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Abstract

Thee is a wide range of devicesand scientific simulation generting volumetricdata. Visualizing sud data,
rangingfromregular datasetsto scatteeddata,is a challengingtask.

This coursewill give an introductionto the volumerenderingtransporttheory and the involvedissuessud as
interpolation, illumination, classificationand othess. Different volumerenderingtechniqueswill be presented
illustrating their fundamentafeatues and differencesas well as their limitations. Furthermoe, acceleation
techniqueswill bepresentedncluding pure softwae optimizationsaswell as utilizing specialpurposehardware
as\WolumePop but also dedicatechardware sud as polygongraphicssubsystems.

1. Intr oduction

Volumerenderingis a key technologywith increasingim-

portancefor the visualizationof 3D sampledcomputedor

modeleddatasetsThe taskis to displayvolumetricdataas
ameaningfultwo-dimensionalmagewhich revealsinsights
to the user In contrastto conventional computergraphics
whereone hasto dealwith surfaces,volume visualization
takes structuredor unstructured3D datawhich is the ren-
deredinto two-dimensionalmage.Dependingon the struc-
ture andtype of data,differentrenderingalgorithmscanbe
appliedand a variety of optimizationtechniquesare avail-

able.Within thesealgorithms,several renderingstagescan
beusedto achieve a variety of differentvisualizationresults
at differencost. Thesestagesmight changetheir orderfrom

algorithmto algorithmor might even not be usedby certain
approaches.

In the following section,we will give a generalntroduc-
tion to volumerenderingandthe involvedissues Section3
then presentsa schemeto classify different approacheso
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volumerenderingin cateyories.Accelerationtechniquedo
speedup therenderingprocessn section4. Section3 and4
areamodifiedversionof tutorial notesfrom R. Yagelwhich
we would like to thankfully acknavledge.

A side by side comparisorof the four mostcommonvol-
umerenderingalgorithmsis givenin section5. Specialpur-
posehardwareachieving interactive or real-timeframe-rates
is presentedn section6 while section7 focuseson applica-
tionsbasedon 3D texture mapping.Finally, we presenten-
deringtechniquesand approache$or volume datanot rep-
resenteabn rectilinearcartesiargrids but on curvilinearand
unstructuredyrids.

2. Volumerendering

Volume rendering differs from conventional computer
graphicsn mary waysbut alsosharesenderingtechniques
suchasshadingor blending Within thissectionwe will give
ashortintroductioninto thetypesof dataandwhereit origi-
natesrom. Furthermorewe presenthe principle of volume
rendering the differentrenderingstagesandthe issuesin-
volvedwheninterpolatingdataor color.

2.1. Volume data acquisition

Volumetric data can be computed,sampled,or modeled
andthereare mary different areaswhere volumetric data
is available. Medical imaging is one areawhere volumet-
ric datais frequently generatedlUsing different scanning
techniquesjnternalsof the humanbody can be acquired
usingMRI, CT, PET, or ultrasoundVolume renderingcan
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be appliedto color the usually scalardata and visualize
differentstructuregransparentsemi-transparentr opaque
and hence,can give useful insights. Different applications
evolved within this areasuch as cancerdetection,visual-
ization of aneurismssugical planning,andeven real-time
monitoringduringsumgery

Nondestructie materialtestingand rapid prototypingis
anotherexamplewherefrequentlyvolumetricdatais gener
ated.Here, the structureof an objectis of interestto either
verify the quality or to reproducehe objects.Industrial CT
scannerandultrasoundare mainly usedfor theseapplica-
tions.

The disadwantageof the above describedacquisitionde-
vices is the missing color information which needsto be
addedduring the visualizationprocesssince eachacquisi-
tion techniquegeneratescalarvaluesrepresentinglensity
(CT), oscillation(MRI), echoegultrasound)andothers For
educationapurposesvheredestructingthe original object
is acceptablepnecanslice the materialandtake imagesof
eachlayer This revealscolorinformationwhich sofar can-
not be capturedby otheracquisitiondevices. A well-knovn
exampleis the visible humanprojectwherethis technique
hasbeenappliedto amaleandafemalecadaer.

Microscopicanalysisis yet anotherapplicationfield of
volumerendering With confocalmicroscopesit is possible
to gethigh-resolutionoptical slicesof a microscopicobject
without having to disturbthe specimen.

Geoseismidatais probablyoneof the sourceshatgen-
erateghelargestjunk of data.Usually, at least1024 voxels
(1 GByteandmore)aregenerate@ndneedto bevisualized.
Themostcommonapplicationfield is oil explorationwhere
the costscanbe tremendouslyeducedby finding the right
locationwhereto drill thewhole.

Anotherlarge sourceof volumetricdatais physicalsim-
ulationswherefluid dynamicsare simulated.This is often
doneusing particlesor samplepoints which move around
following physical laws resulting in unstructuredpoints.
Thesepointscaneitherbe visualizeddirectly or resampled
into ary grid structurepossiblysacrificingquality.

Besidesll theabore mentionedareastherearemary oth-
ers.For furtherreadingwe recommend?.

2.2. Grid structures

Dependingpnthe sourcewherevolumetricdatacomesfrom
it mightbegivenasa cartesianectilineargrid, or asacurvi-
linear grid, or maybeeven completelyunstructuredWhile
scanningdevicesmostlygenerateectilineargrids (isotropic
or anisotropic),physical simulationsmostly generateun-
structureddata.Figurel illustratesthesedifferentgrid types
for the 2D case For thedifferentgrid structuredifferental-
gorithmscanbeuseduo visualizethevolumetricdata Within
the next sectionswe will focuson rectilineargrids before
presentingapproache$or the othergrid typesin section8.

(@) (b) (c)

Figure 1: Differentgrid structues: Rectilinear(a), curvilin-
ear (b), andunstructued (c).

2.3. Absorption and emission

In contrasto corventionalcomputergraphicswhereobjects
arerepresentedssurfaceswith materialpropertiesyolume
renderingdoesnot directly dealwith surfaceseven though
surfacescan be extractedfrom volumetric datain a pre-
processingtep.

Eachelemenbf thevolumetricdata(voxel) canemitlight
aswell asabsorbight. Theemissiorof light canbequitedif-
ferentdependingpnthemodelused..e.,onecanimplement
modelswherevoxels simply emit their own light or where
they additionally realize single scatteringor even multiple
scattering.Dependingon the model used,differentvisual-
izationeffectscanberealized Generally scatterings much
more costly to realizethan a simple emissionand absorp-
tion model, one of the reasonswhy they are hardly used
in interactve or real-timeapplications While the emission
determineghe color and intensity a voxel is emitting, the
absorptioncan be expressedas opacity of a voxel. Only a
certainamountof light will bepassedhrougha voxel which
canbeexpressedy 1— opacty andis usuallyreferredto as
thetransparengcof avoxel.

The parametersof the emission (color and inten-
sity) as well as the parametersof the absorption(opac-
ity/transpareng) canbe specifiedon a pervoxel-valuebase
using classification.This is describedn more detail in the
following section.For different optical modelsfor volume
renderingreferto ©6.

2.4. Classification

Classificatiorenableghe userto find structureswithin vol-

umedatawithout explicitly definingthe shapeandextentof

thatstructure It allows the userto seeinside an objectand
explore its inside structureinsteadof only visualizing the
surfaceof that structureas donein corventionalcomputer
graphics.

In the classificatiorstage certainpropertiesareassigned
to asamplesuchascolor, opacity andothermaterialproper
ties. Also shadingparameteréndicatinghow shiry a struc-
tureshouldappearcanbeassignedTheassignmentf opac-
ity to a samplecanbe a very complex operationand hasa
major impacton the final 2D imagegeneratedin orderto
assignthesematerialpropertiesit is usually helpful to use
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histogramsllustratingthedistribution of voxel valuesacross
thedataset.

Theactualassignmenof color, opacity andotherproper
tiescanbebasedon the samplevalue only but othervalues
canbeaswell takenasinput parametersUsingthe gradient
magnitudeasfurtherinput parametersamplesithin homo-
geneousspacecan be interpreteddifferently thanthe ones
with heterogeneouspace.This is a powerful techniquein
geoseismiadatawherethe scalarvaluesonly changenotice-
ably in betweerdifferentlayersin theground.

2.5. Segmentation

Empaveringtheuserto seea certainstructureusingclassifi-
cationis notalwayspossible A structurecanbesomeorgan
or tissuebut is representedsa simple scalarvalue. When
looking at volumetricdataacquiredwith a CT scannerdif-
ferenttypesof tissuewill resultin samedensityvaluesdue
to the natureof CT. Therefore,no classificationof density
valuescanbefoundsuchthatstructuresvhich similarly ab-
sorbX-rayscouldbe separatedTo separatesuchstructures,
they needto be labeledor sggmentedsuchthatthey canbe
differentiatedrom eachother Dependingontheacquisition
methodand the scannedbdbject, it canbe relatively easily
hard, or evenimpossibleto segmentsomeof the structures
automatically Most algorithmsare semi-automatior opti-
mizedfor sggmentinga specificstructure.

Oncea volumetric dataseis segmented for eachsegment
a certainclassificationcan be assignedand appliedduring
rendering.

2.6. Shading

Shadingor illumination referto awell-know techniquaused
in corventionalcomputemgraphicgo greatlyenhanceheap-
pearancef ageometricobjectthatis beingrenderedShad-
ing triesto modeleffectslik e shadavs, light scatteringand
absorptionin the real world when light falls on an object.
Shadingcanbe classifiedinto global methodsdirect meth-
ods,andlocalmethodsWhile globalillumination computes
the light being exchangedbetweenall objects,direct illu-
mination only accountsfor the light the directly falls onto
anobject.Unfortunately both methodsdependon the com-
plexity of the objectsto be renderecandare usuallynotin-
teractve. Therefore the local illumination methodhasbeen
widely used.Figure2 shavs a skull renderedvith local and
with directillumination. While directillumination takesinto
accounthow muchlight is presentat eachsample(figure
2(b)), local illumination is much cheaperto computebut
still achieves reasonablémage quality (figure 2(a)). Local
illumination consistsof an ambient,a diffuseand a specu-
lar componentWhile ambientcomponentis available ev-
erywherethediffusecomponentanbecomputedusingthe
anglebetweerthenormalvectoratthegivenlocationandthe
vectorto thelight. The specularcomponentiependn the
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Figure 2: Comparisonof shading: Local illumination (a)
anddirectillumination (b).

angleto thelight andthe angleto theeye position.All three
componentsanbecombinedby weightingeachof themdif-

ferentlyusingmaterialpropertiesWhile tissueis lesslikely
to have speculacomponentsteethmight reflectmorelight.

Figure3 shavs a skull without andwith shading.

(@) (b)

Figure 3: Comparisorof shading:No shading(a) andlocal
shading(b).

For furtherreadingreferto 6% 66,

2.7. Gradient computation

As mentionedn the previous section,a hormalis required
to be ableto integrateshadingeffects. However, volumetric
dataitself doesnotexplicitly consistof surfaceswith associ-
atednormalsbut of sampleddatabeingavailableon grid po-
sitions.Thisgrid of scalavaluescanbeconsidere@sagrey
level volumeandseveral techniqueshave beeninvestigated
in the pastto computegrey-level gradientdrom volumetric
data.

A frequentlyusedgradientoperatoris the centraldiffer-
enceoperator For eachdimensionof the volume, the cen-
tral differenceof the two neighbouringvoxels is computed
which givesanapproximatiorof thelocal changeof thegray
value.It canbewrittenasGradientxyz=[—-1 0 1].Gen-
erally, the centraldifferenceoperatoris not the necessarily
thebestonebut very cheapto computesinceit requiresonly
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six voxelsandthreesubtractionsA disadwantageof thecen-
tral differenceoperatotis thatit producesanisotropicgradi-
ents.

Theintermediatalifferenceoperatoiis similarto thecen-
tral differenceoperatorbut hasa smallerkernel. It canbe
written as Gradientxy,z = [-1 1]. The adwantageof this
operatoiis thatit detectshigh frequenciesvhich canbelost
whenusingthe centraldifferenceoperator However, when
flipping the orientationa differentgradientis computedfor
the identical voxel positionwhich cancauseundesiredef-
fects.

A much better gradientoperatoris the Sobel operator
which usesall 26 voxels that surroundonevoxel. This gra-
dient operatorwas developedfor 2D imaging but volume
renderingborravs mary techniquesrom imageprocessing
andthe Sobeloperatorcaneasilybe extendedo 3D. A nice
propertyof this operatoris thatit producesearlyisotropic
gradientsout it is fairly complex to computeb?,

2.8. Compositing

All samplesakenduringrenderingneedto becombinednto

a final imagewhich meansthat for eachpixel of theimage
we needto combinethe color of the contributing samples.
This canbe donein randomorderif only opaquesamples
areinvolved but sincewe dealwith semi-transparendata,
the blendingneedsto be performedin sortedorderwhich

canbe accomplishedn two ways: Frontto backor backto

front. For front to back,thediscreteray castingintegral can
thenbewritten as:

Trans 1.0; - full
I nten 1[0]; initial value
for (i=0; i<n; i++) {

Trans *= T[i-1];

Inten += Trans * I[i];

}

The adwantageis that the computationcan be terminated
oncethe transparengcreachesa certainthresholdwhereno
furthercontritution will be noticeablej.e. 0.01.

For backto front, compositingis muchlesswork since
we do not needto keeptrackof theremainingtransparengc
However, thenall sampleseedto beprocesseandno early
terminationcriteriacanbeexploited:

Inten = 1[0]; initial value
for (i=0; i<n; i++) {

Inten = Inten + T[i] * I[i];
}

Insteadof accumulatinghe color for eachpixel over all
samplesusingthe above describedlendingoperationspne
can choseother operators.Another famousoperatorsim-
ply takes the maximumdensity value of all samplesof a
pixel, knovn asmaximumintensityprojection(MIP). Thisis
mostly usedin medicalapplicationsdealingwith MRI data

(magneticresonancengiography)visualizing arteriesthat
have beenacquiredusingcontrasiagents.

Figure4: Compositingopemtors: Blendingshadedsamples
of skull (a) and arteries(c) and maximumintensityprojec-
tion of skull (b) andarteries(d).

2.9. Filtering

Mary volumerenderingalgorithmsresamplehe volumetric
datain a certainway usingrays, planes,or randomsample
points. Thesesamplepointsseldomlycoincidewith the ac-
tual grid positionsand requirethe interpolationof a value
basedn the neighbouringvaluesatgrid position.

TherearenumeroudlifferentinterpolationrmethodsEach
of themis controlledby aninterpolationkernel. The shape
of the interpolationkernel providesthe coeficients for the
weighted interpolation sum. Interpolation kernels can be
thoughtof asoverlays.Whena value needsto be interpo-
lated,the kernelis placedonto of the neighbouringvalues.
Thekernelis centeredat the interpolationpoint and every-
wheretheinterpolationkernelintersectswith thevoxels,the
valuesaremultiplied. Onedimensionalnterpolationkernels
canbe appliedto interpolatein two, three,and even more
dimensionsf the kernelis separableAll of the following
interpolationkernelsareseparable.

The nearestneighbourinterpolationmethodis the sim-
plest and crudestmethod. The value of the closestof all
neighbouringroxel valuesis assignedo the sample Hence,
it is more a selectionthan a real implementation.There-
fore, whenusingnearesheighboutinterpolation theimage
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quality is fairly low andwhenusingmagnificationa blobby
structureappears.

Trilinear interpolationassumes linear relation between
neighbouringroxelsandit is separableThereforejt canbe
decomposethto sevenlinearinterpolationsTheachiezable
image quality is much higher thanwith nearesmneighbour
interpolation However, whenusinglarge magnificationfac-
tors,threedimensionatliamondstructurer crossesappear
dueto the natureof thetrilinear kernel.

Betterquality canbe achieved usingevenhigherorderin-
terpolationmethodssuchas cubic convolution or B-spline
interpolation.However, thereis a trade-of betweenquality
andcomputationatostaswell asmemorybandwidth. These
filtersrequireaneighbourhooaf 64 voxelsandasignificant
largeramountof computationshantrilinearinterpolation.lt
dependon the applicationandthe requirementsvhich in-
terpolationschemeshouldbe used.

