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Abstract

Accelerationtechniquesfor volumeray-castingareprimarily based
on pre-computeddatastructuresthat allow oneto efficiently tra-
verseemptyor homogeneousregions. In orderto displayvolume
datathat successively undergoescolor lookups,however, the data
structureshave to be re-built continuously. In this paperwe pro-
posea techniquethat circumvents this drawback using hardware
acceleratedtexture mapping. In a first renderingpasswe employ
graphicshardwareto interactively determinefor eachraywherethe
materialis hit. In a secondpassray-castingis performed,but ray
traversalstartsright in front of thepreviously determinedregions.
Thealgorithmenablesinteractive classificationandit considerably
acceleratesthe view dependentdisplayof selectedmaterialsand
surfacesfrom volumedata.In contrastto othertechniquesthatare
solelybasedontexturemappingourapproachrequireslessmemory
andaccuratelyperformsthecompositionof materialcontributions
alongtheray.

CR Categories: I.3.7 [ComputerGraphics]: Three-Dimensional
GraphicsandRealism- color, shadingandtexture;I.3.8[Computer
Graphics]:Applications.
Additional Keywords: VolumeRendering,Ray-Casting,Texture
Mapping,Visualization,GraphicsHardware.

1 Introduction and related work

The efficient generationof a visual representationof volumetric
datasetshasbeenstudiedextensively duringthelastdecades.Once
the fundamentalequationdescribingthe physicsof light transport
in participatingmediawasidentifiedasthe key to volumerender-
ing many practicalsolutionsbasedonsimplifiedmodelsneglecting
scatteringandfrequency effectsor assuminghomogeneousmate-
rial weredeveloped[1, 12, 15, 21,32, 26,31]. However, dueto the
hugenumberof volumeelementsto beprocessedandthenumeri-
calcomplexity of theoperationsto beperformedinteractivevolume
renderingis still achallengeto thecomputergraphicscommunity.

Considerableeffort hasbeenspenton the developmentof ac-
celerationtechniquesfor indirectanddirectvolumerendering,and�
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on thedesignandexploitationof dedicatedhardwareto achieve in-
teractive framerates. The majority of optimizationstrategies for
direct volumerenderingtakes advantageof pyramidal datastruc-
turesto directly encodeemptyor homogeneousregionsandto ef-
fectively reducethenumberof samplepointsbasedonsomeglobal
error metric [19, 17, 5, 36, 9, 29]. Alternative techniquesrely on
fastcell traversalalgorithms[11] andexploit optimizeddatalayout
strategies[3, 23] aswell asauxiliarydatastructuresto spatiallylo-
calizethe relevant features.In particular, the effectivenessof flat
pyramidsandproximity cloudsto skipemptyandhomogeneousre-
gionsweredemonstratedin [35, 8], boundingcellsandgeometries
wereusedin [27, 28] to efficiently determinethe first appearance
of the structuresto be displayedalongthe view rays,andin [16]
the renderingprocesswasacceleratedconsiderablyby run-length
encodingof emptyspace.

Althoughtheseapproachesdiffer significantlyin termsof theun-
derlyingmethodologyandin thekind of structuresthey areableto
display, they all rely on theclassificationof featuresin thedataby
meansof any suitablealgorithmtobeperformedin apre-processing
step.Thenthepyramidalor auxiliary representationis built thatal-
lowsfor theefficientassemblyof thematerialcontributionalongthe
raysof sight.Amongothers,popularclassificationschemesusedin
volumerenderingapplicationsincludezero(iso-values)[20], first
(gradients)[18] or higherorder[6, 13] statisticsof thescalarfield.

Thealgorithmproposedin [18], for example,assignscolor and
opacityvaluesto eachvoxel soasto enhanceselectedmaterialsand
boundaryregionsaroundthem.Thevolumetricstructurescannow
be encodedusing any appropriatedatastructurethat enablesthe
renderingalgorithmto efficiently skip non-classifiedmaterial. In
[27] theclassificationprocesswasaccompaniedby asurfacefitting
stepgeneratingpolygonalmodelsthatentirelyenclosetheclassified
structures.Prior to volumerenderingan initial startingpoint for
ray traversalcanthenbedeterminedby intersectingthegeometric
representation.

