andnegatively affectthe otherwisehigh quality providedby thede-
scribedvolumeraycastingapproach.To copewith this problem—
whichis notjustlimited to raycasting—qgraphidsardwareprovides
full-sceneantialiasing(FSAA for application-independentsage.
Thetechniquesisedare basedon samplingthe areacoveredby a
single pixel in imagespacemultiple timesand combiningthe re-
sultsto the nal color. The numberof additionalsamplesandtheir
arrangemenare manifold and directly in uence the resultingim-
age. Finally, all supersamplingalgorithmsboil down to a perfor
mancevs. quality tradeof, sinceadditionalrays resultin higher
quality but alsoin highercomputationatosts.

Unfortunately this built-in functionality cannotbe utilized for
our optimizedraycastingsystem sincethe renderingof theimage
hasto take placein anapplication-basettamehuffer objectdueto
the needof writing into two separateoating point buffers simul-
taneouslywhile renderingthe volume(seeSec.4.2). However, the
EXTframebuffer _object extensiondoesnot allow for creating
multi-sampledouffers,thereforeheapplicationitself is requiredto
provide ananti-aliasingmechanism.

We integratedboth full-sceneantialiasingas well as selectve
supersamplinginto our raycastingsystemto further improve the
visual quality of the generatedmages.All additionallygenerated
rayssigni cantly bene t from theappliedempty-space—leapirap-
timization sincethe hit pointsof the actualrenderingcanbe used
directly without the needfor prior transformation.The raycasting
is performedasdescribedabove, followed by the additionalsuper
sampling,which operateslirectly on the generateaolor valuesas
well asthe actualhit points. The resultingimageis passedo the
window-system—preided frametuffer andpresentedo the user

While usingFSAA requiresavery pixel in imagespaceto bere-
ned, selectve supersampling rst analyzesthe vicinity of each
pixel andgenerateadditionalraysonly at pixelsthat possiblysuf-
fer from aliasingartifacts. The classi cation criterionis basedon
the differencesn color valuesof a pixel to its four-neighborhood
comparedo a userde ned threshold. If the magnitudeof ary of
thefour differencesxceedshe giventhreshold supersamplingis
appliedto this pixel, while in the othercasetheoriginal colorvalue
remainsunchangedThis allows for improving theimagequality in
themostsigni cant regionswithouttheneedto re ne thecomplete
image-spacatahighersamplingrate. We investigatedthreediffer-
entsamplingpatternccomparabldo patternausedfor FSAA onre-
centgraphicshardware. Besidegwo regularsub-pixel schemegor
two-fold andfour-fold supersampling,the third samplingpattern
usesrotated-gridsampling(RGAA[2], which leadsto a diamond-
shapedarrangemenfior optimizedsub-pixel coverage.This proves
to be superiorto aregular patternsinceeachrow andcolumof the

Figure 5: Sampling patterns usedfor antialiasing. Solid lines indicate
pixel boundaries.

Figure 6: Comparison of antialiasing quality. Left to right: no an-
tialiasing, 2 super-sampling, 4 regular super-sampling, and 4
rotated-grid antialiasing.

sub-pbel is exactly coveredby a singlesamplepoint, asillustrated
in thecomparisorof all implementedsamplingpatternsn Fig. 5.

In orderto determineray directionsfor sub-pixels,we employ a
linear interpolationschemebasedon the ray directionsof the cur
rentpixel andthe directionsof two of its neighborsasdepictedin
Fig. 7. The parametersf thelinearinterpolationarespeci ed via
a setof texture coordinatevalues,allowing for arbitrarysampling
positionsother than the alreadydescribed. Sincethe four direct
neighborseedto belooked up aryway, moreaccuratebilinearin-
terpolationcouldalsobeusedif required.

