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Abstract

Acceleratiortechniquegor volumeray-castingareprimarily based
on pre-computediatastructuregthat allow oneto efficiently tra-
verseempty or homogeneousegions. In orderto displayvolume
datathat successkely undegoescolor lookups,however, the data
structureshave to be re-tuilt continuously In this paperwe pro-
posea techniquethat circumwentsthis dravback using hardware
acceleratedexture mapping. In afirst renderingpasswe emply
graphicshardvareto interactvely determineor eachray wherethe
materialis hit. In a secondpassray-castings performed but ray
traversalstartsright in front of the previously determinedegions.
Thealgorithmenablesnteractve classificatiorandit considerably
accelerateshe view dependentlisplay of selectedmaterialsand
surfacesirom volumedata. In contrasto othertechniqueghatare
solelybasedntexture mappingourapproachrequiredessmemory
andaccuratelyperformsthe compositionof materialcontritutions
alongtheray.

CR Categories: 1.3.7 [ComputerGraphics]: Three-Dimensional
GraphicsandRealism- color, shadingandtexture;l.3.8 [Computer
Graphics]:Applications.

Additional Keywords: Volume RenderingRay-Casting;Texture

Mapping,Visualization GraphicsHardware.

1 Introduction and related work

The efficient generationof a visual representatiorof volumetric
datasetshasbeenstudiedextensvely duringthelastdecadesOnce
the fundamentakquationdescribingthe physicsof light transport
in participatingmediawasidentifiedasthe key to volumerender
ing mary practicalsolutionsbasedn simplifiedmodelsneglecting
scatteringandfrequeng effects or assuminghomogeneoumate-
rial weredeveloped[1, 12, 15, 21,32, 26,31]. However, dueto the
hugenumberof volumeelementdo be processedndthe numeri-
calcompleity of theoperationgo beperformednteractve volume
renderings still achallengeo the computemgraphicscommunity
Considerableeffort hasbeenspenton the developmentof ac-
celerationtechniquedor indirectanddirectvolumerenderingand
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onthedesignandexploitationof dedicatedhardwareto achiee in-
teractve frame rates. The majority of optimizationstrateies for
direct volumerenderingtakes advantageof pyramidal datastruc-
turesto directly encodeemptyor homogeneousegionsandto ef-
fectively reducethenumberof samplepointsbasedn someglobal
errormetric[19, 17, 5, 36, 9, 29]. Alternative techniquesely on
fastcell traversalalgorithms[11] andexploit optimizeddatalayout
stratgies[3, 23] aswell asauxiliary datastructurego spatiallylo-
calizethe relevant features.In particular the effectivenessof flat
pyramidsandproximity cloudsto skipemptyandhomogeneourse-
gionsweredemonstrateéh [35, 8], boundingcellsandgeometries
wereusedin [27, 28] to efficiently determinethe first appearance
of the structurego be displayedalongthe view rays,andin [16]
the renderingprocesswvas acceleratedonsiderablyby run-length
encodingof emptyspace.

Althoughtheseapproachediffer significantlyin termsof theun-
derlyingmethodologyandin thekind of structureghey areableto
display they all rely on theclassificatiorof featuresn the databy
meanf ary suitablealgorithmto beperformedn apre-processing
step.Thenthe pyramidalor auxiliary representatiois built thatal-
lowsfor theefficientassemblyf thematerialcontritution alongthe
raysof sight. Amongothers popularclassificatiorschemesisedn
volumerenderingapplicationsnclude zero (iso-values)[20], first
(gradients)]18] or higherorder[6, 13] statisticsof the scalarfield.

The algorithmproposedn [18], for example,assignolor and
opacityvaluesto eachvoxel soasto enhanceelectednaterialsand
boundaryregionsaroundthem. The volumetricstructurescannow
be encodedusing ary appropriatedatastructurethat enablesthe
renderingalgorithmto efficiently skip non-classifiednaterial. In
[27] theclassificatiomprocessvasaccompanietly a surfacefitting
stepgeneratingolygonaimodelshatentirelyencloseheclassified
structures. Prior to volume renderingan initial startingpoint for
ray traversalcanthenbe determineddy intersectinghe geometric
representation.