Pyramidalor intermediatedatastructuresasdescribed,however,
imposecertainlimitations on the volumerenderingalgorithm. In
particularthedatastructureshave to bere-built if theclassification
is goingto bechanged.Ontheotherhand,interactive classification
basedoncolor lookuptableshasbeenprovento beaverypowerful
mechanismto explore large-scalevolumetricdatasets.By means
of continuousmodificationsof the assignmentof scalarvaluesto
materialcharacteristicsarbitrarystructureswithin the datacanbe
enhanced,suppressedor shadedin aparticularway. Unfortunately,
interactivity canno longerbe achieved if auxiliary datastructures
areused.In generalthis is dueto thecomputationalcomplexity of
theprocessusedto re-build thedatastructureswhenever theclassi-
ficationis changed.

A potentialalternative that overcomesthementioneddrawback
is hardwareacceleratedvolumerendering.Justrecently, different
approacheshavebeenproposedthatallow for interactivedirectvol-
umerenderingby takingadvantageof hardwareassisted2D and3D
texturemappingaswell asdedicatedvolumegraphicsarchitectures
[2, 33, 4, 30,25,10, 14, 24, 22].

Althoughimpressive frameratescanbeachieved,themostseri-
ouslimitation imposedby texturebasedtechniquesis theadditional



amountof memorynecessaryto storegradientinformationif light-
ing calculations� have to beperformed.Furthermore,OpenGLcom-
positing as it is usedon currentgraphicsacceleratorsintroduces
artifactsdue to separateinterpolationof color and opacityand it
generateslessaccurateresultsdueto thelimited precisionof thein-
ternalpixel andtextureformats.Dedicatedvolumegraphicsarchi-
tectures,on theotherhand,arenot yet readyto entertheconsumer
market. This is dueto the price thatstill makesthesesystemsnot
affordablefor themassmarket,anddueto thefactthataninterface
to standardgraphicsAPIs like OpenGLis notyet available.

In this paperwe outline a new approachfor the direct volume
renderingof high-resolutiondatathat enablesinteractive classifi-
cationon graphicsunitssuitablefor the consumermarket. Rather
thanproposinga particularsoftwareor hardwaresolutionwe out-
line a hybrid approachthat exploits the rasterizationcapabilityof
graphicshardwarebut alsotakes advantageof CPU performance.
The goal of our approachis twofold: to emphasizethe impactof
affordablestate-of-the-artgraphicshardwareoncurrentvolumevi-
sualizationtechniquesand to demonstratehow it can be usedto
acceleratevolumeray-casting.In particularwe will show that tex-
ture basedvolumerenderingcanbe usedto interactively classify
scalarvolumedataby meansof texture color tables,andwe will
demonstratethat the renderedimagecanbe re-usedto accelerate
volume ray-castingwhich is implementedin software. Because
in our work we aretargetingthe consumermarket we restrictour
attentionto graphicsunits that are affordableand let us allow to
exploit hardwarefeaturesthroughstandardAPIs like OpenGL.In
this respectwe decidedto implementour algorithmon thenVidia
GeForcefamilyGPU,whichprovidesthefunctionalityweneedand
whichsupportsasetof additionalfeaturesweareeffectively taking
advantageof.

The reminderof this paperis organizedas follows. First, we
review texturebasedvolumerenderingtechniquesandwe demon-
stratethat2D texturescanbeeffectively usedto interactively clas-
sify thesampledscalarfield andto accuratelyresamplethe result.
Next, we presentour techniquefor acceleratedvolumeray-casting
in which hardware supportedgraphicsoperationsareparamount.
We finally discussimplementationdetails and further improve-
ments.We concludethe paperwith a detaileddiscussion,andwe
show resultsand timings of our approachapplied to reasonably
sizeddatasets.

2 Texture based volume rendering

During the last coupleof yearsvolumerenderingtechniquesthat
exploit hardwaresupportfor texturemappinghave becomea pow-
erful tool to interactively displayandthusanalyze3D scalarfields.