2.10. Color filtering

The previously mentionedtechniquescan be performedin
differentorderresultingin differentimagequality aswell as
beingproneto certainartifacts.Interpolationof scalarvalues
is usually proneto aliasingsincedependingon the classifi-
cationused high frequeng detailsmight be missed Onthe
otherside,colorinterpolationby the meansof classification
andshadingof availablevoxel valuesandinterpolationof the
resultingcolor valuesis proneto color bleedingwheninter-
polatingcolor anda-valueindependentrom eachother119,
A simpleexampleof thisis bonesurroundedy fleshwhere
theboneis classifiedopaquenhite andthefleshis transpar
entbut red. Whensamplingthis color volumeoneneedsto
chosethe appropriaténterpolationschemeSimply interpo-
lating the neighbouringcolor and opacity valuesresultsin
colorbleedingasillustratedin figure5. To obtainthecorrect

Figure 5: Color bleeding: Independentinterpolation of
color and opacity values(left) and opacity weightedcolor
interpolation(right).

colorandopacity oneneedgo mulitply eachcolor with the
correspondingpacity value beforeinterpolatingthe color.
While it caneasilybe noticedin figure 5 dueto the chosen
colorschemeit is lessobviousin monochromémages.
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Figure6 illustratesanotherexamplewheredarlkeningar-
tifactscanbe noticed.This exampleis a volumetricdataset

Figure 6: Darkening and aliasing: Independentinterpola-
tion of color and opacityvalues(left) and opacityweighted
color interpolation(right).

from image basedrenderingthat originatesas color (red,
greenandblue)ateachgrid position.Thereforejt illustrates
whatwould happerwhenvisualizingthevisible humanwith

andwithout opacity weightedcolor interpolation.The arti-

factsarequite severeanddisturbing.

2.11. Summary

Within this sectionwe providedanoverview of thedifferent
typesof gridsaswell assource®of volumedata.Usingclas-
sification, gradient estimation,shading,and compositing,
extremlydifferentvisualizatiorresultscanbeachieved. Also
the selectionof the filter usedto interpolatedataor color
hasastronginfluenceontheresultingimage.Thereforepne
hasto carefullychooselependingntheapplicatiorrequire-
mentswhich of thedescribedechniqueschemeshouldbe
integratedandwhich interpolationschemeused.

3. Volume Viewing Algorithms

The task of the renderingprocessis to display the primi-

tivesusedto representhe 3D volumetric sceneonto a 2D

screenRenderings composedf a viewing processwhich

is the subjectof this section,andthe shadingprocessThe
projectionprocesdeterminesfor eachscreernpixel, which

objectsareseenrby thesightray castfrom this pixel into the
scene.The viewing algorithmis heaily dependenbn the
displayprimitivesusedto representhevolumeandwhether
volumerenderingor surfacerenderingare emplo/ed. Con-
ventionalviewing algorithmsand graphicsenginescan be
utilizedto displaygeometrigrimitives,typically emplo/ing

surfacerenderingHowever, whenvolumeprimitivesaredis-
playeddirectly, a specialvolumeviewing algorithmshould
be emplo/ed. This algorithmshouldcapturethe contentsof

thevoxelsonthesurfaceaswell astheinsideof thevolumet-
ric objectbeingvisualized.This sectionsurveys and com-
parespreviouswork in thefield of directvolumeviewing.



Meil3neretal. / VolumeRendering

3.1. Intr oduction

Thesimplestway to implementviewing is to traverseall the
volume regarding eachvoxel as a 3D point that is trans-
formed by the viewing matrix and then projectedonto a
Z-buffer and dravn onto the screen.Some methodshave

beensuggestedn orderto reducethe amountof computa-
tions neededn the transformatiorby exploiting the spatial
cohereng betweenvoxels. Thesemethodsaredescribedn

moredetailsin Section4.1.

Theback-to-front(BTF) algorithmis essentialljthesame
asthe Z-buffer methodwith one exceptionthatis basedon
the obsenationthatthe voxel arrayis presortedn afashion
thatallows scanningf its componenin anorderof decreas-
ing or increasinglistancerom the obserer. Exploiting this
presortednessf the voxel arrays traversalof thevolumein
the BTF algorithmis donein orderof decreasinglistanceto
the obserer. This avoidsthe needfor a Z-buffer for hidden
voxel removal considerationby applyingthe painters algo-
rithm by simply drawing the currentvoxel on top of previ-
ouslydrawvn voxelsor by compositinghecurrentvoxel with
thescreervalue?4,

Thefront-to-back(FTB) algorithmis essentialljthesame
asBTF only thatnow the voxels aretraversedin increasing
distanceorder Front-to-backhasthe potentialof amoreef-
ficientimplementatiorby emplg/ing a dynamicdatastruc-
ture for screernrepresentatiofi” in which only un-lit pixels
are processedand newly-lit pixels are efficiently removed
from the datastructure.t shouldbe obsened thatwhile in
thebasicZ-buffer methodit is impossibleto supportheren-
dition semi-transparemhaterialssincevoxelsaremappedo
thescreerin arbitraryorder Compositings basednacom-
putationthat simulatesthe passag®f light throughseveral
materials.In this computatiorthe orderof materialsis cru-
cial. Therefore transluceng caneasily be realizedin both
BTF andFTB in which objectsaremappedo the screenn
theorderin whichthelight traverseghescene.

Anothermethodof volumetricprojectionis basedon first
transformingeachslice from voxel-spaceo pixel-spaceus-
ing 3D affine transformation(shearing)339.52 and then
projecting it to the screenin a FTB fashion, blending it
with the projectionformedby previousslices?2. Sheatwarp
rendering? is currently the fastestsoftware algorithm. It
achieres1.1 Hz on a single150MHz R4400processofor a
256x 256 225 volumewith 65 secondf pre-processing
time 51, However, the 2D interpolationmay lead to alias-
ing artifactsif thevoxel valuesor opacitiescontainhigh fre-
queny componentsO.

Westover 107 108 hasintroducedthe splattingtechniquen
which eachvoxel is transformednto screenspaceandthen
shadedBlurring, basedn 2D lookuptablesis performedo
obtaina setof points(footprint) that spreadshe voxels en-
ey acrosamultiple pixels. Thesearethencompositedvith
theimagearray Sobierajskietal. have described* a simpli-
fied splattingfor interactive volumeviewing in which only

voxels comprisingthe objects surfacearemaintained Ren-
deringis basedon the usageof a powerful transformation
enginethatis fed with multiple pointspervoxel. Additional

speedujis gainedby culling voxelsthathave anormalpoint-

ing away from the obserer and by adaptve refinementof

imagequality.

The ray castingalgorithmcastsa ray from eachpixel on
thescreerinto thevolumedataalongtheviewing vectorun-
til it accumulatesinopaquevalue# 9910056 | eyoy 5957 has
usedthetermray tracingof volumedatato referto ray cast-
ing and compositingof even-spacedamplesalongthe pri-
mary viewing rays. However, more recently ray tracingis
referredto as the processwherereflectedand transmitted
raysaretraced,while ray castingsolely considersprimary
rays,andhencedoesnot aim for “photorealistic’imaging.
Rayscanbetracedthroughavolumeof coloraswell asdata.
Ray castinghasbeenappliedto volumetricdatasetssuchas
thosearisingin biomedicalimagingandscientificvisualiza-
tion applicationge.g.,22 100),

We now turn to classify and compareexisting volume
viewing algorithms.In section4 we suney recentadvances
in acceleratiortechniquegor forwardviewing (sectiord.1),
backward viewing (section4.2) and hybrid viewing (sec-
tion 4.3).

3.2. Classificationof Volume Viewing Methods

Projectionmethodsdiffer in several aspectswhich canbe
usedfor atheir classificatiorin variousways.First, we have
to obsere whetherthe algorithmtraversesthe volume and
projectsits component®ntothescreerncalledalsoforward,
object-orderor voxel-spaceprojection)?4 10729 doesit tra-
versethepixelsandsolve thevisibility problemfor eachone
by shootinga sightray into the sceng(calledalsobackward,
image-orderor pixel-spaceprojection)46 54 88 99,100 120 124
or doesit performsomekind of ahybrid traversato 100 52,50,

Volume renderingalgorithms can also be classifiedac-
cordingto the partial voxel occupang they support.Some
algorithms86 35 87,99, 125 124 agsymeuniform (binary) occu-
pang, thatis, avoxel is eitherfully occupiedoy someobject
orit is devoid of ary objectpresenceln contrastto uniform
voxel occupang, methodsasedn partialvoxel occupang
utilize intermediatevoxel valuesto represenpartial voxel
occupang by objectsof homogeneousnaterial. This pro-
videsamechanisnior thedisplayof objectsthataresmaller
thantheacquisitiongrid or thatarenotalignedwith it. Partial
volumeoccupang canbe usedto estimateoccupang frac-
tions for eachof a setof materialsthat might be presentn
avoxel 22, Partial volumeoccupang is alsoassumedavhen-
ever gray-level gradient3 is usedasa measurdor the sur
faceinclination.Thatis, voxel valuesin theneighborhooaf
asurfacevoxel areassumedo reflecttherelative averageof
thevarioussurfacetypesin them.

Volumerenderingmethoddiffer alsoin theway they re-
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gardthe materialof the voxels. Somemethodsegardedall

materialsas opaque?’. 22 37,87, 98 99 while othersallow each
voxel to have an opacity attribute 22 54 88100 107,120 124 52,

Supporting variable opacities models the appearanceof

semi-transparerjello andrequirescompositionof multiple
voxelsalongeachsightray.

Yetanotheraspecbf distinctionbetweernrenderingneth-
ods is the numberof materialsthey support.Early meth-
ods supportedscenesconsisting of binary-valued voxels
while more recentmethodsusually support multi-valued
voxels. In the first caseobjectsare representedy occu-
pied voxels while the backgroundis representedy void
voxels 24 3587.99_|n the latter approachmulti-valued vox-
elsareusedto represenbbjectsof non-homogeneousate-
rial 27.36.98_|t shouldbe obsered thatgiven a setof voxels
having multiple valueswe can either regard them as fully
occupiedvoxels of variousmaterials(i.e., eachvaluerepre-
sentaadifferentmaterial)or we canregardthevoxel valueas
anindicatorof partialoccupanyg by a singlematerial,how-
ever we cannot have both.In orderto overcomethis limita-
tion, someresearcheradoptthe multiple-materialapproach
asabasisfor aclassificatiorprocesghatattaches material-
label to eachvoxel. Onceeachvoxel hasa materiallabel,
theseresearchersegardthe original voxel valuesaspatrtial
occupany indicatorsfor the labeledmaterial?2.

Finally, volumerenderingalgorithmscanalso be classi-
fied accordingto whetherthey assumeonstanwalueacross
the voxel extent46 or do they assumetrilinear) variationof
thevoxel valué“.

A severe problemin the voxel-spaceprojectionis thatat
someviewing points, holesmight appearin the scene.To
solve this problem one can regard eachvoxel in our im-
plementatiorasa group of points (dependingon the view-
point) % or maintaina ratio of 1 : /3 betweena voxel a
pixel 13. Another solution is basedon a hybrid of voxel-
spaceandpixel-spaceprojectiongthatis basedn traversing
thevolumein a BTF fashionbut computingpixel colorsby
intersectingthe voxel with a scanline (plane)andthenin-
tegrating the colorsin the resultingpolygon 190, Sincethis
computatioris relatively time consumingt is moresuitable
to small datasetslt is alsopossibleto apply to eachvoxel
a blurring functionto obtaina 2D footprint that spreadshe
sample$ enegy onto multiple imagepixels which are lat-
ter composednto the image%, A major disadwantagein
the splattingapproachis that it tendsto blur the edgesof
objectsandreducetheimagecontrastAnotherdeficieny in
thevoxel-spacerojectionmethods thatit musttraverseand
projectall thevoxelsin thesceneSobierajsketal. have sug-
gestedthe useof a normalbasedculling in orderto reduce
(possiblyby half) theamountof processedoxels 9. Onthe
otherhand,sincevoxel-spaceprojectionoperatesn object-
spacejt is mostsuitableto variousparallelizationschemes
basedn objectspacesubdiision 28 79.107,

The main disadantagesof the pixel-spaceprojection
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schemarealiasing(speciallywhenassuminginiformvalue
across/oxel extent)andthedifficulty to parallelizeit. While
the computationinvolved in tracingrayscanbe performed
in parallel,memorybecomeghe bottleneck Sinceraystra-
versethevolumein arbitrarydirectionst seemgo benoway
to distribute voxels betweenmemorymodulesto guarantee
contentiorfreeaccessd.

Before presentinga side by side comparisorof the four
most popularvolume renderingalgorithms,we will intro-
ducegeneralacceleratiortechniqueghat canbe appliedto
forwardandbackward viewing algorithms.

4. Acceleration Techniques

Either forward projectionor backward projectionrequires
the scanningof the volume buffer which is a large buffer
of size proportionalto the cubic of the resolution.Con-
sequently volume renderingalgorithmscan be very time-
consumingalgorithms.This sectionfocuseson techniques
for expeditingthesealgorithms.

4.1. Expediting Forward Viewing

The Z-buffer projection algorithm, although surprisingly
simple,is inherentlyvery inefficient andwhen naively im-

plemented produceslow quality images.The inefficiency

attribute of this methodis rootedin the N3 vectorby-matrix
multiplicationsit calculatesand the N% accesseso the Z-

buffer it requires.Inferior image quality is causedby this
methods inability to supportcompositingof semitranspar
ent materials,due to the arbitrary order in which voxels
aretransformedln addition, transforminga setof discrete
pointsis asourcefor varioussamplingartifactssuchasholes
andjaggies.

Somemethodshave beensuggestedo reducethe amount
of computationsieededor thetransformatiorby exploiting
the spatial cohereng betweenvoxels. Thesemethodsare:
recursve “divide and conquer”2% 69, pre-calculatedables
24 andincrementatransformatiorf4 ©s.

Thefirst methodexploits cohereng in voxel spaceby rep-
resentinghe 3D volumeby anoctree A groupof neighbor
ing voxels having the samevalue(or similar, up to athresh-
old value) may, undersomerestrictions,be groupedinto a
uniform cubic subvolume. This aggregateof voxels canbe
transformedandrenderedasa uniform unit insteadof pro-
cessingeachof its voxels.In addition,sinceeachoctreenode
haseight equally-sizedbctants given the transformatiorof
the parentnode the transformatiorof its sub-octantganbe
efficiently computed This methodrequires,n 3D, threedi-
visionsandsix additionsper coordinatetransformation.

Thetable-driventransformatiormethod?4 is basecbnthe
obsenation that volume transformationinvolves the multi-
plication of the matrix elementswith integer valueswhich
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arealwaysin therange[1...N] whereN is thevolumereso-
lution. Therefore jn ashortpreprocessingtageeachmatrix

elementt;; is storedin tabletab;;[N] suchthattab;[k] =

tij x k,1 < k < N. During the transformatiorstage coordi-
nate by matrix multiplication is replacedby table lookup.
This methodrequires,in 3D, nine table lookup operations
andnine additions,percoordinateransformation.

Finally, the incrementaltransformationrmethodis based
on the obsenration thatthe transformatiorof a voxel canbe
incrementallycomputedjiventhe transformedrectorof the
voxel. To begin the incrementalprocesswe needone ma-
trix by vector multiplication to computethe updatedposi-
tion of the first grid point. The remaininggrid points are
incrementallytransformedrequiringthreeadditionsper co-
ordinate.However, to employ this approachall volumeel-
ementsjncluding the empty ones,have to be transformed.
This approachis thereforemore suitableto parallel archi-
tecturewhereit is desiredto keepthe computatiorpipeline
busy5.

Sofarwe have beenlookingatmethodghatease¢hecom-
putation burden associatedvith the transformation.How-
ever, consultingthe Z-buffer N? timesis also a sourceof
significantslow down. The back-to-front(BTF) algorithmis
essentialljthe sameasthe Z-buffer methodwith oneexcep-
tion the orderin which voxelsarescannedlt is basednthe
obsenration that the voxel arrayis spatially presorted This
attribute allows the rendereito scanthe volumein anorder
of decreasinglistancefrom the obsenrer. By exploiting this
presortednessf the voxel arrays,onecandrav thevolume
in a back-to-frontorder thatis, in orderof decreasinglis-
tanceto the obserer. This avoidsthe needfor a Z-buffer for
hiddenvoxel removal by applying the painters algorithm.
Thatis, the currentvoxel is simply dravn on top of previ-
ouslydrawn voxels.If compositings performedthecurrent
voxel is compositedvith thescreenvalue?3 24, Thefront-to-
back (FTB) algorithmis essentiallythe sameasBTF, only
that now the voxels aretraversedin increasingdistanceor-
der

As mentionechbore in thebasicZ-buffer methodit isim-
possibleto supportthe renditionof semitransparemateri-
als becausevoxels are mappedo the screenin an arbitrary
order In contrasttransluceng caneasilyberealizedin both
BTF andFTB becausén thesemethodsobjectsaremapped
to the screerin viewing order

Anotherapproacho forward projectionis basedon first
transforminghevolumefrom voxel-spaceo pixel-spaceoy
emplgying a decompositiorof the 3D affine transformation
into five 1D shearingtransformations®3. Then, the trans-
formedvoxel is projectedonto the screenin an FTB order
which supportsthe blendingof voxels with the projection
formedby previous (farther)voxels22. Themajoradwantage
of this approachis its ability (usingsimple averagingtech-
nigues)to overcomesomeof thesamplingproblemscausing
the productionof low quality images.In addition, this ap-

proachreplaceshe 3D transformatiorby five 1D transfor
mationswhich requireonly onefloating-pointadditioneach.