Pyramidalor intermediatedatastructuresasdescribedhowever,
imposecertainlimitations on the volume renderingalgorithm. In
particularthe datastructureshave to bere-huilt if the classification
is goingto bechangedOntheotherhand,interactve classification
basedn colorlookuptableshasbeenprovento beavery powerful
mechanisnto explore large-scalevolumetricdatasets. By means
of continuousmaodificationsof the assignmenbf scalarvaluesto
materialcharacteristicarbitrary structureswithin the datacanbe
enhancedsuppressedr shadedn aparticularway. Unfortunately
interactvity canno longerbe achieved if auxiliary datastructures
areused.In generathisis dueto the computationatompleity of
theprocessusedto re-tuild the datastructuresvhenaer the classi-
ficationis changed.

A potentialalternatve that overcomeghe mentioneddravback
is hardvare acceleratedolumerendering. Justrecently different
approachebave beenproposedhatallow for interactve directvol-
umerenderindoy takingadwantageof hardwareassiste@D and3D
texturemappingaswell asdedicatediolumegraphicsarchitectures
[2,33,4,30,25,10, 14, 24, 22].

Althoughimpressie frameratescanbe achieved, the mostseri-
ouslimitationimposedy texture basedechniquess theadditional



amountof memorynecessaryo storegradientinformationif light-
ing calculationshave to be performed FurthermoreQpenGLcom-
positing asit is usedon currentgraphicsacceleratorsntroduces
artifactsdue to separaténterpolationof color and opacity and it
generatefessaccurateesultsdueto thelimited precisionof thein-
ternalpixel andtexture formats. Dedicatedsolumegraphicsarchi-
tecturespntheotherhand,arenotyetreadyto entertheconsumer
marlet. Thisis dueto the pricethatstill malesthesesystemsot
affordablefor the massmarket, anddueto thefactthataninterface
to standardyraphicsAPlIslike OpenGLis notyet available.

In this paperwe outline a new approacHhor the direct volume
renderingof high-resolutiondatathat enablesnteractve classifi-
cationon graphicsunits suitablefor the consumemarlet. Rather
thanproposinga particularsoftware or hardware solutionwe out-
line a hybrid approactthat exploits the rasterizatiorcapability of
graphicshardware but alsotakes adwantageof CPU performance.
The goal of our approachis twofold: to emphasizeghe impactof
affordablestate-of-the-argraphicshardwareon currentvolumevi-
sualizationtechniquesand to demonstraténow it canbe usedto
accelerateolumeray-casting.In particularwe will shav thattex-
ture basedvolumerenderingcan be usedto interactvely classify
scalarvolume databy meansof texture color tables,and we will
demonstratéhat the renderedmagecan be re-usedto accelerate
volume ray-castingwhich is implementedin software. Because
in our work we aretargetingthe consumemarlket we restrictour
attentionto graphicsunits that are affordableandlet us allow to
exploit hardvare featuresthroughstandardAPls like OpenGL.In
this respectwe decidedto implementour algorithmon the nVidia
GeForcefamily GPU,which providesthefunctionalitywe needand
which supportsa setof additionalfeaturesve areeffectively taking
adwantageof.

The reminderof this paperis organizedas follows. First, we
review texture basedvolumerenderingtechniqguegandwe demon-
stratethat2D texturescanbe effectively usedto interactiely clas-
sify the sampledscalarfield andto accuratelyresamplethe result.
Next, we presenbur techniquefor acceleratedolumeray-casting
in which hardware supportedgraphicsoperationsare paramount.
We finally discussimplementationdetails and further improve-
ments. We concludethe paperwith a detaileddiscussionandwe
shav resultsand timings of our approachappliedto reasonably
sizeddatasets.

2 Texture based volume rendering

During the last coupleof yearsvolumerenderingtechniqueghat
exploit hardware supportfor texture mappinghave becomea pow-
erful tool to interactvely displayandthusanalyze3D scalarfields.