In [2, 33, 4] thegeneralideato interpretvolumerenderingasthe
resamplingof a discrete3D texturemapon appropriatelyoriented
geometrieswas first introduced. Using this approachthe visual
impressionconveyed by semi-transparentmediacanbeefficiently
simulatedon any graphicssystemsupporting3D texture interpola-
tion andper-pixel blendingoperations.

Recentlyanalternative techniquewasproposedthatsolelyrelies
on2D texturemapping,andwhichexploits advancedper-fragment
operationsprovidedby thenVidia GeForcefamily GPUsfor speed-
up and lighting effects [25]. The voxel datais decomposedinto
threestacksof 2D texturesasillustratedin Figure1. For thecurrent
view, theobjectspaceaxis thatis mostparallelto theviewing axis
now determinestheappropriatestackto berendered.

Althoughtodayhardwaresupportfor 3D texturemappingis ef-
fectively availableon a coupleof low-costgraphicssystems,e.g.
Wildcat 4120,ATI RadeonandGeForce3,we will exclusively fo-
cuson2D texturebasedtechniquesin thispaper. Wedosobecause
of two reasons.First, a considerableloss in performancecanbe
noticedwhen3D texture mappingis employed. Comparedto 2D

texturemappingourexperimentshave shown a decreasein fill rate
of up to 60

�
, which is mainly dueto thehighly irregularmemory

accesspatternthatcan’t berealizedasefficient asrandom2D tex-
tureaccess.Second,by using2D texturemapsourapproachcanbe
run withouta considerabledecreasein performanceon any current
graphicsboard.

Figure1: Threedifferentstacksof texturesneedto begeneratedin
orderto performvolumerenderingvia 2D textures.

Thedesignof ouralgorithm,ontheotherhand,allowsfor thein-
tegrationof any texture basedvolumerenderingtechniqueaslong
astheview dependentresamplingof thescalarfield canbeguaran-
teed.At thecoreof ourapproachweareindependentof aparticular
texture representation,andthuswe canusethe algorithmwithout
any modificationsif this representationis changed.

Let usnow outlinesomeextensionsto 2D texturebasedvolume
renderingby which an accurateresamplingof the sampledscalar
field canbeachieved. Thetechniquewe proposewon’t beusedto
displaythe volumetricscalarfield but to generatean intermediate
imageof thedatain a first renderingpass.Fromthe depthvalues
of eachpixel in this imagetheaccuratepositionin objectspaceof
thestructuresto bedisplayedcanbecomputed.This informationis
usedfurtheron to acceleratethefinal renderingpass.Theinterme-
diateimagethusservesasa 3D stencilwhich drivesthe rendering
process.

2.1 View independent 2D texture resampling

In contrastto volumeray-castingwherethesampledistancealong
theray is independentof thecurrentview this no longerholdsfor
volumerenderingvia 2D textures(seeFigure2). For acertainpixel
thedistancebetweensuccessive samplesincreaseswith respectto
theanglebetweenthemostparallelobjectspaceaxisandtheview-
ing direction. As a consequencesmall featuresin the datamight
be missedduring the texture basedrenderingpass,which is only
performedto appropriatelyresamplethescalarfield but not to dis-
play thedata.Thusit is not sufficient to simply correcttheopacity
of eachslicewith respectto varyingsampledistance,which obvi-
ouslydoesn’t giveusany additionalinformationaboutthematerial
distributionbetweensuccessive samplepoints.

View independentsamplingintervals canberealizedby adding
new texture slices appropriatelypositionedbetweenthe original
onesasshown in the rightmostimageof Figure2. For eachnew
view � theoffset ��� is computedandnew slicesatpositions�
	����
aregeneratedandrendered.



Figure2: View dependentandview independentdataresampling.

In [25] a techniquewasproposedto linearly interpolatebetween
two texturesin asinglerenderingpass.At thecoreof thisalgorithm
multitexturesandthe nVidia texture combinerswereemployed to
combinetexture sampleson a per-fragmentbasis. The resultsof
two independenttexturingoperationsthatareperformedin two sep-
aratetexture unitscanbemodulatedandfinally blendedto get the
fragmentscolor.