Anothersolutionto theimagequality problemmentioned
above is splatting 198, in which eachvoxel is transformed
into screerspaceandthenit is shadedBlurring, basedn 2D
lookuptables,s performedo obtaina setof points(acloud)
thatspreadshe voxel’s enegy acrosamultiple pixelscalled
footprint. Theseare thencompositedwith theimagearray
However this algorithmwhich requiresextensie filtering is
time consuming.

Sobierajskiet al. have describecP* a simplified approxi-
mationto the splattingmethodfor interactive volumeview-
ing in which only voxels comprisingthe object’s surfaceare
maintained Eachvoxel is representetyy several 3D points
(a 3D footprint). Renderings basedon the usageof a con-
temporarygeometryenginethatis fed with thosemultiple
points per voxel. Additional speedupis gainedby culling
voxelsthathave a normalpointing away from the obsenrer.
Finally, adaptve refinementof image quality is also sup-
ported:whenthe volumeis manipulatedonly one point per
voxel is renderedinteractvely producinga low quality im-
age.When the volume remainsstationaryand unchanged,
for someshortperiod,therenderingsystemrendershe rest
of the pointsto increasémagequality.

Another efficient implementationof the splatting algo-
rithm, called hierarchicalsplatting53 usesa pyramid data
structureto hold a multiresolutionrepresentationf the vol-
ume.For volumeof N2 resolutionthe pyramid datastructure
consistsof a sequencef logN volumes.The first volume
containgheoriginaldatasetthenext volumein thesequence
is half the resolutionof the previous one.Eachof its voxels
containsthe averageof eightvoxelsin the higherresolution
volume. Accordingto the desiredimagequality, this algo-
rithm scansthe appropriatelevel of the pyramidin a BTF
order Eachelementis splattedusingthe appropriatesized
splat. The splatsthemseles are approximatedy polygons
which canefficiently berenderedy graphicshardvare.

4.2. Expediting Backward Viewing

Backward viewing of volumes,basedon castingrays, has
threemajor variations: parallel (orthographic)ray casting,
perspectie ray casting,and ray tracing. The first two are
variationsof ray casting,in which only primary rays, that
is, rays from the eye through the screen,are followed.
Thesetwo methodshave beenwidely appliedto volumet-
ric datasetssuchasthosearisingin biomedicalimagingand
scientificvisualizationapplicationge.g.,%2 100), Levoy 5758
hasusedthe termray tracingof volumedatato referto ray
castingand compositingof even-spacedamplesalongthe
primaryviewing rays.

Ray castingcanfurtherbedividedinto methodsthatsup-
port only parallel viewing, that is, when the eye is at in-
finity andall rays are parallelto one viewing vector This
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viewing schemas usedin applicationghatcouldnot bene-
fit from perspectie distortionsuchasbiomedicine Alterna-
tively, ray castingcanbe implementedo supportalsoper
spectve viewing.

Sinceray castingfollows only primary rays, it doesnot
directly supportthe simulationof light phenomenauchas
reflection,shadavs, andrefraction.As analternatve, Yagel
etal. have developedthe 3D rasterray tracer(RRT) 122 that
recursvely considershoth primary and secondaryaysand
thuscancreate'photorealistic’images|t exploits the voxel
representatiofor theuniformrepresentatioandraytracing
of sampledand computedvolumetric datasetstraditional
geometricscenespr intermixingthereof.

The examinationof existing methodgfor speedingip the
processof ray castingreveals that most of them rely on
oneor moreof thefollowing principles:(1) pixel-spaceco-
hereng (2) object-space&ohereng (3) inter-ray cohereng
and(4) space-leaping.

We now turnto describeeachof thosein moredetail.

1. Pixel-spacecoherency: Thereis a high cohereng be-
tweenpixels in image space.Thatis, it is highly prob-
able that betweentwo pixels having identical or similar
colorwe will find anotherpixel having the same(or sim-
ilar) color. Thereforeit is obsered thatit might be the
casethatwe couldavoid sendingaray for suchobviously
identicalpixels.

2. Object-spacecoherency: The extension of the pixel-
spacecohereng to 3D statesthat thereis cohereng be-
tweenvoxelsin objectspaceThereforejt is obseredthat
it shouldbe possibleto avoid samplingin 3D regionshav-
ing uniform or similar values.

3. Inter-ray coherency: Thereis a greatdealof cohereng
betweerraysin parallelviewing, thatis, all rays,although
having differentorigin, have the sameslope. Therefore,
thesetof stepsheseraystake whentraversingthevolume
aresimilar. We exploit this cohereng soasto avoid the
computatiorinvolvedin navigatingtheray throughvoxel
space.

4. Space-leaping: The passagef aray throughthevolume
is two phasediIn thefirst phasetheray advanceshrough
the empty spacesearchingfor an object. In the second
phasethe ray integratescolors and opacitiesasit pene-
tratesthe object (in the caseof multiple or concae ob-
jectsthesetwo phasesanrepeat) Commonly thesecond
phaseinvolvesoneor a few steps,dependingon the ob-
ject’s opacity Sincethe passagef emptyspacedoesnot
contritute to the final imageit is obsered that skipping
the emptyspacecould provide significantspeedup with-
outaffectingimagequality.

The adaptve image supersamplingexploits the pixel-
spacecohereny. It wasoriginally developedfor traditional
ray-tracing? and later adaptedto volume rendering57 €0
First, raysare castfrom only a subsetof the screenpixels
(e.g., every other pixel). “Empty pixels” residingbetween
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pixelswith similar valueareassignedininterpolatedvalue.
In areasof high imagegradientadditionalrays are castto
resole ambiguities.

Van Walsum et al. 194 have usedthe voxel-spaceco-
hereng. In his methodthe ray startssamplingthe volume
in low frequeng (i.e., large stepsbetweensamplepoints).
If alarge value differenceis encounteredetweentwo ad-
jacentsamplesadditionalsamplesare taken betweenthem
to resole ambiguitiesin thesehigh frequeng regions.Re-
cently this basicideawas extendedto efficiently lower the
samplingratein eitherareasvhereonly smallcontritutions
of opacitiesaremade,or in regionswherethevolumeis ho-
mogeneou®’. Thismethodefficiently detectsegionsof low
presenceor low variation by emplgying a pyramid of vol-
umesthat decodethe minimum and maximumvoxel value
in a small neighborhoodas well as the distancebetween
thesemeasures.

The template-basednethod 122124 ytilizes the inter-ray
cohereng. Observingthat,in parallelviewing, all rayshave
thesameform it wasrealizedthatthereis no needto reacti-
vatethediscretdine algorithmfor eachray. Insteadwe can
computetheform of theray onceandstoreit in adatastruc-
ture calledray-templateAll rayscanthenbe generatedy
following the ray template The rays,however, differ in the
exactpositioningof the appropriateportion of thetemplate,
anoperatiorthathasto be performedvery carefully For this
purposea planethatis parallelto oneof thevolumefacess
choserto sene asa base-plandor the templateplacement.
Theimageis projecteda by sliding the templatealongthat
plane emitting a ray at eachof its pixels. This placement
guaranteesompleteanduniform tessellatiorof thevolume.
Theregularityandsimplicity of thisefficientalgorithmmake
it very attractve for hardwareimplementatiori21.

So far we have seenmethodsthat exploit sometype of
cohereng to expeditevolumetricray casting.However, the
mostprolific andeffective branchof volumerenderingaccel-
erationtechniquednvolvetheutilization of thefourth princi-
ple mentionedabore — speedingip ray castingby providing
efficientmeango traversethe emptyspace.

The hierarchicakepresentatiofe.g.,octree)decomposes
the volumeinto uniform regionsthatcanbe representethy
nodesn ahierarchicabatastructure An adjustedaytraver-
salalgorithmskipsthe (uniform) emptyspaceby maneuer-
ing throughthe hierarchicaldatastructure®. 8. It wasalso
obseredthattraversingthe hierarchicadatastructureis in-
efficient comparedo the traversalof regular grids. A com-
binationof theadwantage®f bothrepresentationis the uni-
form buffer. The “uniformity information” decodedby the
octreecanbestoredn theemptyspaceof aregular3D raster
Thatis, voxels in the uniform buffer containeither a data
value or informationindicatingto which size empty octant
they belong.Rayswhich arecastinto the volumeencounter
eithera datavoxel, or a voxel containing“uniformity infor-
mation” which instructsthe ray to performa leap forward
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thatbringsit to thefirst voxel beyondthe uniform region 16.

This approachsavesthe needto perform a tree searchfor

theappropriatseighbor—anoperatiorthatis themosttime

consumingand the major disadwantagein the hierarchical
datastructure.

When a volume consistsof one object surroundedby
empty space,a commonand simple methodto skip most
of this empty spaceusesthe well knowvn technique of
bounding-bogs. The objectis surroundedby a tightly fit
box (or othereasy-to-interseabbjectsuchassphere) Rays
areintersectedvith the boundingobjectand starttheir ac-
tualvolumetraversalfrom this intersectiorpointasopposed
to startingfrom the volumeboundary The PARC (Polygon
AssistedRay Casting)approact? strivesto have a betterfit
by allowing a convex polyhedralenvelopeto be constructed
aroundthe object. PARC utilizes available graphicshard-
wareto renderthefront facesof the envelope(to determine,
for eachpixel, the ray entry point) and back faces(to de-
terminethe ray exit point). The ray is thentraversedfrom
entryto exit point. A ray thatdoesnot hit ary objectis not
traversedatall.

It is obviousthattheemptyspacedoesnothave to besam-
pled — it hasonly to be crossedasfastas possible.There-
fore, Yageletal. have proposed?3 122 to utilize onefastand
crudeline algorithmin the empty space(e.g., 3D integer
based26-connectedine algorithm)andanothey slower but
moreaccuratde.g.,6-connectedntegeror 3D DDA floating
pointline algorithm),in the vicinity andinterior of objects.
The effectivenessof this approachdependn its ability to
efficiently switch backandforth betweerthe two line algo-
rithm, andits ability to efficiently detectheproximity of oc-
cupiedvoxels. Thisis achieved by surroundingheoccupied
voxelsby aone-woxel-deeg‘cloud” of flag-voxels,thatis, all
emptyvoxelsneighboringanoccupiedvoxel areassignedin
apreprocessingtagea special‘vicinity flag”. A cruderay
algorithmis employed to rapidly traversethe empty space
until it encountersa vicinity voxel. This flagsthe needto
switch to a more accurateray traversalalgorithm.Encoun-
teringlateranemptyvoxel (i.e.,unoccupiedndnotcarrying
thevicinity flag) cansignala switchbackto therapidtraver-
salof emptyspace.

Theproximity-cloudsmethod!® 128 is basecn the exten-
sionof thisideaevenfurther. Insteadof having aone-voxel-
deepvicinity cloudthis methodcomputesjn a preprocess-
ing stage for eachemptyvoxel, the distanceto the closest
occupiedvoxel. Whena ray is sentinto the volumeit can
eitherencounteran occupiedvoxel, to be handledasusual,
or a “proximity voxel” carryingthe value . This suggests
thattheray cantake a-stepleapfor-n n ward,beingassured
thatthereis no objectin the skippedspanof voxels. The ef-
fectivenesof this algorithmis obviously dependenbn the
ability of theline traversalalgorithmto efficiently jump ar
bitrary numberof stepste.

YagelandShi 27 have reportedon a methodfor speeding

up the processof volume renderinga sequencef images.
It is basedn exploiting cohereng betweerconsecutie im-
agedo shorterthepathraystake throughthevolume.Thisis
achieved by providing eachray with theinformationneeded
to leapover the empty spaceandcommencevolumetraver-
sal at the vicinity of meaningfuldata.The algorithm starts
by projectingthevolumeinto a C-buffer (Coordinate-hffer)
which stores ateachpixel location,the object-spaceoordi-
natesof thefirst nonemptyvoxel visible from thatpixel. For
eachchangen theviewing parameterghe C-huffer is trans-
formedaccordingly In the caseof rotationthe transformed
C-huffer goesthrougha processof eliminating coordinates
thatpossiblybecamehidden3?. Theremainingvaluesin the
C-huffer sene asanestimateof thepointwherethenew rays
shouldstarttheir volumetraversal.

4.3. Hybrid Viewing

The most efficient renderingalgorithm usesa ray-casting
technique with hybrid object/image-orderdata traversal
basedon the sheaswarp factorizationof the viewing ma-
trix 1249152 The volume datais definedin object coordi-
nates(u, v, w), which are first transformecdto isotropic ob-

ject coordinatedy a scaleandsheamatrix L. This allows

to automaticallyhandleanisotropicdatasets,in which the
spacingbetweenvoxels differsin the threedimensionsand
gantrytilted datasets,in which the slicesare shearedhy

adjustingthe warp matrix. A permutationmatrix P trans-
forms the isotropic objectto permutedcoordinategx, Y, z).

Theorigin of permutedcoordinatess the vertex of the vol-

umenearesto theimageplaneandthe z axisis the edgeof

thevolumemostparallelto the view direction.A sheama-
trix Srepresentgherenderingoperationthat projectspoints
in the permutedvolumespaceontopointsonthebaseplane,
which is the faceof the volumedatathatis mostparallelto

theviewing plane.

In the sheatwarp implementationby Lacroute and
Levoy 52, the volumeis storedthreetimes, run-lengthen-
codedalong the major viewing direction. The projection
is performedusingbi-linearinterpolationand back-to-front
compositingof volume slices parallel to the baseplane.
Pfister et al. 83 perform the projection using ray-casting.
This preventsview-dependenartifactswhenswitchingbase
planesand accommodatesupersamplingof the volume
data.Insteadof castingraysfrom imagespaceraysaresent
into the datasetfrom thebaseplane.This approactguaran-
teesthatthereis a one-to-onenappingof samplepointsto
voxels124 91,

The baseplaneimageis transformedo the imageplane
usingthe warp matrixW =M x L™ x P71 x S, To re-
sampletheimage,onecanuse2D texture mappingwith bi-
linear interpolationon a companiongraphicscard. The ad-
ditional 2D imageresamplingresultsin a slight degradation
of imagequality. It enableshowever, aneasymappingto an
arbitraryuserspecifiedmagesize.

(© TheEurographic#ssociation2000.
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Themainadwantageof thesheatwarpfactorizationis that
voxels canbereadandprocessedh planesof voxels, called
slicesthatareparallelto thebaseplane Slicesareprocessed
in positive z direction. Within a slice, scanlineof voxels
(called voxel beams)are readfrom memoryin top to bot-
tomorder This leadsto regular, object-ordedataaccessin
addition, it allows parallelismby having multiple rendering
pipelineswork on severalvoxelsin abeamatthe sametime.

4.4. Progressve Refinement

Onepracticalsolutionto the renderingtime problemis the
generatiorof partialimagesthatareprogressiely refinedas
the userinteractswith the crudeimage.Both forward and
backward approachcan supportprogressie refinement.n
the caseof forward viewing this techniqueis basedon a
pyramiddatastructureFirst,thesmallervolumein thepyra-
mid is renderedusing large-footprintsplats.Later, higher
resolutioncomponent®f the pyramidarerendered3.

Providing progressie refinemenin backward viewing is
achieved by first samplingthe screerin low resolution.The
regionsin the screenwhereno rayswere emittedfrom re-
ceive avalueinterpolatedrom someclosepixelsthatwere
assignedays.Later moreraysarecastandtheinterpolated
valueis replacedby the more accurateresult 6°. Addition-
ally, raysthatareintendedo coverlargescreerareasanbe
tracedin the lower-resolutioncomponent®f a pyramid>’.