In [2, 33, 4] thegeneraideato interpretvolumerenderingasthe
resamplingof a discrete3D texture mapon appropriatelyoriented
geometriesvas first introduced. Using this approachthe visual
impressiorcorveyed by semi-transparenhediacan be efficiently
simulatedon ary graphicssystemsupporting3D texture interpola-
tion andperpixel blendingoperations.

Recentlyanalternatve techniquevasproposedhatsolelyrelies
on 2D texturemapping.andwhich exploits advancedperfragment
operationprovidedby thenVidia GeForcefamily GPUsfor speed-
up and lighting effects[25]. The voxel datais decomposedhto
threestacksf 2D texturesasillustratedin Figurel. For thecurrent
view, the objectspaceaxisthatis mostparallelto the viewing axis
now determineshe appropriatestackto berendered.

Althoughtodayhardware supportfor 3D texture mappingis ef-
fectively available on a coupleof low-costgraphicssystemse.g.
Wildcat4120,ATI Radeonand GeForce3,we will exclusively fo-
cuson 2D texture basedechniquesn this paper We dosobecause
of two reasons.First, a considerabldossin performancecanbe
noticedwhen 3D texture mappingis emplg/ed. Comparedo 2D

texture mappingour experimentshave shavn a decreasén fill rate
of up to 60%, which is mainly dueto the highly irregular memory
accesgatternthatcant berealizedasefficientasrandom2D tex-

tureaccessSecondpy using2D texturemapsour approacttanbe
runwithouta considerablelecreas@ performancen ary current
graphicshoard.

Object-Aligned Slices

Figurel: Threedifferentstacksof texturesneedto begeneratedn
orderto performvolumerenderingvia 2D textures.

Thedesignof ouralgorithm,ontheotherhand,allows for thein-
tegrationof ary texture basedvolumerenderingtechniqueaslong
astheview dependentesamplingof the scalarfield canbeguaran-
teed.At thecoreof ourapproactwe areindependentf aparticular
texture representationrand thuswe canusethe algorithmwithout
ary modificationdf this representatiois changed.

Let usnow outline someextensiongo 2D texture basedvolume
renderingby which an accurateresamplingof the sampledscalar
field canbe achieved. Thetechniquewe proposewvon’t be usedto
displaythe volumetricscalarfield but to generatean intermediate
imageof the datain afirst renderingpass.Fromthe depthvalues
of eachpixel in this imagethe accuratepositionin objectspaceof
thestructuredo bedisplayedcanbe computedThis informationis
usedfurtheronto accelerat¢hefinal renderingpass.Theinterme-
diateimagethussenesasa 3D stencilwhich drivesthe rendering
process.

2.1 View independent 2D texture resampling

In contrastto volumeray-castingvherethe sampledistancealong
theray is independenbf the currentview this no longerholdsfor
volumerenderingvia 2D textures(seeFigure2). For acertainpixel
the distancebetweensuccessie samplesncreasewith respecto
theanglebetweerthemostparallelobjectspaceaxisandthe view-

ing direction. As a consequencemall featuresin the datamight
be missedduring the texture basedrenderingpass,which is only
performedo appropriatelyesamplehe scalarfield but notto dis-
play the data. Thusit is not sufficientto simply correctthe opacity
of eachslice with respecto varying sampledistance which obvi-

ouslydoesnt give usary additionalinformationaboutthe material
distribution betweersuccessie samplepoints.

View independensamplingintenals canbe realizedby adding
new texture slices appropriatelypositionedbetweenthe original
onesasshawvn in the rightmostimageof Figure2. For eachnewv
view V theoffsetdy is computedandnew slicesat positionsk - dv
aregenerate@ndrendered.



Figure2: View dependenandview independentiataresampling.

In [25] atechniquevasproposedo linearly interpolatebetween
two texturesin asinglerenderingpass At thecoreof thisalgorithm
multitexturesandthe nVidia texture combinerswvere emplgred to
combinetexture sampleson a perfragmentbasis. The resultsof
two independentiexturing operationshatareperformedn two sep-
aratetexture units canbe modulatedandfinally blendedto getthe
fragmentolor.