In our implementationthe interpolationfactorsneededto gen-
eratea new slice by linear interpolationbetweentwo original tex-
turesareissuedasseparatecolorsto be usedin eachtexture unit.
Thesecolorsmodulatethemultitexturesamplesbeforeblendingis
performed. Figure3 exemplifiesthe principal setupand the per-
fragmentoperationswhichareemployed.
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Figure3: Texturecombinersetupfor 2D textureinterpolation.

Usingthisapproachaconstantsamplingdistancecanbeensured
for parallelprojectionsandarbitraryviews. For perspective projec-
tions, however, the samplingdistanceincreasestowardsthe outer
regionsof thefield of view. On the otherhand,becausethe inter-
slicedistancecanbedecreasedarbitrarily, it canbechosensothat
anupperboundfor thesamplingintervals asthey occurunderthe
currentview is never going to be exceeded.As a matterof fact
theproposedtechniqueis alsosuitablefor theresamplingof scalar
fieldsthataredisplayedunderperspective projections.

2.2 Material culling

Oneof the key featuresprovided by many graphicsarchitectures
are texture color tablesthat allow for the direct manipulationof
transferfunctionsusedto performthemappingfrom scalarvalues
to RGB� values. Texture samplesmight be mappedto color and
opacityvaluesbeforeor after texture interpolation.On thenVidia
chip, for example,texture elementsarefirst looked up in the table
beforethey are going to be interpolatedon a per-fragmentbasis
duringthetextureoperation.

By meansof color tablesmeaningfulmappingsof materialval-
uesto visualquantitiescanbefoundinteractively by theuserwith-
outthatthetexturehasto bereloaded.Arbitrary assignmentscanbe
realizedwhichallow oneto colorstructuresdifferentlyor to discard
particularrangesof values. Although this classificationscheme
only takesinto accountthedistributionof thescalarvaluesandthe
visualrepresentationof thedisplayedstructuresit hasbeenproven

to be a very effective andefficient mechanismto interactively ex-
plore large volumetricdatasets. In particularthis holds if direct
visual feedbackto thecolor tablemodificationis possible,e.g. in
volumerenderingvia texturemapsandondedicatedvolumegraph-
icsarchitectures.

As proposedin [30] texture color tablescaneffectively be uti-
lized in texture basedvolume renderingto cull materialswhich
shouldnot bevisualized.Thereforethecolor lookup is performed
in sucha way as to make thesematerialstransparent,i.e. scalar
valuesoutsidetheselectedrangegetassignedanalphacomponent
equalto zeroduring the mapping. Now the generatedfragments
canbe discardedby meansof the OpenGLalphatestbeforethey
aregoingto bedrawn into thecolorbuffer. By enablingtheappro-
priatecomparisonfunctiononly non-transparentfragmentswith an
alphavaluegreaterthanzerowill beacceptedandrendered.

In Figure4 someexamplesdemonstratethe effectsthat canbe
achieved. Theoriginaldatasetwasrenderedusingdifferenttexture
color tables,whichwereproperlyinitialized in orderto cull certain
rangesof values.

Figure4: Thedataseton theleft wasrenderedusingdifferenttex-
turecolor tables.

In thenext sectionwewill demonstratehow to usetheintermedi-
ateimagegeneratedvia 2D texturemapsto acceleratevolumeray-
castingwhich we implementedin software. Although our hybrid
approachcannotbeasefficientasthetexturebasedvolumerender-
ing approachit introducestwo major improvementswhich areof
particularinterestin practicalapplications.First, considerablyless
memoryis neededfor therenderingof illuminatedstructures.Sec-
ond, imagequality doesn’t suffer from insufficient internaltexture
andpixel resolutionandseparateinterpolationof colorandopacity.

3 Hybrid volume rendering

In theapproachproposedsofarweemploy hardwaresupported2D
texture mappingandOpenGLper-fragmentoperationsto interac-
tively classifyarbitrarymaterialsby meansof texturecolor tables.
Althoughthisapproachallows for quiteimpressive framerates,the
useof texturesfor directvolumerenderingintroducesseveredraw-
backswith regardto memoryrequirementandimagequality.
 Gradientmapsasintroducedin [30] for the displayof non-

polygonal illuminated iso-surfaceslead to a significant in-
creasein memoryusage.In additionto the original dataset
an RGB� texture storinggradientcomponentsandsampled
scalarvalueshas to be generated.This overheadbecomes



even worseif 2D texturesareemployed andfor eachstack
of texturesanadditionalstackof gradientmapshasto becre-
ated.