Not only screen-spaceesolutioncanbe progressiely in-
creasedSamplingrateandstoppingcriteria canalsobe re-
fined.An efficientimplementatiorof this techniquewasre-
portedby DanskinandHanrahart°.

5. The four mostpopular Approaches

As we have seenin the previous sectionsthereare numer
ousapproachghatcanbetakenin volumevisualization.A
sideby sidecomparisorof all theseapproachewould cover
mary pagesandwould probablynot give mary insightsdue
to the overwhelmingamountof information and the large
parameteset. Generally therearetwo avenuesthat canbe
taken:

1. Thevolumetricdataarefirst corvertedinto asetof polyg-
onaliso-surficeq(i.e., via MarchingCubes3) andsubse-
quentlyrenderedvith polygonrenderinghardware. This
is referredto asindirectvolumerendering(IVR).

2. Thevolumetricdataaredirectly renderedwvithoutthein-
termediatecorversionstep. This is referredto asdirect
volumerending(DVR) 2088 100,

Theformerassumegi) thata setof extractableiso-surces
exists,and(ii) thatwith theinfinitely thin surfacethe poly-
gon meshmodelsthe true object structuresat reasonable
fidelity. Neither is always the case,as illustrative exam-
ples may sene: (i) amorphouscloud-like phenomena(ii)
smoothlyvarying flow fields, or (iii) structuresof varying
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depth(andvarying transparenciesf anisosurfice)that at-

tenuatdraversinglight correspondindo the materialthick-

nessBut evenif bothof theseassumptionaremet,thecom-
plexity of the extractedpolygonalmeshcanoverwhelmthe
capabilitiesof the polygonsubsystemanda direct volume
renderingmay prove more efficient 81, especiallywhenthe

objectis comple or large,or whentheisosurfceis interac-
tively varied andthe repeatecholygon extraction overhead
mustbefiguredinto therenderingcost®.

Within this section,we concernoursehessolely with the
directvolumerenderingapproachin which four techniques
have emegedasthe mostpopular:Raycasting® 54, Splat-
ting 108, Sheaswarp 52, and 3D texture-mappinchardware-
basedapproache8.

5.1. Intr oduction

Over the years, mary researcherdiave worked indepen-
dently on refining thesefour methodsanddueto this mul-
tifariouseffort, all methodshave now reacheda high level
of maturity Most of this developmenthowever, hasevolved
alongseparatgaths(althoughsomefundamentakcientific
progresshasbenefitedall methodssuchasadwancesin fil-
ter design1@6 73 or efficient shading93195). A numberof
frequentlyusedand publicly available datasetsxists (e.g.,
the UNC CT / MRI headsor the CT lobster),however, due
to the large numberof parametershat were not controlled
acrosspresentedesearchit hasso far beendifficult to as-
sesghebenefitsandshortcoming®f eachmethodin adeci-
sive mannerThe generallyuncontrolledparameterénclude
(apartfrom hardwarearchitectureavailablecache andCPU
clock speed)shadingmodel,viewing geometry sceneillu-
mination,transferfunctions,imagesizes,andmagnification
factors.Further so far, no commonsetof evaluationcrite-
ria existsthatenablegair comparison®f proposednethods
with existing ones.Within this section,we will addresghis
problem,andpresentnappropriatesetupfor benchmarking
andevaluatingdifferentdirectvolumerenderingalgorithms.
Somework in this direction hasalreadybeendonein the
past:Bartz® hascomparedVR usingraycastingwith IVR
usingmarchingcubedor iso-surbiceextraction,while Tiede
97 hascomparedgradientfilters for raycastingand march-
ing cubes.However, a clearanswerto which algorithmis
bestcannotbe provided for the generalcasebut the results
presentechereare aimedat providing certainguidelinesto
determineunderwhatconditionsandpremisesachvolume
renderingalgorithmis mostadequatelyxhoserandapplied.

5.2. Common Theoretical Framework

We canwrite all four investigatedvolumerenderingmeth-
ods as approximationsof the well-known low-albedovol-
umerenderingintegral, VRI 8484566 The VRI analytically
computed | (x,r), theamountof light of wavelengthl com-
ing from ray directionr thatis receved at locationx on the
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imageplane:

hoor) = [ Cuoued s

Here,L is thelengthof ray r. If we think of the volumeas
beingcomposedf particleswith certaindensities(or light
extinction coeficients®®) y, thentheseparticlesreceie light
from all surroundinglight sourcesandreflectthis light to-
wardsthe obserer accordingto their specularand diffuse
materialpropertiesIn addition,the particlesmay alsoemit
light ontheirown. Thus,in (1), C, is thelight of wavelength
| reflectedand/oremittedat locations in the directionof r.
To accountfor the higherreflectanceof particleswith larger
densitieswe mustweigh the reflectedcolor by the particle
density Thelight scatteredtsis thenattenuatedy theden-
sitiesof the particlesbetweers andthe eye accordingto the
exponentialattenuatiorfunction.

At leastin the generalcase,the VRI cannotbe com-
putedanalytically®6. Hence practicalvolumerenderingal-
gorithmsdiscretizethe VRI into a seriesof sequentiainter-
valsi of width As:

L/As

i—1
h(kr) = 3 Grls)uls)as rLe—“<Si)AS> e
i= |=

Usinga Taylor seriesapproximatiorof the exponentiafterm
anddroppingall but thefirst two terms,we getthe familiar
compositingequatiorp’:

L/As i—1

() = _ZjCA(S)G(S)]_L(l—G(Sj)) ®)
1= =

Wedenotethis expressiorasdiscretized/RI (DVRI), where
o = 1.0—trangparency Expressior8 represents.common
theoreticaframenork for all suneyedvolumerenderingal-
gorithms.All algorithmsobtaincolorsandopacitiesin dis-
creteintenals along a linear path and compositethem in
front to back orderor backto front order seesection2.8.
However, the algorithmscan be distinguishedby the pro-
cessin which the colorsC(s)) andopacitiesa(s) arecalcu-
latedin eachinterval i, andhow wide the intenal width As
is chosen.The position of the shadingoperatorin the vol-
umerenderingpipelinealsoaffectsC(s) anda(s). For this
purposewedistinguishthe pre-shadeffom thepost-shaded
volume renderingpipeline. In the pre-shadegipeline, the
grid samplesareclassifiedandshadedeforetheray sample
interpolationtakesplace.We denotethis asPre-DVRI (pre-
shadedDVRI) andits mathematicakxpressionis identical
to formula3. Pre-D/RI generallyleadsto blurry imageses-
peciallyin zoomedviewing, wherefine objectdetailis often
lost39.77,

The blurrinessis eliminated by switching the order of
classification/shadin@nd ray sampleinterpolation. Then,
the original densityvolumef is interpolatedandthe result-
ing samplevaluesf (i) areclassified via transferfunctions,
to yield material,opacity andcolor. All blurry partsof the

edgeimagecanbeclippedaway usingtheappropriatelassi-
ficationfunction””. Shadingfollows immediatelyafterclas-
sificationandrequireshe computatiorof gradientsrom the
densitygrid. The resultingexpressions termedPost-D/RI

(post-shade®VRI) andis written asfollows:

L/As i—1

h(xr) = Z} G(f(s))a(f(s)) ]_L(l—ﬂ(f(sj))) (4)
1= =

C anda arenow transferfunctions,commonlyimplemented
aslookup-tablesSincein Post-DVRI theraw volumedensi-
tiesareinterpolatecandusedto index thetransferfunctions
for colorandopacity fine detailin theseransferfunctionsis

readily expressedn thefinal image.Oneshouldnote,how-

ever, that Post-DVRI is not without problems:Due to the

partial volume effect, a density might be interpolatedthat
is classifiedas a materialnot really presentat the sample
location,which canleadto falsecolorsin the final image.
This canbe avoidedby prior sggmentationwhich, however,

canaddsevere staircasingartifactsdueto introducedhigh-

frequenyg. Basedon formulas3 and4, we will now present
thefour suneyedalgorithmsin detail.

5.3. Distinguishing Featuresof the differ ent algorithms

Ourcomparisomwill focusontheconceptuatiifferencede-
tweenthe algorithms,and not so much on ingeniousmea-
suresthat speedruntime. Sincenumerousmplementations
for eachalgorithm exist — mainly providing acceleration-
we will selectthe most generalimplementationfor each,
emplagying the mostpopularcomponentgandparameteset-
tings.More specificimplementationsanthenusethebench-
marksintroducedlater to comparethe impactof their im-
provements.We have summarizedthe conceptualdiffer-
encef thefour algorithmsin Tablel.

5.3.1. Raycasting

Of all volumerenderingalgorithms Raycastindiasseerthe
largestbodyof publicationsovertheyears Researchersave
usedPre-DVRI 5754 aswell asPost-D/RI %3897, Theden-
sity and gradient(Post-D/RI), or color and opacity (Pre-
DVRI), in eachDVRI interval aregeneratedia point sam-
pling, most commonly by meansof a trilinear filter from
neighboringvoxels (grid points)to maintaincomputational
efficiengy, andsubsequentlgompositedMostauthorsspace
the ray samplesapartin equaldistancesAs, but someap-
proachesxist thatjitter the samplingpositionsto eliminate
patternedamplingartifacts,or applyspace-leaping 127 for
acceleratedraversalof emptyregions.For strictiso-surbice
rendering,recentresearchanalytically computesthe loca-
tion of the iso-surkce,whenthe ray stepsinto a voxel that
is traversedby one®l. But in the generalcase the Nyquist
theoremneedsto be followed which statesthat we should
chooseAs < 1.0 (i.e., onevoxel length)if we do not know
arything aboutthe frequeng contentin the samples local

(© TheEurographic#ssociation2000.
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neighborhoodThen,for Pre-D/RI andPost-D/RI raycast-
ing, theC(s), a(s),andf(s) termsin equations3 and4, re-
spectvely, arewritten as:

Ci(s) = Giliss)
a(s) = a(ias) ®)
f(s) = f(iAs)

Note that a needsto be normalizedfor As # 1.0 62, In the

usedimplementationwe useearly ray termination,which

is a powerful acceleratiormethodof raycastingwhererays
canbeterminatedvhentheaccumulate@pacityhasreached
a value closeto unity. Furthermoreall samplesand corre-
spondinggradientcomponentarecomputedy trilinearin-

terpolationof therespectie grid data.

5.3.2. Splatting

Splattingwasproposedy Westorer 108, andit worksby rep-
resentinghe volumeasan arrayof overlappingbasisfunc-
tions, commonly Gaussiarkernelswith amplitudesscaled
by the voxel values.An imageis thengeneratedy project-
ing thesebasisfunctionsto the screen.The screenprojec-
tion of theseradially symmetricbasisfunction canbe effi-
ciently achieved by the rasterizatiorof a precomputedoot-
printlookuptable.Here,eachfootprinttableentrystoreshe
analyticallyintegratedkernelfunctionalongatraversingray.
A majoradwantageof splattingis thatonly voxelsrelevantto
theimagemustbeprojectedandrasterizedThis cantremen-
dously reducethe volume datathat needsto be both pro-
cessedand stored’8. However, dependingon the zooming
factor eachsplatcancover up to hundred=of pixels which
needto beprocessed.

The preferredsplatting approach®® summedthe voxel
kernels within volume slices most parallel to the image
plane.This wasproneto severebrightnessvariationsin an-
imatedviewing andalsodid not allow the variation of the
DVRI interval distanceAs. Mueller 76 eliminatedthesedran-
backsby processinghevoxel kernelswithin slabsof width
As, alignedparallelto theimageplane— hencetheapproach
wastermedimage-alignedsplatting: All voxel kernelsthat
overlapaslabareclippedto theslabandsummednto asheet
buffer, followed by compositingthe sheetwith the sheetbe-
fore. Efficient kernelslice projectionis achiezed by analyt-
ical pre-intggration of an array of kernel slicesand using
fastslice footprint rasterizatiormethods’s. Both Pre-DVRI
andPost-D/RI 77 arepossibleandtheC(s),a(s),andf(s)
termsin equations3 and4 arenow written as:

‘(i+1)AsC s\ds
Ci(s) = 82— As)\()
‘(i+1)Asa s\ds
als) - As = ©)
_(i+1)Asf s\ds
f(s) - As( )
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We obsere that splattingreplaceshe point sampleof ray-
castingby a sampleaverageacrossAs. This introducesan
additionallow-passfiltering stepthat helpsto reducealias-
ing, especiallyin isosuricerenderingandwhenAs > 1.0.
Splattingalso typically usesrotationally symmetricGaus-
siankernels,which have betteranti-aliasingcharacteristics
thanlinear filters, with the side effect of performingsome
sighalsmoothing.However, whensplattingdatavaluesand
not color, classificationis an unsohed problem since the
original datavalue, i.e. density is smoothedaccumulated,
andthenclassified This aggraatesthe so-calledpartialvol-
umeeffectandsolvingthis remainsfutureresearch.

Splattingcanusea conceptsimilar to early ray termina-
tion: early splatelimination, basedon a dynamicallycom-
putedscreenocclusionmap, that (conseratively) culls in-
visible splatsearlyfrom the renderingpipeline?8. Themain
operationsf splattingare the transformationof eachrele-
vant voxel centerinto screenspace followed by an index
into the occlusionmapto testfor visibility, andin caseit is
visible, therasterizatiorof thevoxel footprintinto thesheet-
buffer. The dynamicconstructionof the occlusionmapre-
quiresa convolution operationafter eachsheet-bffer com-
posite,which, however, can be limited to buffer tiles that
have receved splat contritutions in the currentslab 78. It
shouldbe notedthat, althoughearly splateliminationsaves
the costof footprint rasterizatiorfor invisible voxels, their
transformatiormuststill beperformedo determinetheiroc-
clusion. This is differentfrom early ray terminationwhere
the ray can be stoppedand subsequentoxels are not pro-
cessed.

5.3.3. ShearWarp

Shearwarpwasproposedy LacrouteandLevoy 52 andhas
beenrecognizedasthe fastestsoftware rendererto date. It
achiezesthis by emplgying a clever volume andimageen-
codingschemegoupledwith asimultaneougraversalof vol-
umeandimagethat skips opaqueimageregionsandtrans-
parentvoxels.In apre-processingtep,voxel runsareRLE-
encodechasedon pre-classifiedbpacities.This requiresthe
constructionof a separateencodedvolume for eachof the
threemajor viewing directions.The renderingis performed
usingaraycasting-like schemewhichis simplifiedby shear
ing the appropriateencodedvolume suchthat the rays are
perpendiculartto the volume slices. The rays obtain their
samplevaluesvia bilinearinterpolationwithin the traversed
volumeslices.A final warpingsteptransformsthe volume-
parallelbaseplanémageinto the screenimage.The DVRI
interval distanceA sis view-dependentsincetheinterpola-
tion of samplevaluesonly occursin shearedrolumeslices.
It variesfrom 1.0 for axis-alignedviews to 1.41 for edge-
onviewsto 1.73to corneron views, andit cannotbevaried
to allow for supersamplinglongtheray. Thusthe Nyquist
theoremis potentially violated for all but the axis-aligned
views.

TheVolpackdistribution from Stanford(avolumerender
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Samplingrate freely selectable

freely selectable

fixed[1.0,1.73 freely selectable

Interpolationkernel trilinear

Gaussian

bilinear trilinear

Acceleration

earlyraytermination earlysplatelimination

RLE opacityencoding graphicshardware

Voxelsconsidered all

relevant

mostlyrelevant all

Table 1: Distinguishingfeatuesand commonlyusedparametes of the four differentalgorithms.

ing packagethat usesthe shearwarp algorithm) only pro-
videsfor Pre-DVRI (with opacityweightedcolors),but con-
ceptuallyPost-DVRI is alsofeasible howvever, withoutopac-
ity classificationf sheatwarp’s fastopacity-baseéncoding
isused.TheC(s), a(s), andf(s) termsin equations3 and
4 arewritten similar to raycasting put with the addedcon-
straintthatAsis dependentn theview direction:

G(s) = Cy(ias)
a(s) = a(ids) ()
f(s) = f(ihs)

so (&) (@)

where [dx, dy, dz]T is the normalizedviewing vector re-
orderedsuchthatdz is the major viewing direction.In Vol-
pack,the numberof rayssentthroughthe volumeis limited
to the numberof pixels in the baseplane(i.e., the resolu-
tion of thevolumeslicesin view direction).Largerviewports
areachieved by bilinearinterpolationof the resultingimage
(after back-warping of the baseplane),resultingin a very
low imagequality if the sizeof theview-portis significantly
largerthanthevolumeresolution.This canbefixedby using
ascaledvolumewith a highervolumeresolution.