In our implementatiorthe interpolationfactorsneededo gen-
eratea new slice by linearinterpolationbetweentwo original tex-
turesareissuedas separateolorsto be usedin eachtexture unit.
Thesecolorsmodulatethe multitexture sampleseforeblendingis
performed. Figure 3 exemplifiesthe principal setupand the per
fragmentoperationsvhich areemplged.
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Figure3: Texture combinersetupfor 2D textureinterpolation.

Usingthisapproactaconstansamplingdistancecanbeensured
for parallelprojectionsandarbitraryviews. For perspectie projec-
tions, however, the samplingdistanceincreasedowardsthe outer
regionsof the field of view. On the otherhand,becausehe inter-
slice distancecanbe decreasedrbitrarily, it canbe chosersothat
anupperboundfor the samplingintenals asthey occurunderthe
currentview is never going to be exceeded. As a matterof fact
theproposedechniqués alsosuitablefor the resamplingof scalar
fieldsthataredisplayedunderperspectie projections.

2.2 Material culling

Oneof the key featuresprovided by mary graphicsarchitectures
are texture color tablesthat allow for the direct manipulationof
transferfunctionsusedto performthe mappingfrom scalarvalues
to RGB« values. Texture samplesnight be mappedo color and
opacityvaluesbeforeor aftertexture interpolation. On the nVidia
chip, for example,texture elementsarefirst looked up in the table
beforethey are going to be interpolatedon a perfragmentbasis
duringthetexture operation.

By meansof color tablesmeaningfulmappingsof materialval-
uesto visualquantitiescanbe foundinteractvely by theuserwith-
outthatthetexturehasto bereloaded Arbitrary assignmentsanbe
realizedwhichallow oneto colorstructuredlifferentlyor to discard
particularrangesof values. Although this classificationscheme
only takesinto accounthedistribution of the scalarvaluesandthe
visualrepresentationf thedisplayedstructurest hasbeenproven

to be a very effective andefficient mechanisnto interactvely ex-
plore large volumetricdatasets. In particularthis holdsif direct
visual feedbackto the color table modificationis possiblee.g. in
volumerenderingvia texturemapsandon dedicated/olumegraph-
icsarchitectures.

As proposedn [30] texture color tablescan effectively be uti-
lized in texture basedvolume renderingto cull materialswhich
shouldnot be visualized. Thereforethe color lookupis performed
in sucha way asto male thesematerialstransparentj.e. scalar
valuesoutsidethe selectedangegetassignednalphacomponent
equalto zeroduring the mapping. Now the generatedragments
canbe discardedhy meansof the OpenGLalphatestbeforethey
aregoingto bedrawn into the color buffer. By enablingthe appro-
priatecomparisorfunctiononly non-transparerftagmentswith an
alphavaluegreateithanzerowill beacceptedndrendered.

In Figure4 someexamplesdemonstratéhe effectsthat canbe
achieed. Theoriginal datasetwasrenderedisingdifferenttexture
colortableswhichwereproperlyinitialized in orderto cull certain
rangesf values.

Figure4: Thedataseton theleft wasrenderedisingdifferenttex-
turecolortables.

In thenext sectionwewill demonstratéow to usetheintermedi-
ateimagegeneratedia 2D texture mapsto accelerat&olumeray-
castingwhich we implementedn software. Although our hybrid
approacttannotbeasefficientasthetexture basedrolumerender
ing approacht introducestwo majorimprovementswhich are of
particularinterestin practicalapplications First, considerablyess
memoryis neededor therenderingof illuminatedstructures Sec-
ond, imagequality doesnt suffer from insufficient internaltexture
andpixel resolutionandseparaténterpolationof color andopacity

3 Hybrid volume rendering

In theapproaclproposedofarwe emply hardwaresupportedD

texture mappingand OpenGL perfragmentoperationgo interac-
tively classifyarbitrarymaterialsby meansof texture color tables.
Althoughthis approacthallows for quiteimpressie framerates the
useof texturesfor directvolumerenderingntroducesseseredran-

backswith regardto memoryrequiremenaindimagequality.