� Oncurrentlow-costgraphicsunitstheinternaltextureresolu-
tion is restrictedto 8 bits pervoxel. As a consequencescalar
datasamplesareusuallyquantizedanddifferencesbetween
structuresshowing similar scalarvaluesmight be lost. The
sameargumentholdsfor the internalresolutionof the color
buffer.

� For the direct renderingof semi-transparentobjectsseparate
interpolationof pre-shadedcolor andopacitysamplesduring
the texturing operationintroducescolor bleedingartifactsas
demonstratedin [34]. Althoughonourcurrenttargetarchitec-
ture this drawbackcanbecircumventedby meansof depen-
denttextures[7], this implementationrequiresboth anaddi-
tional textureunit anda texturefetchoperation.

� It is still rathercumbersomeandoften impossibleto imple-
mentadvancedlightingmodels,i.e. thePhonglightingmodel,
by meansof theextendedOpenGLfunctionalityavailableon
thenVidiachipset.Quiteoftentextureunitshaveto bewasted
for computingapproximatesolutionsalthoughpreferablythey
shouldbe kept free for othertasks. The useof vendorspe-
cific functionality like texture shaders,on the other hand,
makes the codedependenton the currentplatform andpro-
hibitsportability.

In order to avoid the mentionedlimitations we proposea hy-
brid volumerenderingapproachthatcombineshardwaresupported
texture mappingandvolumeray-casting.In the outlinedscenario
texture renderingis only usedto determinethe classifiedregions.
Fromthispointonray-castingis performedin softwareontheorig-
inal dataset.

3.1 Space leaping

We proceedour descriptionwith a shortsummaryof someof the
corefeaturesof OpenGLthatwill beexploitedto skipthoseregions
thathave beenculledby meansof texturecolor tablesasproposed.

Upon passingthe alphatest but beforea fragmentis going to
berenderedinto thecolorbuffer theOpenGLdepthtestis applied.
Thedepthbuffer usuallystoresfor eachpixel thedistancefrom the
viewpoint to theclosestobjectcovering thatpixel. Thedistanceof
incomingfragmentsis firstcomparedto thecurrentdepthvalue,and
basedon theoutcomeof thecomparisonthefragmentis discarded
or rendered.

Sincein volumerenderingwe are not only interestedin those
structuresthat areclosestto the viewpoint the datais usuallydis-
playedwith disableddepthtestor in back-to-frontorder. Usingthe
latter approachthe depthbuffer keepstrack of the distanceto the
texturedslicethatwasrenderedlast.

However, becausethealphatestalreadydiscardsfragmentsbe-
fore the depthtest is applied,valuesin the depthbuffer now cor-
respondto thecloseststructuresthatgot assignedanopacityvalue
greaterthanzeroduringtexturelookup.

Hencefor eachpixel the objectspacecoordinateof the closest
structurecanbeobtainedby retrieving thedepthvalueandby trans-
forming thescreenspacecoordinatebackinto world space.From
world spacecoordinateswecaneasilymapinto localobjectcoordi-
natesfrom which theparametricray equationin objectcoordinates
canbecomputedaswell. In particularthefollowing transformation

is appliedto each������������������� screenspacecoordinate:
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In this equation ���4� � �5��� � � specifyhomogeneousworld space
coordinates,6 and 7 aretheprojectionmatrixandthemodelview
matrix, respectively, 8 specifiesthe viewport transformationand9

capturesthe final transformationthat appropriatelymapsworld
spacecoordinatesto localobjectcoordinates.Herewe assumethat
theobjectis axisalignedandcenteredaroundtheorigin. 6:�;7 and8 arequeriedusingOpenGLcalls,and

9
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The componentsof S? and SC are eachequalto half the lengthof
the volume and half the length of a voxel in the �TAU� � A and��A direction.