5.3.4. 3D Texture-Mapping Hardware

Thisis ashortintroductionto 3D texture mappingandmore
detailsare disclosedin section7.// The useof 3D texture
mappingwas popularizedby Cabral® for non-shadedol-
umerendering.The volumeis loadedinto texture memory
andthe hardvare rasterizegpolygonalslicesparallelto the
viewplane.Theslicesarethenblendedbackto front, dueto
the missingaccumulatiorbuffer for a. Theinterpolationfil-
teris atrilinearfunction(on SGI'sRE2 andIR architectures,
quadlineaiinterpolationis alsoavailable,whereit addition-
ally interpolatesetweentwo mipmaplevels),andthe slice
distanceA s canbe choserfreely. A numberof researchers
have addedshadingcapabilities19 70.26 106 and both Pre-
DVRI 26 andPost-D/RI 1970.106 gre possible.Usually, the
renderingis brute-force,without ary opacity-basedermi-
nationaccelerationbut someresearcherbave donethis °.
The dravbacksof 3D texture mappingis that larger vol-
umesrequirethe swappingof volume bricks in and out of

thelimited-sizedtexture memory(usuallya few MBytesfor
smallermachines)Fortunately 3D texture mappingrecently
becamepopularin PC basedgraphicshardware. Texture-
mappinghardware interpolatessamplesn similar ways to
raycastingand hencethe C(s), a(s), and f(s) termsin
equations3 and4 arewritten as:

Ci(s) = Cy(ibs)
a(s) = a(ids) 9)
f(s) = f(ias)

5.4. Comparison

For a fair comparisorof the presentedour algorithms,one
needgo defineidenticalviewing andrenderingparameters.
Thefirst onecanbe accomplishedisinga commoncamera
model,i.e. like OpenGLwhile the latter includesmultiple
parametersuchasfiltering method classificationshading,
blending,and so forth. Someof thesepropertiesareillus-
tratedin table 1. Otherssuchasshading classificationand
blendingneedto beadoptedaccrosghealgorithmssuchthat
all usethe sameoperations.

It is difficult to evaluaterenderingquality in a quantitatve
mannerOften,researchersimply putimagesof competing
algorithmssideby side,appointingthe humanvisual system
(HVS) to bethejudge.lt is well known thatthe HVS is less
sensitve to someerrors(stochasticmoise)andmoreto others
(regularpatterns)andinterestingly sometimesmageswith
larger numericalerrors,e.g.,RMS, are judgedsimilar by a
humanobserer thanimageswith lower numericalerrors.
Soit seemghatthe visual comparisoris more appropriate
thanthenumerical sinceafterall we producemagedor the
humanobserer andnot for errorfunctions.In thatrespect,
anerrormodelthatinvolvesthe HVS characteristicsvould
bemoreappropriatehana purelynumericalone.But never-
thelessto performsucha comparisorwe still needthetrue
volume renderedimage, obtainedby analytically integrat-
ing the volumevia equation(1) (neglectingthe prior reduc-
tion of the volume renderingtaskto the low-albedocase).
As waspointedout by Max 6, analyticalintegrationcanbe
donewhen assumingthat C(s) and L(s) are piecavise lin-
ear This is, however, somavhat restrictive on our transfer
functions,soin the following we employ visual quality as-
sessmenonly.

(© TheEurographic#ssociation2000.
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Ray casting Splatting Sheaswarp 3D texturemapping
post-shade®VRI post-shade®VRI pre-shade®VRI pre-shade®VRI
opacityweighted notopacityweighted
colorinterpolation colorinterpolation
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Figure 7: Comparisonof the four algorithms.Columnsfromleft to right: Raycasting splatting shearwarp, and 3D texture
mapping Rowsfrom top to bottom: CT scanof a humanskull, zoomedview of the teeth,CT scanof brain arteries showing
an aneurism MarsdhnerLobb function containinghigh frequenciesand simulationof the potential distribution of elections

aroundatoms.
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5.5. Results

All presentedesultswere generatecn the sameplatform
(SGI Octane).The graphicshardwarewasonly usedby the
3D texturemappingapproachFigure7 shavsrepresentate
still framesof differentdatasetghat we rendered We ob-
sene thattheimagequality achiezed with texture mapping
hardware shaws severecolor-bleedingartifactsdueto inter-
polationof colorsindependenfrom thea-value!!® (seesec-
tion 2.10,aswell asstaircasingFurthermorehighly trans-
parentclassificatiorresultsin darker imagesdueto limited
precisionof the RGBA-channelof the hardware (8 bit).

Volpack sheaswarp performsmuch better with quality
similar to raycastingand splattingwheneer the resolution
of the image matchesthe resolutionof the baseplaneFor
theotherimagestherenderedaseplananagewasof lower
resolutionthan the screenimage and had to be magnified
usingbilinear interpolationin the warping step.This leads
to excessve blurring, especiallyfor the MarschneilLobb
datasetwherethemagnificationis very high. A morefunda-
mentaldraw-backcanbe obseredin the 45 degreeneghip
view in Figure7, where—in additionto theblurring—signif-
icantaliasingin theform of staircasinds presentThisis due
to theray samplingratebeinglessthan1.0,andcanbedis-
turbingin animatedviewing of somedatasetdut is lessno-
ticeablein still imagesTheMarschneiLobb datasetender
ingsfor raycastingandsplattingdemonstrat¢hedifferences
of point sampling(raycastingandsampleaveraging(splat-
ting). While raycastings point samplingmissessomedetail
of thefunctionatthecrestsof thesinusoidalaves,splatting
averagesacrosghewavesandrenderghemasblobbyrims.
Fortheotherdatasetsheaveragingeffectis moresubtle but
still visible. For example,raycastingrendersthe skull and
the magnifiedblood with crisperdetail thansplattingdoes,
but cansuffer from aliasingartifacts,if the samplingrateis
not chosenappropriately(Nyquistrate).However, the qual-
ity is quitecomparablefor all practicalpurposes.

5.6. Summary

Generally 3D texture mappingand sheafwarp have sub-
secondenderingimesfor moderately-sizedatasetsWhile
the quality of the display obtainedwith our mainstream
texture mappingapproachis limited and can be improved
asdemonstratedh section?, the quality of shearwarp ri-
vals that of the much more expensve raycastingand splat-
ting whenthe objectmagnificationis aboutunity. Handling
higher magnificationss possibleby relaxingthe condition
thatthenumberof raysmustmatchtheresolutionof thevol-
ume.Although higherinterpolationcostswill betheresult,
the renderingframe rate will mostlikely still be high (es-
peciallyif view frustumculling is applied).A moreserious
concernis thedegradatiorof imagequality at off-axis views.
In thesecasespne could usea volume with extra interpo-
latedslices,which is Volpacks standardsolutionfor higher
imageresolutions But the fact that sheaswarp requiresan

opacity-encodegilolumemakesinteractve transferfunction

variationachallengeln applicationsvherethesdimitations

donotapply sheaswarpprovesto beavery usefulalgorithm

for volumerendering The side-by-sidecomparisorof splat-

ting andraycastingyielded interestingresultsas well: We

sav thatimage-alignedsplattingoffers a renderingquality

similarto thatof raycastinglt, however, producesmoother
imagegdueto the z-areragedkernelandthe anti-aliasingef-

fectof thelargerGaussiatiilter. It is hencdesslikely to miss

high-frequeng detail. Raycastings fasterthansplattingfor

datasetsvith alow numberof non-contritluting samplesOn

the otherhand, splattingis betterfor datasetsvith a small

numberof relevantvoxels andsheethffers. Sincethe qual-

ity is sosimilar andthe sametransferfunctionsyield simi-

lar renderingresults,onecould build arendereithatapplies
eitherraycastingor splatting,dependingon the numberof

relevant voxels andthe level of compactnessf the dataset.
Onecould even usedifferentrenderersn differentportions
of the volume, or for the renderingof disconnecteabjects
of differentcompactness.

More detailson this comparisorcanbe foundin 72.

6. The VolumePro Real-Time Ray-Casting System

Softwarebased/olumerenderingapproachesanbeacceler
atedsuchthatinteractve frame-rateganbeachiered. How-
ever, this requirescertaintrade-ofs in quality or parameters
thatcanbechangednteractiely. In orderto achie/e interac-
tive or evenreal-timeframe-ratest highestquality andfull
flexibility, dedicatechardwareis necessaryithin this sec-
tion we will have a closerlook at specialpurposehardware,
i.e.the VolumeProsystem.

6.1. Intr oduction

Special purposehardware for volume renderinghas been
proposedby variousresearcherdyut only a few machines
have beenimplementedVIRIM washuilt at the University

of Mannheim,Germaiy 3. The hardware consistsof four

VME boardsandimplementsray-casting VIRIM achie/es

2.5frames/seéor 256° volumes.

The first PCI basedvolume renderingacceleratorhas
beenbuilt by the University of TUbingen,Germaly. Their
VIZARD systemimplementstrue perspectie ray-casting
and consistsof two PCI acceleratorcards4’. An FPGA-
basedystemachievesupto 10frames/sefor 256° volumes.
To circumwentthelossydatacompressiomndthelimitations
of changesn classificatioror shadingparameterslueto the
pre-processing follow-up systemis currentlyunderdevel-
opment’221, ThisVIZARD Il systemwill be capableof up
to 20 framesper secondfor datasetf 256" voxels. The
strengthof this systemis its ray traversalenginewith anop-
timizedmemoryinterfacethatallows for fly throughswhich
is mandatoryfor immersie applicationsThe systemusesa
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singleray processingipeline (RPU) and exploits algorith-
mic optimizationssuchas early ray terminationand space
leaping.

Within this section,we will describevolumeProthefirst
single-chipreal-timevolumerenderingsystenfor consumer
PCs8. Thefirst VolumeProboardwasoperationain April
1999(seeFigure8).

Figure 8: TheVolumeProPCl card.

The VolumeProsystemis basedon the Cube-4volume
renderingarchitecturedevelopedat SUNY Story Brook 84.
Mitsubishi Electriclicensedthe Cube-4technologyandde-
velopedthe EnhancedMemory Cube-4(EM-Cube)archi-
tecture®0. The VolumeProsystemanimproved commercial
versionof EM-Cube,is commerciallyavailable sinceMay
1999at a price comparableo high-endPC graphicscards.
Figure9 shaws severalimagesrenderedon the VolumePro
hardwareat 30 frames/sec.

6.2. Rendering Algorithm

VolumePramplementgay-casting4, oneof themostcom-
monlyusedvolumerenderingalgorithms Ray-castingffers
highimagequalityandis easyto parallelize Thecurrentver-
sionof VolumeProsupportsparallelprojectionsof isotropic
andanisotropiaectilinearvolumeswith scalarvoxels.

VolumeProais a highly parallelarchitecturebasedon the
hybrid ray-castingalgorithm shavn in Figure 10 1249152,
Rays are sentinto the datasetfrom eachpixel on a base

Volume

Dat -

Warp

Image Plane

VAN

VAN
VAN

RN

LA

/{oxel Slice

Base Plane

—

Figure 10: Template-baserhy-casting.

plane,which s co-planaro thefaceof thevolumedatathat
is mostparallelandnearesto theimageplane.Becausehe
imageplaneis typically at someangleto the base-planethe
resultingbase-planémageis warpedontotheimageplane.
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Themainadwantageof this algorithmis thatvoxelscanbe
readandprocessedh planesof voxels (socalledslices)that
areparallelto the base-planeWwithin aslice,voxelsareread
from memoryascanlineof voxelsatatime,in top to bottom
order This leadsto regular, object-ordeidataaccess.

In contrasto theshearwarpimplementatiorby Lacroute
and Levoy 52, VolumeProperformstri-linear interpolation
andallows raysto startat sub-piel locations.This prevents
view-dependenartifactswhenswitchingbaseplanesandac-
commodatesupersamplingf thevolumedata.

6.3. VolumePro SystemAr chitecture

VolumeProis implementedas a PCI card for PC class
computersThe card containsone volume renderingASIC

(calledthevg50Q and128or 256 MBytes of volumemem-
ory. Thewarpinganddisplayof thefinalimageis doneonan

off-the-shelf3D graphicscardwith 2D texturemapping.The
vg500volumerenderingASIC, shavnin Figurell,contains
fouridenticalrenderingpipelines arrangedideby side,run-

ningat125MHz each.t is anapplicationspecificintegrated
circuit (ASIC) with approximately3.2 million randomlogic

transistorsand 2 Mbits of on-chip SRAM. The vg500also
containsinterfacesto voxel memory pixel memory andthe

PClbus.

vg500

v

S \ " Voxel Memory Interface \ | Interpolation |..
El 7

% - Gradient o)
Q S Estimation 3
e ul
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b o Shading & | |5
-l e Classification| | ®
Ro| = ]
Q

c

@

Pixel Memory Interface Compositing

™ e
SDRAM SDRAM SDRAM SDRAM

Figure 11: The vg500 volume renderingASIC with four
identicalray-castingipelines.

Eachpipelinecommunicatesvith voxel and pixel mem-
ory andtwo neighboringpipelines.Pipelineson the far left
andright areconnectedo eachotherin awrap-aroundash-
ion (indicatedby grey arronsin Figure1l). A maincharac-
teristicof VolumePrais thateachvoxel is readfrom volume
memoryexactly onceperframe.Voxelsandintermediatee-
sultsarecachedn socalledslicebufferssothatthey become
availablefor calculationsgpreciselywhenneeded.

Eachrenderingpipelineimplementgay-castingagndsam-
ple valuesalongraysarecalculatedusingtri-linear interpo-
lation. A 3D gradientis computedusingcentraldifferences
betweertri-linearsamplesThegradientis usedn theshader
stage which computeghe sampleintensityaccordingo the
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Figure 9: Severalvolumesrenderedn the VolumeProhardwareat 30 framespersecond.

Phongillumination model. Lookup tablesin the classifica-
tion stageassigncolor and opacity to eachsamplepoint.
Finally, the illuminated samplesare accumulatednto base
planepixelsusingfront-to-backcompositing.

Volume memoryusesl16-bit wide synchronou©RAMs
(SDRAMS) for up to 256 MBytes of volume storage.2 x
2 x 2 cells of neighboringvoxels, so calledminiblocks,are
storedlinearly in volumememory Miniblocks arereadand
written in burstsof eight voxels using the fast burst mode
of SDRAMSs. In addition, VolumeProusesa linear skew-
ing of miniblocks45. Skewing guaranteethattherendering
pipelinesalwayshave accesgo four adjacenminiblocksin
ary of thethreesliceorientationsA miniblock with position
[xyZ in the volumeis assignedo the memorymodulek as
follows:

k=(L3)+12]+15)) mod4 (10)

6.4. VolumePro PCI Card

The VolumeProboardis a PCI Short Card with a 32-bit
66 MHz PCI interface (seeFigure 8). The board contains
a singlevg500renderingASIC, twenty 64 Mbit SDRAMs
with 16-bit datapathsglock generatioriogic, anda voltage
corverterto make it 3.3 volt or 5 volt compliant.Figure12
shaws a block diagramof the component®n the boardand
thebussesxonnectinghem.

Voxel Memory
Module0 Modulel Module2 Module3

|I |I I I |I .
I I I I T
[ sprAM I_HJ [ spbram u—u [ sDram u—u [ sprAM I_l-u
A A 'y A

L | 1 |
V-Bus

Pixel Memory

e | SPRAM |

Section Memory

[Som]

S-Bus

PCl-Bus

Figure 12: VolumeProPCl boarddiagram.

The vg500 ASIC interfacesdirectly to the systemPCI-
Bus. Accessto the vg5005 internalregistersandto the off-
chip memoriess accomplishedhroughthe 32-bit 66 MHz
PClbusinterface . The peakburstdatarateof thisinterfaceis
264 MB/sec.Someof this bandwidthis consumedy image
upload,someof it by otherPCl systentraffic.

6.5. Supersampling

Supersampling? improves the quality of the renderedm-

ageby samplingthe volume datasetat a higherfrequeny

thanthevoxel spacingln the caseof supersamplingn thex

andy directions thiswould resultin moresamplegperbeam
andmorebeamgperslice,respectiely. In the z direction, it

resultsin moresampleslicespervolume.

VolumeProsupportssupersamplingn hardware only in
thez direction.Additional slicesof samplesreinterpolated
betweenexisting slices of voxels. The software automati-
cally correctgheopacityaccordingo theviewing angleand
samplespacingby reloadingthe opacitytable.