The in uence of the differentsub-samplingnethodson the -
nal imageandthe original unalteredreferencamageare depicted
in Fig. 6. As expectedfour-fold supersamplingoutperformsthe
two-fold approachput asmentionedabove, theincreasen quality
is tradedfor speed Renderinghe shavn isosurficerepresentation
of a380 340 110distancevolumedatasetwithoutantialiasinge-
sultsin 30.7fps. Two-fold full-scenesupersamplingreducesghis
performancéo 12.6fps, while castingfour raysresultsin aframer
ateof 9.4fps. Thehigh performancdossin the rst caseis primar
ily dueto the overheadmposedby additionaltexture lookupsre-
quiredfor determiningraluesof thefour directneighborpixels. Ac-
cordingly, thereis only arelatively smalldropin performancevhen
usinghighersupersamplingratessinceno furthertexture lookups
arenecessaryReducingthe numberof re ned pixelswith a selec-
tive supersamplingapproachdoesnot automaticallyincreaseper
formancefor the caseof volumeraycasting.As all modernGPUs
procesgixelsin largergroupsyenderingonly asinglepixel poses
non-ngligible overheadhatdiminishesheadvantage®f selectve
re nement.

Figure 7: Two alternative schemesfor determining the sub-pixel ray
directions. Left: linear interpolation, right: bilinear interpolation.
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Figure 8: Imagesrendered with accelerated GPU-raycasting for various data sets. Data set sizesand a performance comparisons of the basic
GPU-raycasting technique with our empty-space{leaping implementation for both rendering styles are given in Tab. 1. The imagesin the rst
row show isosurfacerenderings, those in the secondrow semi-transpaent volume renderings.

6 RESULTSAND DISCUSSION

In this sectionwe shav the effectivenessof the empty-space—
leapingtechniquewe have implementedor acceleratingpur GPU-
basedraycastingsystem.All measurementaerecarriedouton a
standard®C equippedvith anNVIDIA GeForce7800GTX graph-
ics boardrunningMS Windows XP. For all imagesand measure-
mentsthe samplingstepsizewaschoseno be at leastassmallas
theminimal slice distanceof the volumedataset. All imageswere
renderedo a 512 viewport. No supersamplingwasusedfor this
measurementsThe speed-uppf morethana factorof two thatwe
achieve for isosurticerenderingss promising.Whenrenderinghe
isosurbiceof the Abdomendataset(Fig. 8d) without empty-space
leapingan averageof 177 samplingstepsper pixel wasnecessary

Table 1: Performance of the GPU-basedraycasting with and with-
out empty-space leaping (ESL). Shown are the average framerates
measuredwhile rotating the volumes accarding to the views shown
in Fig. 8 multiple times about the y-axis. The sampling step size h
is given with respect to the shartest edge of the voxels.

dataset size h noESL ESL speed-up
Engine(sa) 2562 110 05 13.2 24.2 1.8
Head(sc) 256 225 0.5 77 171 2.2
Foot (8b) 160 430 183 0.4 6.7 18.8 2.7
Foot (8f) 160 430 183 0.8 9.7 13.2 1.4
Abdomen@d) 512 174 0.7 39 104 2.7
Abdomen@h) 512 174 0.7 56 6.8 1.2
Aneurysm(sg) 5128 0.5 36 6.2 1.7
Aneurysm(sg) 5128 1.0 7.0 11.9 1.7
Backpackse) 512 373 1.0 26 39 15

until thesurfacewashit. Usingempty-spacéeapingthis numberis
reducedo 25 stepsrequiringonly teniterationsfor morethan60%
of thepixels (comparedo 1.8%for the unoptimizedsolution).

Since the reprojection step—especiallythe rendering of the
points—imposesdditionaloverheadthe effectivenesf the pre-
sentedapproachs stronglydependentnthe samplingstepsize. A
signi cant speed-uganonly be expectedif the costfor sampling
emptyregionsis signi cantly higherthanthatfor point splatting.
But thisis almostalwaystruefor high-qualityrenderingslueto the
typically very high samplingrate.