¢ Gradientmapsasintroducedin [30] for the display of non-
polygonalilluminated iso-surficeslead to a significantin-
creasen memoryusage.In additionto the original dataset
an RGB« texture storing gradientcomponentand sampled
scalarvalueshasto be generated. This overheadbecomes



even worseif 2D texturesare emplged andfor eachstack
of texturesan additionalstackof gradientmapshasto becre-
ated.

e Oncurrentlow-costgraphicsunitstheinternaltextureresolu-
tion is restrictedto 8 bits pervoxel. As a consequencscalar
datasamplesare usually quantizedand differencesbetween
structuresshaving similar scalarvaluesmight be lost. The
sameargumentholdsfor the internalresolutionof the color
buffer.

e For the directrenderingof semi-transparerdbjectsseparate
interpolationof pre-shadedolor andopacitysampleguring
the texturing operationintroducescolor bleedingartifactsas
demonstrateth [34]. Althoughonourcurrenttargetarchitec-
ture this dravback canbe circumwentedby meansof depen-
denttextures[7], this implementatiorrequiresboth an addi-
tional texture unit andatexturefetchoperation.

e |t is still rathercumbersomend often impossibleto imple-
mentadwancedighting modelsj.e. thePhongighting model,
by meansf the extendedOpenGLfunctionality availableon
thenVidia chipset. Quiteoftentextureunitshave to bewasted
for computingapproximatesolutionsalthoughpreferablythey
shouldbe kept free for othertasks. The useof vendorspe-
cific functionality like texture shaders,on the other hand,
males the codedependenbn the currentplatform and pro-
hibits portability.

In orderto avoid the mentionedlimitations we proposea hy-
brid volumerenderingapproactthatcombineshardwaresupported
texture mappingandvolumeray-casting.In the outlined scenario
texture renderingis only usedto determinethe classifiedregions.
Fromthis pointonray-castings performedn softwareontheorig-
inal dataset.

3.1 Space leaping

We proceedour descriptionwith a shortsummaryof someof the
corefeaturef OpenGLthatwill beexploitedto skipthoseregions
thathave beenculled by meansof texture colortablesasproposed.

Upon passingthe alphatestbut beforea fragmentis going to
berenderednto the color buffer the OpenGLdepthtestis applied.
Thedepthbuffer usuallystoresfor eachpixel thedistancerom the
viewpointto the closesbobjectcovering thatpixel. Thedistanceof
incomingfragmentss first comparedo thecurrentdepthvalue,and
basedon the outcomeof the comparisorthe fragmentis discarded
orrendered.

Sincein volumerenderingwe are not only interestedn those
structureghat are closestto the viewpoint the datais usuallydis-
playedwith disableddepthtestor in back-to-frontorder Usingthe
latter approachthe depthbuffer keepstrack of the distanceto the
texturedslicethatwasrenderedast.

However, becauséhe alphatestalreadydiscardfragmentsbe-
fore the depthtestis applied,valuesin the depthbuffer now cor
respondo the closeststructureghat got assignedan opacityvalue
greatetthanzeroduringtexturelookup.

Hencefor eachpixel the objectspacecoordinateof the closest
structurecanbeobtainedy retrieving thedepthvalueandby trans-
forming the screenspacecoordinatebackinto world space.From
world spacecoordinatesve caneasilymapinto local objectcoordi-
natefrom which the parametricday equationin objectcoordinates
canbecomputedaswell. In particularthefollowing transformation

is appliedto each(z,, z, z;) screerspacecoordinate:

Zz Ts
Yl =sem)~tv | ¥
z Zs
w 1

In this equation(z, y, z, w) specifyhomogeneousvorld space
coordinatesP andM aretheprojectionmatrixandthe modelviev
matrix, respectrely, V' specifiesthe viewport transformatiorand
S captureghe final transformatiorthat appropriatelynapsworld
spacecoordinateso local objectcoordinatesHerewe assumehat
theobjectis axisalignedandcenteredaroundtheorigin. P, M and
V arequeriedusingOpenGLcalls,andS is initialized as

(82 —vz)/82 0 0 Sy — Vg
0 (8y —vy)/sy 0 Sy — Uy
0 0 (s: —w:)/s: s.—w.
0 0 0 1

The componentof 5 and ¥ are eachequalto half the length of
the volume and half the length of a voxel in the z—,y— and
z—direction.