Figure13 shavs the CT scanof afoot (152x 261x 200)
renderedvith no supersamplindleft) andsupersamplingn
z by 3 (right). The artifactsin the left imagestemfrom the
insufficient samplingrateto capturethe high frequencieof
the foot surface.Notice the reducedartifactsin the super
sampledimage. VolumeProsupportsup to eight times su-
persampling.

Figure 13: No supersamplingleft) andsupersamplingn z
(right).

6.6. Supervolumesand Subvolumes

Volumes of arbitrary dimensionscan be storedin voxel
memory without padding. Becauseof limited on-chip
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buffers, however, the VolumeProhardware canonly render
volumeswith a maximumof 256 voxelsin eachdimension
in one pass.In order to rendera larger volume (called a
supervolume), software mustfirst partition the volumeinto
smallerblocks. Eachblock is renderedndependentlyand
their resultingimagesarecombinedn software.

The VolumeProsoftware automaticallypartitionssuper
volumes takescareof the dataduplicationbetweerblocks,
and blendsintermediatebaseplanesinto the final image.
Blocks are automaticallyswappedto and from hostmem-
ory if asuperolumedoesnotfit into the128MB of volume
memoryon theVolumeProPCl card.Thereis nolimit to the
size of a superolume, although,of course renderingtime
increaseslueto thelimited PCl downloadbandwidth.

Volumeswith lessthan256 voxelsin eachdimensionare
called subsolumes.VolumePros memorycontroller allows
readingandwriting singlevoxels, slices,or ary rectangular
slabto andfrom Voxel Memory Multiple subvolumescan
be pre-loadednto volumememory Subvolumescanbe up-
datedin-betweenframes.This allows dynamicand partial
updatesof volumedatato achieve 4D animationeffects. It
alsoenabledoadingsectionf alargervolumein piecesal-
lowing the userto effectively panthroughavolume.Subvol-
umesincreasaenderingspeedo the pointwherethe frame
rateis limited by the baseplane pixel transferand driver
overheadwhichis currentlyat 30 frames/sec.

6.7. Cropping and Cut Planes

VolumeProprovides two featuresfor clipping the volume
datasetcalledcroppingandcut planesThesemale it possi-
bleto visualizeslices,cross-sectiongr otherportionsof the
volume,thusproviding the useran opportunityto seeinside
in creatve ways.Figurel4(a)shavs anexampleof cropping
onthe CT foot of the visible man.Figure 14(b) shavs a cut
planethroughthe enginedata.

(b)
Figure 14: (a) Cropping.(b) Cut plane.

6.8. VolumePro Performance

Eachof thefour SDRAMsprovidesburst-modeaccesstup
to 125MHz, for asustaineadnemorybandwidthof 4 x 125x

(© TheEurographic#ssociation2000.

10° = 500million 16-bitvoxels per second Eachrendering
pipeline operatesat 125 MHz and canaccepta nev voxel
from its SDRAM memoryevery cycle.500million tri-linear
sampleger secondis suficient to render256° volumesat
30framespersecond.

6.9. VLI - The VolumeLibrary Interface

Figure 15 shaws the software infrastructureof the Volume-
Prosystem.The VLI API is a setof C++ classeghat pro-

Figure 15: Software infrastructureof the VolumeProsys-
tem.

vide full accesgo the vg500 chip features.VLI doesnot
replaceanexisting graphicsAPI. Rather VLI workscoopef
atively with a3D graphicdibrary, suchasOpenGL,to man-
agetherenderingof volumesanddisplayingtheresultsin a
3D sceneHigherlevel toolkits (suchasvtk — The Visualiza-
tion Toolkit) andscenegraphson top of the VLI will likely
becomeheprimaryinterfacelayerto applicationsThe VLI
classesanbegroupedasfollows:

e \olume datahandling. VLIV olume manages/oxel data
storageyoxel dataformat,andtransformationsf thevol-
ume data such as shearing,scaling, and positioningin
world space.

e RenderingelementsThereare several VLI classeshat
provide accesdo the VolumeProfeaturessuchas color
and opacity lookup tables,camerasights, cut planes,
clipping, andmore.

e Renderingcontext. The VLI classVLIContext is a con-
tainerobjectfor all attributesneededo renderthevolume.
It is usedto specifythe volume datasetandall render
ing parametergsuchas classification,illumination, and
blending)for the currentframe.

TheVLI automaticallycomputegeflectancenapshasecbn
light placementsetsup a-correctionbasenviewing angle
and samplespacing,supportsanisotropicand gantry-tilted
datasetsby correctingthe viewing andimagewarp matri-
ces,andmanagesuperolumes,supersamplingandpartial
updateof volumedata.ln addition,thereareVLI functions
thatprovide initialization, configurationandterminationfor
the VolumeProhardvare.

6.10. Summary

This sectiondescribeghe algorithm, architectureand fea-
turesof VolumePro,the world’s first single-chipreal-time
volumerenderingsystem Therenderingcapabilitiesof Vol-
umePro-500million tri-linear, Phongilluminated,compos-
ited samplesper second- setsa new standardfor volume
renderingon consumerPCs.lts core features,suchas on-
the-fly gradientestimation,persamplePhongillumination
with arbitrary numberof light sources4K RGBA classifi-
cationtables,a-blendingwith 12-bit precision,andgradient
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magnitudemodulation,put it aheadof ary otherhardware
solutionfor volumerendering. Additional features suchas
supersamplingsuperolumes,croppingandcut planes.en-
ablethe developmentof feature-rich high-performanceol-
umevisualizationapplications.

Someimportantlimitations of VolumeProarethe restric-
tion to rectilinear scalarvolumes,the lack of perspectie
projections andno supportfor intermixing of polygonsand
volume data.Mixing of opaquepolygonsand volume data
canbe achieved by first renderinggeometry transferringz
buffer valuesfrom the polygoncardto the volumerenderer
andthenrenderingthe volumestartingfrom thesez values.
Futureversionsof the systemwill supportperspectie pro-
jectionsand several voxel formats,including pre-classified
materialvolumesandRGRA volumes.Thelimitation to rec-
tilinear gridsis morefundamentalndhardto overcome.

7. 3D Texture Mapping

So far, we have seen different volume rendering tech-
niguesand algorithmic optimizationsthat can be exploited
to achieve interactve frame-ratesReal-timeframe-rategan
be accomplishedy specialpurposehardware suchas pre-
sentedn the previous section(VolumePro) Anotheravenue
that canbe taken is basedon 2D and 3D texture mapping
hardware which currently migratesinto the commodityPC
graphicshardwareandallows for mixing polygonsandvol-
umes.

7.1. Intr oduction

With fast3D graphicshardware becomingmore and more
availableevenonlow endplatforms,thefocusin developing
new algorithmsis beginning to shift towards higher qual-
ity renderingand additional functionality insteadof sim-
ply higher performanceémplementationf the traditional
graphicspipeline.

Graphicdibrarieslike OpenGLandits extensiongrovide
accesgo adwancedgraphicsoperationsn the geometryand
therasterizatiorstageandthereforeallow for thedesignand
implementationof completelynew classef renderingal-
gorithms.Prominentexamplescanbe foundin realisticim-
agesynthesigshading bump/ewironmentmapping,reflec-
tions) andscientificvisualizationapplicationg(volumeren-
dering,vectorfield visualization dataanalysis).

In thisrespectthe goalof this sessioris twofold: To give
both a state-of-the-arbverview of volume renderingalgo-
rithms using the extendedOpenGLgraphicslibrary andto
presenanumberof selectecandadwancedvolumerendering
algorithmsin which accesgo dedicatedgraphicshardware
is paramountThe first part of this sectionsummarizeghe
mostimportantfundamentalsandfeaturef the graphicdi-
brary OpenGLwith respecto the practicalandefficient de-
signof volumerenderingalgorithms Thesecondpartis ded-
icatedto theefficient useof multi-textureregistercombiners

as available on low-costPCsin volumerenderingapplica-
tions. In eachof both parts hardware acceleratedjyraphics
operationsare usedthus allowing interactve, high quality
renderingandanalysisof large-scalesolumedatasets.

7.2. Advancedvolume rendering techniques

OpenGLandits extensionsprovide accesgo advancedper

pixel operationsavailable in the rasterizationstageand in

theframebuffer hardwareof moderngraphicswvorkstations.
With thesemechanismscompletelynev renderingalgo-
rithmscanbedesignedindimplementedn avery particular
way.

Over the pastfew yearsworkstationswith hardware sup-
port for the interactive renderingof complex 3D polygonal
scenesconsistingof directly lit and shadedtriangleshave
becomewidely available. The lasttwo generation®f high-
end graphicsworkstations® 75, however, besidesproviding
impressve ratesof geometryprocessingalso introduced
new functionalityin therasterizatiorandframebuffer hard-
ware, lik e texture andervironmentmapping fragmenttests
and manipulationas well as auxiliary buffers. The ability
to exploit thesefeatureshroughOpenGLandits extensions
allows completelynew classesof renderingalgorithmsto
be developed.Anticipating similar trendsfor the more ad-
vancedimaging functionality of todayshigh-endmachines
graphicsresearcherare actively investigatingpossibilities
to accelerateexpensve visualizationalgorithmsby using
theseextensions.

In this sessiowe will summarizesariousapproachethat
male extensve useof graphicshardwarefor therenderingof
volumetricdatasets.In particular the goal of this sessioris
to provide participantswith dedicatedknowledgeconcern-
ing the applicationof 3D texturesin volumerenderingap-
plicationsandto demonstratéow to exploit the processing
power andfunctionality of therasterizatiorandtexture sub-
systenof advancedgraphicshardware.Althoughatthistime
hardwareaccelerate@D texture mappingis only supported
on a few particulararchitecturesve expectthe samefunc-
tionality to be availableonlow-endarchitecturedike PCsin
the nearfuture thusleadingto anincreasingneedfor hard-
wareaccelerate@lgorithmsaswill be presentedNonethe-
less,we will alsodemonstratéow to efficiently exploit ex-
isting PC graphicshardware on which only 2D texturesare
availablein orderto achieve highimagequality atinteractive
framerates.

Hereafterwe will first describethe basicconceptof vol-
umerenderingvia 3D texturestherebyfocusingon the po-
tential benefitsandadvantagexomparedo softwarebased
solutions. We will further outline extensionsthat enable
flexible and interactive editing and manipulationof large
scalevolume data. We will introducethe conceptof clip-
ping geometriedy meansof stencil buffer operationsand
we will review the useof 3D texturesfor the renderingof
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lightedandshadedso-surficesin real-timewithout extract-

ing ary polygonalrepresentationAdditionally, we will de-

scribenovel approachesor the renderingof scalarvolume
datausing2D texturesand multi-texture registercombiners
asavailableonNvidia's GeForce256 PCgraphicgprocessaor
Theintentionhereis to streamlinggeneraldirectionshow to

bring high quality volumerenderingo the consumemarlet

by exploiting dedicatedut affordablegraphicshardware.

Ourmajorconcernin this sessioris to outlinetechniques
for the efficient generationof a visual representatiorof
the information presentin volumetricdatasets.For scalar
valuedvolume datatwo standardechniquesthe rendering
of iso-surbices,andthe direct volumerendering have been
developedto a high degreeof sophisticationHowever, due
to the hugenumberof volume cells which have to be pro-
cessechndto the variety of differentcell typesonly a few
approacheallow parametemodificationsandnavigationat
interactve ratesfor realisticallysizeddatasets.To overcome
thesdimitationsabasisfor hardwareaccelerateihteractve
visualizationof bothiso-surbcesanddirectvolumerender
ing hasbeenprovidedin 106,

Direct volumerenderingtries to corvey a visualimpres-
sionof the complete3D datasetby taking into accounthe
emissiorandabsorptioreffectsasseerby anoutsideviewer.
The underlyingtheory of the physicsof light transportis
simplifiedto thewell knowvn volumerenderingntegralwhen
scatteringandfrequeny effectsareneglected?:-49.68 112 A
few standardalgorithmsexist for computingthe intensity
contrikution alonga ray of sight,enhancedy a wide vari-
ety of optimizationstrateies®” 68 53 20.52. Byt only recently
sincehardvare supported3D texture mappingis available,
hasdirect volume renderingbecomeinteractively feasible
ongraphicswvorkstation 18 115 Thisapproacthasbeenex-
tendedurtheronwith respecto flexible editingoptionsand
adwancedmappingandrenderingtechniques.

Themajorgoalis themanipulatioreandrenderingof large-
scale volumetric data sets at interactize rateswithin one
applicationon standardgraphicsarchitecturesin this ses-
sion we focus on scalarvaluedvolumesand shav how to
acceleratethe renderingprocessby exploiting featuresof
adwancedgraphicshardwareimplementationgshroughstan-
dardAPIslike OpenGL.Thepresente@pproactis pixel ori-
ented takesadwantageof rasterizatiorfunctionality suchas
color interpolation,texture mapping,color manipulationin
the pixel transferpath, various fragmentand stencil tests,
andblendingoperationsin thisway it is possibleto

e extendvolume rendering via 3D textureswith respect
to arbitraryclipping geometries

¢ render shadediso-surfacesat interactve ratescombin-
ing 3D texturesand fragmentoperationsthus avoiding
ary polygonalrepresentation

e extendvolume rendering via 2D textureswith respect
to view independentexture resamplingand advanced
shadingandlighting models
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7.3. Volumerendering via 3D textures

When 3D textures becameavailable on graphicsworksta-
tionstheir benefitin volumerenderingapplicationsvassoon
recognized®®. The basicideais to interpretthe 3D scalar
voxel arrayasa 3D texture definedover [0,1]® andto un-
derstan®BD texture mappingasthetrilinear interpolationof
thevolumedatasetat anarbitrarypointwithin this domain.
The datais re-samplecbn clipping planesthat are oriented
orthogonalo the viewing planewith the planepixelstrilin-
earlyinterpolatedrom the 3D scalartexture. This operation
is successiely performedfor multiple planesthat have to
be clipped againstthe parametrictexture domain(seeFig-
ure 16). Thesepolygonsarerenderedrom front-to-backor
back-to-frontandtheresultingtexture slicesareblendedap-
propriatelyinto the framebuffer therebyapproximatinghe
continuoussolumerenderingntegral.

Figure 16: Volumerenderingby 3D texture slicing.

Dedicatedgraphicshardvare is exploited for trilinearly
interpolatingwithin the texture andfor blendingthe gener
atedfragmentson a perpixel basis.However, the real po-
tential of volumerenderingvia 3D texturesjust turnedout
after texture lookup tablesbecameavailable. Scalarsam-
plesthatarereconstructedfom the 3D textureareconverted
into RGAa pixels by a lookup-uptable prior to their draw-
ing. The possibilityto directly manipulatethe transferfunc-
tions necessaryo performthe mappingfrom scalarvalues
to RGBa valueswithout the needfor reloadingthe entire
textureallows the userto interactvely find meaningfulmap-
pingsof materialvaluesto visual quantitiesIn this way ar-
bitrary partsof thedatacanbehighlightedor suppressednd
visualizedusingdifferentcolorsandtransparencies.

Nevertheless,besidesinteractize frame rates,in mary
practicalapplicationsditingthedatain afreeandeasyway
is of particularinterest.Although texture lookup tablescan
be modifiedin orderto extract portionsof the data,the use
of additionalclipping geometrie®ftenallows separatinghe
relevant structuresn a muchmore convenientandintuitive
way. Planarclipping planesavailableascoreOpenGLmech-
anismsmay be utilized, but from the users point of view
morecomplex geometriesrenecessary

7.4. Clipping geometriesand Stenciling

A straightforvard approactwhich is implementedjuite of-
tenis the useof multiple clipping planesto constructmore
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complex geometriesHowever, notice that even the simple
taskof clipping an arbitrarily scaledbox cannotbe realized
in this way. More flexibility and easeof manipulationcan
be achieved by taking adwantageof the perpixel operations
providedin therasterizatiorstage As will beoutline,aslong
asthe objectagainstwhich the volumeis to be clippedis a
closedsurfacerepresentetby alist of trianglesit canbe ef-
ficiently usedastheclipping geometry

The basicideais to determinefor all slicing planesthose
pixels which are coveredby the cross-sectiorbetweenthe
objectandthis plane(seeFigure17). Then,thesepixelsare
locked, thus preventing the textured polygon from getting
drawn to theselocations.The locking mechanismis imple-
mentedy exploiting theOpenGLstenciltest.It allows pixel
updatego beacceptedr rejectechasedn the outcomeof a
comparisorbetweena userdefinedreferencevalueandthe
valueof thecorrespondingntryin the stencilbuffer. Before
the textured polygongetsrenderedhe stencil buffer hasto
be initialized in sucha way thatall color valueswritten to
pixelsinsidethe cross-sectiomill berejected.