Finally, after screenspacecoordinateshave beentransformed,
for each ray we obtain the position on that ray where non-
transparentmediais hit for the first time. All materialalong the
ray thathasbeenculledusingthealphatestcanbeskippedeffec-
tively by letting theraystartat thatposition.

Theproposedtechniquecanalsobe utilized to determineup to
whichpositionalongeachraythetraversalhasto beperformed.So
far, if a rayentersmaterialexhibiting low opacityandearly-rayter-
minationcannotbeapplied,this ray is alwaysgoingto betraversed
until it leavesthevolume.However, by just slightly modifying the
currentprocedurethepositionof thelastsamplepointalongtheray
that is insidenon-transparentmaterialcanbe determinedaswell.
Thereforethetexturestackis renderedagainin front-to-backorder
but the depthcomparisonfunction is reversed. Now thosefrag-
mentsfarestaway from the view point are retainedandstoredin
thedepthbuffer. Althoughin thiscasetheobjecthasto berendered
twice via 2D texturesandalsothe depthbuffer hasto be readfor
a secondtime, we caneffectively save a considerableamountof
time becausethenumberof samplesalongeachray thatneedto be
evaluatedis significantlyreduced.

3.2 Ray traversal

Oncethefirst hit alongeachray hasbeendeterminedray traversal
startsright in front of thatposition.For eachray we alsocompute
the distanceV from that position to the entry point SW of that ray
into the volume. The first sampleis then positionedat locationSWBX �2Y�Z�FG?\[^]�?�� SZ , where ? specifiesthe uniquesamplingdistance
usedduringray-traversal(seeFigure5) and Z is thenormalizedray
direction. In this way we considerablyreducesamplingpatterns
thatariseif thefirst samplepositionis alwayslocatedin oneof the
axis-alignedslices.



Figure5: This imageillustratestheshift towardstheviewpoint of
thefirst samplepoint.

For eachsamplealongtheraythematerialvalueis reconstructed
from the valuesat adjacentgrid pointsby tri-linear interpolation.
At this point it is importantto employ thesameprocedurefor the
interpolationof alphavaluesasit is performedby thegraphicshard-
wareduringtexturelookup. As a matterof factwe interpolatepre-
shadedscalarvaluesduringray-castingin thecurrentimplementa-
tion. We alsoapproximatethegradientwith a tri-linear interpola-
tion betweendiscretegrid points.Thereforecentraldifferencesare
computedfirst to approximatethegradientsateachgrid point. The
entireprocedureis performedat eachsamplealongtheray, which
obviously increasesthenumericalcomplexity of our algorithmbut
allowsusto avoid thestorageof thegradientmap.

To prevent color interpolationartifacts,opacity-weightedcolor
samplesarecompositedalongtheray in front-to-backorderasfol-
lows: _
`Ja�bdcfe5gOhIikj�l.m.`2nporq_
s)t�u�vxwyq_
j2l.mp`2n

iz`Ja5b{c,e|g
hDizj2l.mp`2npo�iks)t�u|vLw}ikj�l.m.`2n
According to the notation used in [34],

q_
specifiesopacity-

weightedcolorsthataregeneratedby first multiplying samplecol-
ors with their opacitiesbefore interpolationis performed. Ray
traversalfinally stopsonceanopacitythresholdis reachedandfur-
thercontributionsalongtheraybecomenegligible.

We shouldmentionherethat in generalthe stepsizeuseddur-
ing ray traversaldoesn’t have to be equalto the distancebetween
consecutive texture slicesrenderedin the first pass. Whereasthe
latteronedeterminestheaccuracy by which thefirst hit with non-
transparentmaterialwill bedetected,accordingto thesamplingthe-
oremtheformeroneis chosento beequalto half of thevoxel size
in our examples.

4 Results

A pleasantfeatureof thepresentedapproachis thattheintermediate
imagegeneratedby the texture basedrenderingpassalreadypro-
videsanoverall impressionof thevolumetricobject. We take this
observation into accountin that we exclusively display the result
of thefirst renderingpassduringmotionandwhenever thetexture
color tableis modified.In bothsituationstheray-castingmoduleis
simplyskipped(seeFigure6), whichallowsfor interactive classifi-
cationandnavigationbeforethefinal renderingpassis initiated.