Finally, after screenspacecoordinateshare beentransformed,
for eachray we obtain the position on that ray where non-
transparenmediais hit for the first time. All materialalongthe
ray thathasbeenculled usingthe alphatestcanbe skippedeffec-
tively by letting theray startatthatposition.

The proposedechniquecanalsobe utilized to determineup to
which positionalongeachray thetraversalhasto be performed.So
far, if aray enteranaterialexhibiting low opacityandearly-rayter-
minationcannotbe applied thisrayis alwaysgoingto betraversed
until it leavesthe volume. However, by just slightly modifying the
currentprocedurehe positionof thelastsamplepointalongtheray
thatis inside non-transparentaterialcan be determinedas well.
Thereforethe texture stackis renderedagainin front-to-backorder
but the depth comparisorfunction is reversed. Now thosefrag-
mentsfarestaway from the view point are retainedand storedin
thedepthbuffer. Althoughin this casetheobjecthasto berendered
twice via 2D texturesandalsothe depthbuffer hasto be readfor
a secondtime, we can effectively save a considerableamountof
time becausé¢he numberof samplesalongeachray thatneedto be
evaluateds significantlyreduced.

3.2 Ray traversal

Oncethefirst hit alongeachray hasbeendetermineday traversal
startsright in front of thatposition. For eachray we alsocompute
the distancet from that positionto the entry point & of that ray

into the volume. The first sampleis then positionedat location

€+ (|d/s| - s)d, wheres specifieshe uniquesamplingdistance
usedduringray-traversal(seeFigure5) andd is thenormalizedray

direction. In this way we considerablyreducesamplingpatterns
thatariseif thefirst samplepositionis awayslocatedin oneof the

axis-alignedslices.
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Figure5: This imageillustratesthe shift towardsthe viewpoint of
thefirst samplepoint.

For eachsamplealongtheray thematerialvalueis reconstructed
from the valuesat adjacentgrid points by tri-linear interpolation.
At this pointit is importantto emplg the sameprocedureor the
interpolationof alphavaluesasit is performedy thegraphicshard-
wareduringtexturelookup. As a matterof factwe interpolatepre-
shadedscalarvaluesduringray-castingn the currentimplementa-
tion. We alsoapproximatethe gradientwith a tri-linear interpola-
tion betweendiscretegrid points. Thereforecentraldifferencesre
computedirst to approximatehe gradientsat eachgrid point. The
entireprocedurds performedat eachsamplealongtheray, which
olviously increaseshe numericalcompleity of our algorithmbut
allows usto avoid the storageof the gradientmap.

To prevent color interpolationartifacts, opacity-weightedtolor
samplesarecompositedalongtherayin front-to-backorderasfol-
lows:

Cnew = (1 - afront)éback + CN‘frant

Anew = (]— - afront)aback + Qfront

According to the notation used in [34], C specifiesopacity-
weightedcolorsthataregeneratedby first multiplying samplecol-
ors with their opacitiesbefore interpolationis performed. Ray
traversalfinally stopsonceanopacitythresholds reachedandfur-
thercontritutionsalongtheray becomenegligible.

We shouldmentionherethatin generalthe stepsize useddur
ing ray traversaldoesnt have to be equalto the distancebetween
consecutie texture slicesrenderedn the first pass. Whereaghe
latter one determineghe accurag by which the first hit with non-
transparenmaterialwill bedetectedaccordingo thesamplingthe-
oremtheformeroneis choserto be equalto half of the voxel size
in our examples.

4 Results

A pleasanteatureof thepresente@pproaclis thattheintermediate
imagegeneratedy the texture basedrenderingpassalreadypro-
videsan overall impressiorof the volumetricobject. We take this
obsenration into accountin that we exclusively display the result
of thefirst renderingpassduring motion andwheneer the texture
colortableis modified.In bothsituationsheray-castingnoduleis
simply skipped(seeFigure6), which allows for interactve classifi-
cationandnavigationbeforethefinal renderingpasss initiated.

Figure 6: Both imagesshav the samedataset; onceasit is dis-
playedduringupdatesandonceasit is finally rendered.