D

Figure 17: The use of arbitrary clipping geometriesis
demonstated for the caseof a sphee. In regions whee
the object intersectsthe actual slice the stencil buffer is
locked. The intuitive appmoac of renderingonly the badk
facesmightresultin the patternederroneougegion.

o
gt e

In orderto determinefor a certainplanewhethera pixel
is covered by a cross-sectioror not the clipping objectis
renderedn polygon mode.However, sinceoneis only in-
terestedn settingthe stencilbuffer noneof the framebuffer
valuesaltered.At first, an additional clipping planeis en-
abledwhichhasthesameorientatiorandpositionastheslic-
ing plane.All backfaceswith respecto the actualviewing
directionaredravn, and everythingin front of the planeis
clipped.Wherever a pixel would have beendrawn the sten-
cil buffer is set.Finally, by changingthe stenciltestappro-
priately renderingthe textured polygon, now, only affects
thosepixelswherethe stencilbuffer is unchanged.

In general however, dependingn the clipping geometry
this procedurdails in determiningthe cross-sectiomxactly
(seerightmostimagein Figure 17). Therefore,beforethe
texturedpolygonis renderedall stencilbuffer entrieswhich
aresetimproperlyhave to be updatedNoticethatin front of
a backfacewhich waswritten erroneouslythereis always
a front facedueto the topology of the clipping object.The

frontfacesarethusrenderednto thosepixelswherethesten-
cil buffer is setandthe stencilbuffer is clearedvhereapixel
alsopasseshedepthtest.Now thestencilbuffer is correctly
initialized andall furtherdrawing operationsrerestrictedo
thosepixelswhereit is setor vice versa.Clearingthe stencil
buffer eachtime anew sliceis to berenderedcanbeavoided
by usingdifferentstencilplanes.Thenthe numberof slices
thatcanbe processedvithout clearingthe buffer depend®n
thenumberof stencilbits provided by the currentvisual.

Sincethis approachis independenof the usedgeome-
try it allows arbitraryshapego be specified.In particularit
turnsout that transformation®f the geometrycanbe han-
dledwithout ary additionaloverheadthusproviding a flex-
ible tool for carvingportionsout of the datain an intuitive
way.

In Figure18two imagesareshawvn, which shoulddemon-
stratethe extendedfunctionality of 3D texturebaseds/olume
rendering.n thefirstimagea simplebox wasusedto mask
the interior of a MRI-scanby meansof the stencil buffer
approach.The secondimageswas generatedy explicitly
clippingtheslicing planesagainsthebox andby tesselating
theresultingcontours.Note that only the region of interest
needgo betexturedin thisway.

(a) Box clipping with the
stencilbuffer.

(b) Inversebox clipping
with OGL tesselation.

Figure 18: Box clipping usingthe stenciltest(left) and the
OGL tesselatior(right).

7.5. Renderingiso-surfacesvia 3D textures

Sofarwe describedxtensiongo texture mappedirectvol-
umerenderingthat have beenintroducedin orderto define
a generalhardvare acceleratedramewvork for adaptve ex-
ploration of volumetric datasets.In practice,however, the
displayof shadedso-surficeshasbeenshavn asoneof the
most dominantvisualizationoptions,which is particularly
usefulto enhancehespatialrelationshipbetweerstructures.
Moreover, this kind of representationftenmeetsthe physi-
cal characteristicef thereal objectin a morenaturalway:.

(© TheEurographic#ssociation2000.
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Differentalgorithmshave beenproposedor efficiently re-
constructingoolygonalrepresentationsf iso-surficesfrom

scalarvolumedata®3 74 92 111 hut noneof theseapproaches

can effectively be usedin interactve applications.This is

dueto the effort that hasto be madeto fit the surfaceand
alsoto the enormousamountof trianglesproduced For re-

alistically sizeddatasetsinteractively manipulatingthe iso-

value seemgo be quite impossible,and alsorenderingthe
surfaceat acceptabldrameratescanhardly be achieved. In

contrastto thesepolygonalapproachesin 196 an algorithm
was designedthat completelyavoids ary polygonalrepre-
sentationby combining3D texture mappingand advanced
pixel transferoperationsn away thatallows theiso-surfice
to berenderedn a perpixel basis.

Recentlyfirst approachefor combininghardwareaccel-
eratedvolumerenderingvia 3D texture mapswith lighting
andshadingwerepresentedin 192 the sumof pre-computed
ambientandreflectedight componentss storedin the tex-
ture volume and standard3D texture compositionis per
formed.On the contrary in 34 the orientationof voxel gra-
dientsis storedtogethermwith the volume densityasthe 3D
texture map. Lighting is achieved by indexing into an ap-
propriatelyreplicatedcolortable. Theinherentdravbacksto
thesetechniquess the needfor reloadingthe texture mem-
ory eachtime ary of thelighting parametershangg(includ-
ing changesn the orientationof the object)192, andthediffi-
culty to achieve smoothlyshadedsurfacesdueto thelimited
quantizatiorof thenormalorientationandtheintrinsic hard-
wareinterpolationproblems?4.

Basically the non-polygonal3D texture basedapproach
is similar to the one usedin traditional volume ray-casting
for the display of shadedso-surfices.Let us considerthat
thesurfaceis hit if the materialvaluesalongtheray of sight
do exceedthe iso-value for the first time. At this location
the materialgradientis computedwhich is thenusedin the
lighting calculations.

By recognizingthat texture interpolationis alreadyex-
ploited to re-samplehe data,all thatneedsto be evaluated
is how to capturethosetexture samplesabove theiso-value
that are nearesto the imageplane.Thereforethe OpenGL
alpha test canbe emplo/ed, which is usedto rejectpixels
basedon the outcomeof a comparisorbetweertheir alpha
componenaindareferencevalue.

Eachelemeniof the 3D texture getsassignedhe material
valueasits alphacomponentThen,texture mappedvolume
renderingis performedas usual,but pixel valuesare only
drawn if they passthe depthtestandif the alphavalueis
larger thanor equalto the selectedso-value.In ary of the
affectedpixelsin the framebuffer, now, the color presentt
thefirst surfacepointis beingdisplayed.

In orderto obtain the shadedso-suricefrom the pixel
valuesalreadydrawn into the framebuffer two differentap-
proacheshouldbe outlined:
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e Gradient shading A four component3D texture is
storedwhich holdsin eachelementthe material gradi-
entaswell asthematerialvalue.Shadings performedn
imagespaceby meansof matrix multiplicationusingan
appropriatelyinitialized color matrix.

e Gradientless shading Shadingis simulatedby simple
frame buffer arithmetic computingforward differences
with respecto thelight sourcedirection.Pixel texturing
is exploitedto encompassultiple renderingpasses.

Both approacheaccountfor diffuseshadingwith respect
to a parallellight sourcepositionedat infinity. Thenthe dif-
fusetermreducedo the scalarproductbetweerthe surface
normal,N, andthedirectionof thelight sourcel, scaledby
thematerialdiffusereflectvity, ky.

The texture elementsn gradientshadingeachconsistof
anRGBa quadruplevhich holdsthegradientcomponentin
the color channelsaandthe materialvaluein thealphachan-
nel. Before the texture is storedand internally clampedto
therange[0,1] thegradienttomponentarebeingscaledand
translatedy afactorof 0.5.

By slicing the texture therebyexploiting the alphatestas
describedhetransformedyradientsat the surfacepointsare
finally displayedin the RGB framebuffer componentgsee
left imagein Figure19). For the surfaceshadingto proceed
properly pixel valueshave to be scaledandtranslatedback
to the range[-1,1]. In orderto accountfor changesdn the
orientationof the objectthenormalvectorshave to betrans-
formed by the model rotation matrix. Finally, the diffuse
shadingtermis calculatedby computingthe scalarproduct
betweerthelight sourcedirectionandthe transformechor-
mals.

Figure 19: Ontheleft, for aniso-surfacethe gradientcom-
ponentsare displayedn the RGBpixel values.Ontheright,
for the sameiso-surfacethe coodinatesin texture spaceare
displayedn theRGBcomponents.

All threetransformationscan be appliedsimultaneously
using one 4x4 matrix. It is storedin the currently se-
lectedcolor matrix which post-multiplieseachof the four-
componentpixel valuesif pixel datais copiedwithin the
active frame buffer. For the color matrix to accomplishthe
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transformationst hasto beinitialized asfollows:

lx Ly L, O 2 00 -1
I R IV P 020 -1
M =l L ofMajo o 2 1
0 0 0 1 000 1

By just copying the framebuffer contentontoitself each
pixel getsmultiplied by the color matrix. In addition, it is
scaledandbiasedn orderto accountfor the materialdiffuse
reflectvity andtheambientterm. Theresultingpixel values
are

la kyg R ka{L,Nrot) + la
la kq G| _ |kda{L;Nrat) +1a
la| T [ka| M [ B| T | koL, Neot) + 1
0 1 a a

where obviously different ambientterms and reflectvities
canbe specifiedfor eachcolor component.

Figure 20 illustratesthe quality of the describedrender
ing techniqudor shadedso-suracesThesurfaceontheleft
imagewasrenderedn roughly 9 secondasinga software
basedray-caster3D texture basedgradientshadingwasrun
with about6 framespersecondon the next image.Thedis-
tancebetweensuccessie sliceswas chosento be equalto
the samplingintenals usedin the software approach.The
surfaceon the right appearsomevhat brighterwith a little
lesscontrastdueto the limited frame buffer precision,but
basicallytherecanhardlybe seenary differences.

Figure 20: Iso-surfacerenderingby directray-casting(left)
andby usinga gradienttexture (right).

To circument the additionalamountof memorythatis
neededo storethe gradienttexture a secondtechniquecan
be emplosed which appliesconceptshorroved from 82 but
in anessentiallydifferentscenarioThediffuseshadingerm
can be simulatedby simple frame buffer arithmeticif the
surfaceis assumedo be locally orthogonalto the surface
normalandthe normalaswell asthe light sourcedirection
areorthonormabectors.

Notice that the diffuse shadingterm is then proportional
to the directionalderivative towardsthe light source.Thus,

it canbe simulatedby takingforwarddifferencegowardthe
light sourcewith respecto thematerialvalues:

X(Po) = X(Po+ A-L)

By renderingthe scalarmaterialvaluestwice, oncethose
thatcorrespondo the original surfacepointsandthenthose
thatcorrespondo the surfacepointsshiftedtowardsthelight
source,OpenGL blending operationscan be exploited to
computetheforwarddifferences.

In orderto obtainthe coordinatef the surfacepointsit
is taken adwantageof the alphatestas proposedand pixel
texturesareappliedto re-samplehe materialvalues.There-
fore it is importantto know that eachvertex comeswith a
texturecoordinateaswell asa color value.Usuallythecolor
valuesprovide abasecolor andopacityin orderto modulate
theinterpolatedexture samples.

By consideringthat to eachvertex the computedtexture
coordinate(u,v,w) is assignedas RGB color value. Tex-
ture coordinatesare supposedo be within the range[0,1]
sincethey arecomputedn parametridexture space More-
over, thecolorvaluesinterpolatedduringrasterizatiorcorre-
spondto the texture spacecoordinatef pointson theslic-
ing plane.As a consequenc&e nonv have the position of
surfacepoints availablein the frame buffer ratherthanthe
materialgradients.

In order to display the correct color valuesthey must
not be modulatedby the texture samplesHowever, remem-
berthatin gradientlesshadingthe sametexture format is
usedasin traditionaltextureslicing. Eachelementomprises
a single-alued color entry which is mappedvia a RGBa
lookuptable.Thisallows oneto temporarilysetall RGB val-
uesin thelookuptableto onethusavoiding ary modulation
of colorvalues.

At this point, the real strengthof pixel texturescan be
exploited. The RGB entriesof the texture lookup table are
resetin orderto producethe original scalarvalues.Then,the
pixel datais readinto main memoryandit is dravn twice
into the framebuffer with enabledpixel texture. In the sec-
ondpasspixel valuesareshiftedtowardsthelight sourceby
meanf the OpenGLpixel bias.By changingthe blending
equationappropriatelyall valuesget subtractedrom those
alreadyin the frame buffer thusyielding the approximated
diffuselighting.

In Figure 21 illustratesthe differencebetweengradient
shadingand gradientlesshading.Obviously, surfacesren-
deredby the latter oneexhibit low contrastandevenincor
rectresultsareproducedspeciallyin regionswherethevari-
ation of the gradientmagnitudeacrossthe surfaceis high.
Althoughthe materialdistribution in the exampledatais al-
mostiso-metric,at somepointsthe differencescan be eas-
ily recognizedAt thesesurfacepointsthe stepsizeusedto
computethe forward differencehasto be increasedwhich,
of course cannotberealizedby the presentedpproach.

(© TheEurographic#ssociation2000.



Meif3neretal. / VolumeRendering

However, only onefourth of thememoryneededn gradi-
entshadings usedin gradientlesshadingout therendering
times,ontheotherhand only differ insignificantly Theonly
differencdiesin theway theshadings finally computedin
gradientshadingthe whole frame buffer is copiedonce.In
gradientlesshadinghepixel datahasto bereadandwritten
twice with enabledixel texturing. On the otherhand,since
the overheaddoesnot dependon the dataresolutionbut on
the sizeof theviewport, its relative contrikution to the over-
all renderingtime canbe expectedto decreaseapidly with
increasingdatasize.

N N

Figure 21: Comparisonof iso-surfacerenderingusing a
gradienttexture (left) andframebuffer arithmetic(right).

7.6. Volumerenderingvia 2D texturesusingregister
combiners

In orderto exploit 2D texturesfor volumerenderingthevol-
umedatasetis representedby three object-alignedexture
stacks.The stackto be usedfor renderinghasto be chosen
accordingo theview directionin orderto avoid degenerated
projectedpolygons(seeFigure 22). For a particularstack,
the textured polygonsare renderedin back-to-frontorder
and the generatedragmentsare compositedwith the pix-
elsalreadyin the framebuffer by a-blending.Dueto vary-
ing view directionthe distancebetweenconsecutie sample
pointsthatareblendinto a certainpixel variesaccordingly
Consequentlythe opacity of slicesshouldbe adaptedwith
respecto this distancein orderto accountfor the thickness
thesesamplesrepresentin addition,only bilinear interpo-
lation within the original slicesis performedthus leading
to visually lesspleasantesults.Both dravbacks,however,
canbe avoided quite efficiently using multi-texture register
combinersasavailablein the Nvidia GeForce 256 graphics
processor

Multi-texturing is an optional extension available in
OpenGL 1.2, which allows one polygon to be texture
mappedusing color and opacityinformationfrom multiple
textures.OpenGL1.2 specifiesnulti-texturingasasequence
of stagesijn which theresultof one stagecanbe combined
with theresultof the previousone.

Unfortunately in generalthis conceptturns out to be
too static for mary desiredapplications.Therefore,recent
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PC graphicsboardssupportmulti-stagerasterizationn or-
der to explicitly control how color-, opacity- and texture-
componentsare combinedto form the resulting fragment.
By meansof this extensionrathercomplex calculationscan
be performedn asinglerenderingpass.

Although multiple rasterizationstagesare supportedby
PC graphicsboardsfrom differentvendors,until now these
featuresare optional extensionsto the OpenGL standard
and thus hardware-dependentSince every manufcturer
of graphicshardware definesits own extensions,we will
restrict our descriptionto graphicsboardswith NVidia's
GeForce 256 processorin this respectwe strictly focuson
thework of 85, wheremostof theideasthatwill bepresented
hereaftehave beenintroduced.

As anOpenGLextensionthatenablesneto gainexplicit
controlover perfragmentinformation,NVidia hasprovided
theNV_r egi st er _conbi ner s % which completelyby-
passghe standardOpenGLtexturing units (seeFig. 23). It
consistof two flexible generalrasterizatiorstagesandone
final combinerstage The generalkcombinerstageis divided
into an RGB-portionand a separateAlpha-portionas dis-
playedin Figure24.