Oblviously, anempty-space—leapingchniques not very effec-
tive for semi-transparemolumerenderingsf mostpartsof thevol-
umearevisible. As shawvn in Tah 1 a speed-upf only 20% is
achieved for the Abdomendatasetif the skin is shovn (Fig. 8h).
Much higherperformancesouldbe expectedf aspacepartitioning
approachge.g. an octree,would be usedto also skip transparent
voxelsthatly within or behindvisible volumeparts. Furthermore,
bricking approachebave the additionaladvantageof reducedex-
ture memoryconsumption.This would allow for visualizationsof
largervolumedatasets.By now our solutionis limited to 5128 vol-
umes,dueto the maximum3D texture size of our graphicscard.
Although, thereare graphiccardswith 512MB of memoryavail-
able,thesizeof 3D texturesis still restrictedto at most256MB per
texture. But bricking hasdisadwantagesaswell. Bricking requires
therenderingandblendingof depth-sortedbricksoneafteranother
However, raycastingwvith non-linearrays,e.qg.,refractingvolumes,
doesnot exhibit suchsimpleorderingcharacteristicsThus, brick-
basedsolutionsarenotfeasiblein suchascenarioMore important,
bricking-optimizedGPU-raycastersglo not allow for shadev rays
to betracedthroughthe volumesincethe dynamicselectionof the
necessarypricksfor traversingthe shadev rayscannotbe donein-
sidea fragmentshademprogram.Neverthelessshadavs areanim-
portantvisualcuein the perceptiorof spatialrelationshipsn com-
plex volumerenderingsor high-qualityrepresentation®Both tech-
niguescanberelatively easilyintegratedin our accelerategingle-
pasgraycastingsolution[19].



It is dif cult to comparetheresultswith othervolumeraycasting
solutions,namelyoptimizedsoftwareraycastingsystemssincethe
performancef araycastingsystemdependstronglyon theunder
lying hardware,theusedviewport sizeandthefractionof theview-
portcoveredby theimageof thevolume,thecurrentview direction,
andotherrenderingparametersuchassamplingstepsize,isovalue,
or transferfunction. Especiallyfor volume renderingtechniques
thatinvolve view-dependedccelerationmethodst is importantto
note whetherthe presentechumbersrepresenta x ed view point
or the averageperformancehat canbe expectedduringinteractie
manipulationof the volume. LakareandKaufman[10], for exam-
ple, reporta performanceof 5.4 fps for their CPU-basedempty-
space—leapingchemewhen renderingan isosurfice of the Head
datasetshawvn in Fig. 8c ona2.6GHzPentium4PC,usingapprox-
imatelythe sameviewing conditions.Unfortunately no precisein-
formationaboutthe usedsamplingstepsize andimageresolution
is provided.

Another CPU-basedaycastingsystemthatimplementsa num-
ber of optimizationtechniquesvaspresentedy Mora et al. [14].
They reportamuchhigherperformancef upto 7.7 fps for render
ing this datasetto a 512 viewporton a 1.4GHzAthlon processar
but their systemis limited to orthographicprojectionand heavily
exploits pre-computationt speedugherendering.

It is also interestingto compareour resultsto special pur
posevolume renderinghardware, like the VolumePro[16] or the
Vizardll [13] boards.For the VolumeProboarda theoreticalvalue
of 30 fps for a 256° dataseton a 256? viewport is reported. No
timings for real measurementaregiven. Also, only orthographic
projectionis possiblewith this hardware solution. In contrastthe
Vizardll hardware allows for perspectie views. For staticviews
with precomputedays the Vizardll hardware can renderup to
16 fps andmeasurementsf 3-7 fps for a 2563 datasetusing 256
raysaregiven. For dynamicviews, i.e. whereit is not possibleto
useprecomputedays, the Vizardll hardwareis limited to a maxi-
mumof 4 fps whenusing256 rays.

7 CONCLUSION

We have presented solutionfor acceleratingsPU-basedaycast-
ing basedon anempty-space—leapirtgchnique.The GPU s used
bothfor performingthecompleteraycastingonaperfragmentevel
andalsofor acceleratinghe computatiorof optimizedray starting
positions. By exploiting frame-to-framecoherenceave experience
aspeed-upf morethanafactorof two for therenderingof isosur
facescomparedo the basicGPU-raycastindechnique.Allowing
for framerateshatcomecloseto valuesthatcanbe achieed using
specialpurposevolumerenderinchardware. Our systemnis comple-
mentedby antialiasingechniquedecausegventually speedneans
nothingwithout quality.
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