The appropriatechoiceof the transferfunction hasa very par
ticular importancein our approach.In the first renderingpassthe
transfeffunctionis usedor interactve classificatiorthatallowsone
to efficiently discardparticularregionsin the data. On the other
hand,the transferfunction is alsousedto shadethe material,but
now it is appliedduring ray-casting.For example,steepedgesin
the transferfunction yield opaque MC-like iso-surces whereas
slowly rising transitionsresultin smoothsilhouettesexhibiting a
certainthickness. As a consequence/e needtwo separatdrans-
fer functionsin general:onethatonly affectsthe mappingof 8 bit
texture valuesto alphavaluesduring texture lookup, andonethat
specifiesthe final mappingof the original scalarvaluesto color
valuesduringray-casting.For example,if the original datais rep-
resentedvith more than 8 Bits per voxel we canonly performa
lessaccurateclassificatioron the quantizeddata. The accuratee-
sult is thengeneratedn the secondpasswherewe candeal with
arbitraryresolutionsin all our currentexampleshowever, thedata
wasgiven at 8 bits per sampleandthe sametransferfunctionwas
usedfor culling andshading.

All our resultswere computedon a Pentiumlll processorun-
ning at 733 MHz anda GeForce2graphicsunit with 32 MB local
memory Our experimentsvererun onthreedatasets:(a) ahuman
headCT-scan(128*), (b) thewell knowvn engineblock (2562x128)
and(c) an aneurysmMRI-scan(256%). Below we will give exact
timings for the relevant partsof our algorithm. In particularwe
measuredhe time requiredto renderthe datasetsvia 2D textures
(TexRnd), to readthe depthvaluesnecessaryo computescreen
spacecoordinate$or eachpixel (ZbOps) andto performray-casting
(RayCast) until anopacitycutof of 95% wasreached.In thefirst
columnof Tablel we alsogive the averagenumberof samplegper
ray (#Smp) for which the interpolationof color and/orgradients
betweerdiscretegrid pointswasperformed.n all our experiments
theimagesizewas512x512.

Table 1: Timings (seconds) for different partsof our algorithm.
The corresponding images are shown in the color plate below
(see Figure 7).

| || #Smp | TexRnd | ZbOps| RayCast| Total |
(@[] 1/6.5 0.05 0.11 | 0.67/3.90] 0.83/4.06
(b) || 1/710.2] 0.08 0.11 | 0.52/5.41] 0.71/5.60
(c) 1/7.2 0.26 0.11 | 0.47/3.21| 0.84/3.58

Eachdatasetwasrenderedisingtwo differentrenderingnodes.
In thefirstimagecolumnatransferfunctionwasissuedsoasto dis-
cardall fragmentswith an alphavaluelessthana specificthresh-
old. Eachray wasthentraverseduntil it hit acell in which thedata
rangewas containingthe threshold. Only thenthe intersectionof
theraywith thecorrespondingso-surficepassinghroughthatcell



wascalculatedasproposedn [23]. Thesamplewasfinally shaded
using the approximatedyradientat the intersectionpoint and ray
traversalwasstopped.

Smooth transitions from transparentto opaque material are
shavn in the secondimage column. In all imagesshadingwas
performedand performancespeed-upvasmainly achiered dueto
early-raytermination.In the lastrow the benefitsthe proposedl-
gorithm canbe clearly recognized Althoughthe datasetincludes
ratherfuzzy structureswhich would malke the constructionof a
pyramidal datastructurea rathercumbersomeask, the complex-
ity of thevascularstructuresdoesnt affect the performanceof our
approach.Evenif the vesselshadlow transparencandearly ray
terminationcould not be applied,for mostof theraysonly a small
numberof samplesvould have to becomputedbecaus¢hemethod
describedn section3.1would give usthe exactpositionof thefirst
andthelastintersectiorpointwith ary of thetubelike structures.