Figure6: Both imagesshow the samedataset; onceas it is dis-
playedduringupdatesandonceasit is finally rendered.

The appropriatechoiceof the transferfunction hasa very par-
ticular importancein our approach.In the first renderingpassthe
transferfunctionis usedfor interactiveclassificationthatallowsone
to efficiently discardparticularregions in 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-surfaces,whereas
slowly rising transitionsresult in smoothsilhouettesexhibiting a
certainthickness.As a consequencewe needtwo separatetrans-
fer functionsin general:onethatonly affectsthemappingof 8 bit
texture valuesto alphavaluesduring texture lookup,andonethat
specifiesthe final mappingof the original scalarvaluesto color
valuesduringray-casting.For example,if theoriginal datais rep-
resentedwith more than8 Bits per voxel we canonly performa
lessaccurateclassificationon thequantizeddata.Theaccuratere-
sult is thengeneratedin the secondpasswherewe candealwith
arbitraryresolutions.In all ourcurrentexamples,however, thedata
wasgiven at 8 bits persampleandthesametransferfunctionwas
usedfor culling andshading.

All our resultswerecomputedon a PentiumIII processorrun-
ning at 733 MHz anda GeForce2graphicsunit with 32 MB local
memory. Ourexperimentswererunon threedatasets:(a)ahuman
headCT-scan(

gG~G�J�
), (b) thewell known engineblock (

~J�G�E�
x

gG~G�
)

and(c) an aneurysmMRI-scan(

~J�G�E�
). Below we will give exact

timings for the relevant partsof our algorithm. In particularwe
measuredthe time requiredto renderthedatasetsvia 2D textures
(TexRnd), to read the depthvaluesnecessaryto computescreen
spacecoordinatesfor eachpixel (ZbOps) andtoperformray-casting
(RayCast) until anopacitycutoff of 95� wasreached.In thefirst
columnof Table1 we alsogive theaveragenumberof samplesper
ray ( � Smp) for which the interpolationof color and/orgradients
betweendiscretegrid pointswasperformed.In all ourexperiments
theimagesizewas512x512.

Table 1: Timings (seconds) for different parts of our algorithm.
The corresponding images are shown in the color plate below
(see Figure 7).� Smp TexRnd ZbOps RayCast Total

(a) 1/6.5 0.05 0.11 0.67/3.90 0.83/4.06
(b) 1/10.2 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

Eachdatasetwasrenderedusingtwo differentrenderingmodes.
In thefirst imagecolumnatransferfunctionwasissuedsoasto dis-
cardall fragmentswith an alphavaluelessthana specificthresh-
old. Eachray wasthentraverseduntil it hit acell in which thedata
rangewascontainingthe threshold.Only thenthe intersectionof
theraywith thecorrespondingiso-surfacepassingthroughthatcell



wascalculatedasproposedin [23]. Thesamplewasfinally shaded
using� the approximatedgradientat the intersectionpoint and ray
traversalwasstopped.

Smooth transitions from transparentto opaquematerial are
shown in the secondimagecolumn. In all imagesshadingwas
performedandperformancespeed-upwasmainly achieved dueto
early-raytermination.In the last row thebenefitstheproposedal-
gorithmcanbeclearly recognized.Althoughthedatasetincludes
rather fuzzy structureswhich would make the constructionof a
pyramidaldatastructurea rathercumbersometask, the complex-
ity of thevascularstructuresdoesn’t affect theperformanceof our
approach.Even if the vesselshadlow transparency andearly ray
terminationcouldnot beapplied,for mostof theraysonly a small
numberof sampleswouldhave to becomputedbecausethemethod
describedin section3.1wouldgiveustheexactpositionof thefirst
andthelastintersectionpointwith any of thetubelike structures.