Becausedhetime neededo accesghe depthbuffer andto read
thedepthvaluesinto mainmemoryonly depend®ntheimageres-
olution it remainsconstanthroughoutall of our experiments.Al-
thoughnon-optimizeddepthbuffer acces®n our currenttargetar
chitectureresultsin ratherpoor performancewe canstill achiere
multiple framesper secondfor the first renderingpassvia 2D
textures. In particularthis allows for interactve classificationby
meanf texture color tableswithouttheneedto re-kuilt any auxil-
iary datastructuresThisis a considerablémprovementover other
techniquesfor examplethe one proposedn [28], whereit took
roughly 10 secondgo preparethe datastructurenecessaryo ren-
dera2562x124 dataset.

Concerningthe performanceof our ray-castingmodule we
shouldmention herethat gradientsare always approximatecdon-
the-fly by centraldifferencesandtri-linear interpolation. Opacity-
weightedcolorsamplesirecomputedrom pre-shadetkxturesam-
ples,but no further optimizationstratgiesareused. Thetime re-
quiredto transformscreerspacecoordinatesnto local objectcoor
dinateds includedin RayCast.

5 Conclusion

In thispapemwe have emphasized novel approactio accelerat¢he
displayof 3D scalarfields sampledon Cartesiargrids. The major
contrilution hereis thatwe effectively take advantageof hardvare
assistedrlolumerenderingo generateanintermediatémagethatis
usedasa basisfor volumeray-castingo be performedn software.
Interpretingtheintermediatémageallows usto immediatelydeter
mine thosepositionswherethe raysof sightenternon-transparent
materialfor the first time. In this way empty spacebetweenthe
obserer andthe materialcanbe skippedefficiently.

In particularwe have shavn thatourapproactenablesnteractie
classificatiorvia texture color tableswithout the needto modify or
tore-kuilt any auxiliary datastructuresThis malkesthemethodsu-
periorto othersin casethattheclassificatioris goingto be changed
frequently

However, evenif nosuchchange®ccurandauxiliary datastruc-
turescouldbeemplgedto acceleratéheray-castingorocedureve
still expectourmethodo beatleastasefficientasary alternatve as
longasonly afew samplegerray have to be computeduntil early
ray terminationapplies. This is dueto the fact thatthe overhead
thatis introducedby our methodfor determiningthefirst intersec-
tion pointsis extremelysmallandcanhardlybebeaterby ary other
approachOn theotherhand,if expansie homogeneoustructures
with high transparenc are containedin the dataour methodfails
andapyramidalapproactwill give muchbetterresults.

In contrastto othertechniquesve canselectary desiredaccu-
ragy by which the datais goingto be resampledindconsequently
by which the first hits aregoingto be determinedvithout thatthe
internaltexture representatiomasto be changed.But even more

importantly the compleity of thefirst renderingpassdoesnot de-
pendonthecompleity of thestructuresontainedn thedata.Thus
renderingtime andmemoryrequirementemainconstanindepen-
dentof the currentclassification.

Our methodis easyto implementand canbe put on top of ary
texture basedsolumerenderingechniquewithoutthatthe coreim-
plementationneedsto be modified. However, a dravback com-
paredto commonacceleratioriechniquess the additionalamount
of memorywe needto generateghe texture representationOn the
otherhand becauseve entirelyavoid theuseof gradientmapscon-
siderablylesstexturememoryis neededn contrasto texturebased
volumerenderingtechniques Furthermorewe cantake adwantage
of all the benefitsthatareinherentto a software basedray-caster
i.e. opacity-weightedaolorinterpolation arbitrarylighting models,
early-rayterminationandaccuratelataresampling.

We are currently trying to further improve our approachwith
respecto the following issues.On the GeForce3we will take ad-
vantageof hardware accelerate@®D texture mappingand we will
investigatehe speed-umglueto optimizedmemorytransferof com-
pressediepthvalues.In additionwe will acceleratéheray-casting
modulein two stagesFirst,we will exploit memorycoherenceby
re-oganizingthe datainto smallertiles that entirely fit into cache
lines(se€]23]). Secondwe will usethe SSEinstructionsetto opti-
mizenumericalcomputationshathave to be performedduringray
traversal,i.e. tri-linear interpolation.Overall we expectanincrease
in performancef aboutafactorof 3 to 4 by meansof theseexten-
sions.
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Figure7: Volume rendering of example data sets using using different transfer functions.