Becausethe time neededto accessthedepthbuffer andto read
thedepthvaluesinto mainmemoryonly dependson theimageres-
olution it remainsconstantthroughoutall of our experiments.Al-
thoughnon-optimizeddepthbuffer accesson our currenttargetar-
chitectureresultsin ratherpoor performancewe canstill achieve
multiple framesper secondfor the first renderingpassvia 2D
textures. In particularthis allows for interactive classificationby
meansof texturecolor tableswithout theneedto re-built any auxil-
iary datastructures.This is a considerableimprovementover other
techniques,for examplethe one proposedin [28], whereit took
roughly10 secondsto preparethedatastructurenecessaryto ren-
dera �J�G�J� x �G�2� dataset.

Concerningthe performanceof our ray-castingmodule we
shouldmentionherethat gradientsare always approximatedon-
the-fly by centraldifferencesandtri-linear interpolation.Opacity-
weightedcolorsamplesarecomputedfrom pre-shadedtexturesam-
ples,but no furtheroptimizationstrategiesareused.The time re-
quiredto transformscreenspacecoordinatesinto localobjectcoor-
dinatesis includedin RayCast.

5 Conclusion

In thispaperwehaveemphasizedanovel approachto acceleratethe
displayof 3D scalarfieldssampledon Cartesiangrids. Themajor
contribution hereis thatwe effectively take advantageof hardware
assistedvolumerenderingto generateanintermediateimagethatis
usedasabasisfor volumeray-castingto beperformedin software.
Interpretingtheintermediateimageallowsusto immediatelydeter-
minethosepositionswheretheraysof sightenternon-transparent
materialfor the first time. In this way emptyspacebetweenthe
observerandthematerialcanbeskippedefficiently.

In particularwehaveshownthatourapproachenablesinteractive
classificationvia texturecolor tableswithout theneedto modify or
to re-built any auxiliarydatastructures.Thismakesthemethodsu-
periorto othersin casethattheclassificationis goingto bechanged
frequently.

However, evenif nosuchchangesoccurandauxiliarydatastruc-
turescouldbeemployedto acceleratetheray-castingprocedurewe
still expectourmethodto beatleastasefficientasany alternativeas
longasonly a few samplesperrayhave to becomputeduntil early
ray terminationapplies. This is due to the fact that the overhead
thatis introducedby our methodfor determiningthefirst intersec-
tion pointsis extremelysmallandcanhardlybebeatenby any other
approach.On theotherhand,if expansive homogeneousstructures
with high transparency arecontainedin the dataour methodfails
andapyramidalapproachwill givemuchbetterresults.

In contrastto othertechniqueswe canselectany desiredaccu-
racy by which thedatais goingto beresampledandconsequently
by which thefirst hits aregoingto bedeterminedwithout that the
internaltexture representationhasto be changed.But even more

importantly, thecomplexity of thefirst renderingpassdoesnot de-
pendonthecomplexity of thestructurescontainedin thedata.Thus
renderingtime andmemoryrequirementremainconstantindepen-
dentof thecurrentclassification.

Our methodis easyto implementandcanbeput on top of any
texturebasedvolumerenderingtechniquewithout thatthecoreim-
plementationneedsto be modified. However, a drawback com-
paredto commonaccelerationtechniquesis theadditionalamount
of memorywe needto generatethetexturerepresentation.On the
otherhand,becauseweentirelyavoid theuseof gradientmapscon-
siderablylesstexturememoryis neededin contrastto texturebased
volumerenderingtechniques.Furthermorewe cantake advantage
of all the benefitsthat areinherentto a softwarebasedray-caster,
i.e. opacity-weightedcolor interpolation,arbitrarylighting models,
early-rayterminationandaccuratedataresampling.

We are currently trying to further improve our approachwith
respectto the following issues.On theGeForce3we will take ad-
vantageof hardwareaccelerated3D texture mappingandwe will
investigatethespeed-updueto optimizedmemorytransferof com-
presseddepthvalues.In additionwewill acceleratetheray-casting
modulein two stages.First,wewill exploit memorycoherencesby
re-organizingthe datainto smallertiles that entirelyfit into cache
lines(see[23]). Second,wewill usetheSSEinstructionsetto opti-
mizenumericalcomputationsthathave to beperformedduringray
traversal,i.e. tri-linear interpolation.Overallweexpectanincrease
in performanceof abouta factorof 3 to 4 by meansof theseexten-
sions.
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Figure7: Volume rendering of example data sets using using different transfer functions.