A numberof inputregisterscanbeprogrammedandcom-
binedwith eachotherquiteflexibly (seeFig. 24). Theoutput
registersof the first combinerstagearethenusedasthein-
putregistersfor thenext stage Fixedpointcolorcomponents
thatareusuallyclampedo arangeof [0, 1] caninternallybe
expandedto a signedrangeof [—1, 1]. Vectorcomponents,
for example,canbe handledn this way, which significantly
simplifiesthe computationof local diffuseillumination for
themethodsdescribedelow.

The output registersof the secondgeneralstageare di-
rectedinto a final combinerstagewith restrictedfunction-
ality. Oncemulti-stagerasterizations performedin the de-
scribedway the standardOpenGL perfragmentoperations
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i | Color Sum T To
- 5 Fragment
. itmap o Processing
Bitmap =
[} Coverage >
8— Fog I‘ >T~O0—> ppplication

Figure 23: Sincethe multi-texture model of OpenGL 1.2

turns out to be too limiting, NMdia’s GeForce 256 proces-
sor providesmulti-stage register combines that completely
bypasghe standad texturing unit.
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computations

Figure 24: TheRGB-portionof the geneal combinerstege
supportsarbitrary registermappingsand comple computa-
tion like dot productsand component-wisaeightedsum.

input | | input
map | | map
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texture O
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G

computations

input registers
RGB A

primary color

secondary color

constant color 0

constant color 1

Figure 25: Thefinal combinerstage is usedto computethe
resultingfragmentoutputfor RGBandAlpha.

are performed.We shouldnote here,thatin contrastto the
SGI texture color tablesthe GeForce architecturesupports
palettedtexturesthat allow for interpolationof pre-shaded
texturevalues.

7.7. Multi-T exture Inter polation

In order to achieve view independentdistancesbetween
samplepointsintermediateslicesaretrilinearly interpolated
on thefly from the original slices.The missingthird inter-
polationstepis performedwithin therasterizatiorhardware
usingmulti-textures,asoutlinedin Figure26).

Any intermediateslice S, canbe obtainedby blending
betweeradjacenslicesS andS_; from theoriginal stack:

Sta=(1-0a)-S+a-S1. (11)

With eachsliceimagestoredin aseparat@D-texture, thefi-
nal interpolationbetweenbilinearly interpolatedsampless
computeddy blendingtheresults As displayedn Figure26,
blendingis computedby a single generalcombinerstage,
wherethe original slicesS andS_; arespecifiedasmulti-
texturest ext ure 0 andtexture 1. The combineris
setupto computea component-wisaveightedsumAB+ CD
with the interpolationfactora storedin oneof the constant
colorregisters.The contentf thisregisteris mappedo in-
putvariableA, andatthesameimeit is invertedandmapped
to variableC. In the RGB-portion,variablesB andC areas-
signedheRGBcomponentsft ext ure 0 andt ext ure
1 respectrely. Analogously the Alpha-portioninterpolates
betweerthe alpha-component®Now, the outputof this first
combinerstageis combinedn with the pixel valuesalready
in theframebuffer usinga-blending.

All thatremainsto be doneis to choosethe location of
intermediateslicesdependingon the actualview direction
in orderto guarante@quidistansampledistancesThus,we
completelyavoid adaptingthe opacityfor every view by se-
lecting the numberof slicesto be reconstructecappropri-
ately

7.8. Shadediso-surfaces

As mentionedin the first part of this section,in 1% an ef-
ficient algorithm wasintroducedthat exploits rasterization
hardware to display shadedso-suracesusinga 3D gradi-
entmap.Usingmulti-stagerasterizationthis methodcanbe
efficiently adaptedto the GeForce graphicsprocessarThe
voxel gradientis computedas before and written into the
RGB component®f a setof 2D-texturesthatrepresenthe
volume. Analogously the materialis codedin the alpha-
componentThe registercombinerarethenprogrammedis
illustratedin Fig. 27. Thefirst generaktombinerstages ap-
plied asdescribedn Section7.7 to interpolateintermediate
slices.The secondgeneralcombinernon computeghe dot
productAe B between, wherevariableA is mappedo the
RGB outputof thefirst combinerstage(theinterpolatedyra-
dient i) and variable B is mappedto the secondconstant

(© TheEurographic#ssociation2000.
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Figure 26: Combinersetupfor interpolationof intermediateslices.
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Figure 27: Combinersetupfor fastrenderingof shadedsosurfaces

color register that containsthe light vector I. The alpha-
components not modified by the secondcombinerstage.
Note that the generalcombinerstagessupportsignedfixed
pointvalues,sothereis no needto scaleandbiasthe vector
componentso positive range.

Sincethe final combineris capableof computingAB+
(1— A)C+ D, whenstoringthe color of diffuseandambi-
entlight in the registersfor primary and secondarycolot,
the final combinercanbe usedfor compositingall involved
terms.ThereforevariableA is assignedo primarycolor (Ig)
andis multiplied with variableB whichis mappedo thedot
product,computedby the RGB-portionof the secondgen-
eral combiner VariableC is setto zero and variableD is
mappedo secondaryolor (Ia).

Note that this particularimplementationis a single-pass
renderingtechnique sinceall computationsare performed
in the registercombinersbeforefragmentsare going to be
combined.In this way, the copy operationin orderto mul-
tiply pixel valueswith the properlyinitialized color matrix
canbeavoided.

Moreover, by using the samecombinersetup multiple
transpareniso-surbcescanbe displayed.Therefore the a-
lookup-tables setup in suchaway, thatthe materialranges
to bedisplayedarerepresentetly a-valueslargerthanzero.
For all othermaterialsthe alphavalueis setto zero.Now,

(© TheEurographic#ssociation2000.

the alphatest discardseverything equalto zero, the depth
testis disabledanda-blendingis performed Renderinghe

slicesin back-to-frontorderyieldsthe semi-transparenso-

surfacescorrectly accumulatedvith respectto the selected
attenuation.

8. Unstructur ed Volume Rendering

Figure28shawsfour typesof volumedatasetsegular, recti-

linear, curvilinear andunstructuredinteractize volumeren-

dering hasalays beena challengingproblem. So far, we

have seenhow a combinationof algorithm developments
andhardwareadwancescancreatednteractive renderingso-

lutionsfor regularrectilineardatasetsseeprevious sections
and11”. Thesesolutionsprovide changingviewpoints with

interactvity 1-30frames/secondn this portion of the tuto-

rial, we focuson unstructureddata.Suchdatasetsre com-

putedin computationalfluid dynamicsand finite element
analysis.

8.1. Intr oduction

Providing interactvity requiresapplying optimally tuned
graphicshardwareandsoftwareto accelerat¢he featuresof
interest.Many researcherén the past® have commented
that creationof specialpurposehardware would solve the



Meil3neretal. / VolumeRendering

arbitrary height locations
fixed grid spacings
dx,dy,dz

1

Regular Rectilinear Rectilinear

MRI, CT, Ultrasound

Structured

atmospheric circulation fluid flow

i world space of grid warped

Curvilinear Tetrahedral

finite element simulatior

Unstructured

Figure 28: Examplegrid types.

slowvnessof handlingunstructuredyrids. And, generalpur-
posehardware is not adequatebecausehe operationsper
secondrequirements simply too high. Within the lastyear
special purposegraphicshardware is nowv fast enoughto
malke the existing algorithmsinteractive — if only theproper
optimizationsaremade.Currentgraphicshardwareis inter-
active, usingour optimizations for moderatesizeddatasets
of thousandgo millions of cells. Specialpurposevolume
hardware or reprogrammablegraphicshardware are addi-
tional waysto further acceleratainstructuredvolume ren-
deringalgorithms.

In orderto achieve the highestpossibleperformanceor
interactve renderingof unstructureddata, mary software
optimizationsare necessaryin this sectionof the tutorial,
we explore software optimizationsusing OpenGLtriangle
fans,customizedquicksort,memoryorganizationfor cache
efficiency, displaylists, tetrahedratulling, andmultithread-
ing. The optimizationscanvastly improve the performance
of projectedtetrahedraenderingto provide interactve ren-
dering on datasetof hundredsof thousandof tetrahedra.
Theseesultsareanorderof magnituddastethanthebestin
the literaturefor unstructuredszolumerendering!2é 101, The
sortingis alsoan orderof magnitudefasterthanthe fastest
sortingtiming reportedfor Williams MPVONC 7.

Momentumfor unstructuredenderingcellularbaseden-
dering,andray tracingof irregular grids was createdat the
Volume Visualization Symposium®7.93 25, Peter Williams
developedextensiongo Shirley etal. 93 tetrahedratenderer
and provided simplified cell representation® give greater
interactivity 113, Ray tracinghasbeenusedfor renderingof
irregulardataaswell 25, Most recentlytherehasbeenwork
onmultiresolutionalrregularvolumerepresentation¥ dis-

tributed volume renderingalgorithmson massiely paral-
lel computers®4, And, optimizationusing texture mapping
hardware125, Softwarescanconversionimplementationsire
alsobeingresearcheéf®.

The renderingof unstructuredyrids canbe doneby sup-
porting cell primitives, at a minimum tetrahedra,which
whendrawn in the appropriateorder can be accumulated
into the frame buffer for volume visualization.Thereis a
disadwantageof usingonly tetrahedrakells to supportthe
hexahedralandothercells,mainly a 5x explosionin dataas
a hexahedralcuberequiress tetrahedraat a minimumto be
representecandthetiling of adjacentcells whensubdvid-
ing may causeproblemsin matchingedgesdncludingcrack-
ing, wherea small crack may appearbetweenhexahedral
cellsthathave beensubdiidedinto tetrahedr&3.

For propercompositingeitherthecellsviewpointordering
canbe determinedrom the grid or a depthsortingis per
formed.For regulargridsthe viewpoint orderingis straight-
forward. For unstructuredlata,the viewpoint orderingmust
be determinedfor eachviewpoint by comparingthe depth
of cells. Schemeshatusecell adjaceng datastructuresan
helpto reducetherun time compleity of the sort114 93,

The basic approachto computecell’s contrikutions is
threedimensionakcancorversion.Severalvariantswerein-
vestigatedn Wilhelms and Van Gelder1%. The first vari-
antis averagingopacity and color of front and back faces
thenusinga nonlinearapproximatiorto the exponent.The
secondvariantis averagingopacity and color of front and
backfacesthenexactly computingtheexponential And, the
third variantis, using numericallinear integration of color
andopacitybetweerfront andbackfacesandexactly com-
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puting the exponentials Gouraudshadinghardwareis used
by interpolatingcolors and opacitiesacrossfaceswhich is
possibleif the exponentialapproximatioris evaluatedatthe
vertices®,

8.2. Projected Tetrahedra

This tutorial shavs how to make unstructuredenderingas
interactive aspossibleon availablehardwareplatforms.The
projectedtetrahedraalgorithm of Shirley and Tuchman®3
usesthe geometryaccelerationand rasterizationof poly-
gonrenderingto maximumadwantage.The majority of the
work, the scanconversionandcompositing areaccelerated
by existing graphicshardware. In earlier work, we inves-
tigatedhardware acceleratiorwith parallel compositingon
PixelFlow 116, OpenGLhardwareacceleratiors now widely
available in desktopsystemsand using the earlierimple-
mentationas a starting point we investigatedfurther opti-
mizationgtoimprove desktoprenderingperformancekigure
29 provides pseudo-cod®f Shirley and Tuchmans 93 pro-
jectedtetrahedraalgorithm, wheretetrahedraare projected
atthescreerplane,andsubdvidedinto triangles.Figure 31
shavsthefour classe®f projectionghatresultin oneto four
triangles.

I.  Preprocess dataset
for a new vi ewpoint:
Il. Visibility sort cells
for every cell (sorted back-to-front)
II'l. Test plane equations to determ ne
class (1,2,3,4)
IV. Project and split cell unique
front back faces
V. Conput e col or and opacity for thick
vertex
VI. (H Scanconvert new triangles

Figure 29: Projectedtetrahedia pseudo-code

Preprocessings necessaryo calculatecolorsand opac-
ities from input data, setupfor visibility sorting of primi-
tives,and creationof planeequationsusedfor determining
the classa tetrahedrabelongsto for a viewpoint. Cells are
visibility sorted(stepll) for propercompositingfor each
viewpoint 114, Figure 31 shaws that new verticesareintro-
ducedduring stepslil and IV. The new vertex requiresa
color and opacity to be calculatedin stepV. Thenthe tri-
anglesare dravn and scanconvertedin stepVI. Figure 30
shaws the output of our rendererfor the Phoenix,NASA
Langley Fighter andF117datasets.

8.3. Acceleration Techniques

8.3.1. Triangle strips.

Triangle strips cangreatlyimprove the efficiency of anap-
plication sincethey area more compactway of describing,
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storing,andtransferringa setof neighbouringrianglesCre-
ating triangle strips from triangularmeshesf datacanbe
donethroughgreedyalgorithms.But, in projectedtetrahe-
dra,thesplit casesllustratedin Figure31 candirectly create
trianglefans.Eachnew vertex givenwith glVertex specifiea
new triangle,insteadof redundantlypassingvertices.Figure
31givestrianglestripsfor thefour classe®f projections.

Class 1: i i 3evr%(r:%uss ’
Class 2: \éevr(taircseusS L
Class 3: 3e¥(tailt’:seuss ®
Class 4: L same

Figure 31: Numberof verticesfor fan versustriangles.

In experimentonthe NASA Langley fighterdatasetyith
70,125tetrahedrathereare an averageof 3.4 trianglesper
tetrahedrda sumof the percentagef Class1-60%3 trian-
gles,2-40%4 triangles,3, and4). Fewer verticesaretrans-
mitted for the samegeometryand mary fewer procedure
callsaremadeto OpenGL.For n tetrahedrahereare 10.8n
procedurecallswith fansversus20.4n procedurecallswith-
out fans,afactorof 2 reduction.Williams alsoinvestigated
trianglestrippingusinglris-GL.

8.3.2. Display Lists For Static Geometry.

Displaylists allow the graphicsdriversto optimizevertices,
colors,andtriangle strips for the hardware.| convertedall
static geometryinto display lists. Figure 32 shavs exam-
plesof vertices,surfaces,anda backgroundnesh.The pri-
maryimpactof thesechangess to eliminateary slovdown
whentheseauxiliary dataare alsorenderedUnfortunately
the projectedtetrahedraecomputeshe thick vertex for ev-
ery new viewpoint sothatthe volumedatacannotbe placed
in displaylists. Also, becaus¢hethick vertex is recalculated
for eachnew view, vertex arrayscannotbe used.

8.3.3. Visibility Sorting—CustomizedQuicksort.

Visibility sortingof cellsis donethroughCignonietal. and
Karasicketal’s 12 42 techniqueof sortingthe tangentialdis-
tancego circumscribingspheresWe have comparech cus-



Meil3neretal. / VolumeRendering

Figure 30: Unstructuedvolumerenderingof Phoenix(left), NASALangley Fighter (middle),andF117 (right).

Figure 32: Points (left) surfaceg(middle)and mesh(right)
storedin displaylists.

tom codedquicksortto the C library utility gsort() anim-

provementof 75%to 89%.A genericsortingroutinecannot
asefficiently handlethedatastructureghatareto be sorted.
Two values,the tangentialsquareddistance(float) and the
tetrahedraindex aremoved.

8.3.4. Taking advantageof view coherence.

The proper choice of pivots gives an efficient sorting of

sortedand nearly sortedlists. We previously resortedthe
sameinput for eachview. But, usingthe sortedvaluesfrom

the previous view speedaup the sorting. The programwas
also modified to use smaller viewpoint changesand run

timeswereimproved by an additional18%. Both sortsare
much fasteron sorteddata. This propertyis exploited for

view coherenceTheratefor thecustomquicksortvariesbe-
tween600,000to 2 million cells per seconddependingon

how sortedthe list is. For comparisonrecentlyreportedre-

sults for MPVONC 114 gre from 185,000to 266,000cells
per second'’. In our earlierwork, we shaved that quick-

sortachiered 109,570cells/secondnaPA RISC7200(120
MHz) 116, without the the view coherencenddatastructure
optimizationsdiscussedhere.

8.3.5. Cachecoherency

Becausethe tetrahedraldata structuresare randomly ac-
cesseda high percentagef timeis spentin thefirst fetch of
eachtetrahedras data.Tetrahedrareaccessetly their view

and not memory storageorder Reorderingthe tetrahedra
whenperformingtheview sorteliminatedcachestallswhen
renderingdata,but the sortingroutinewasslowved dovn by
moving moredata.Therewasanoverall slovdown, sofuture
work is neededo find effective cachingstratgies.

8.3.6. Culling.

Tetrahedravhoseopacityarezeroareremovedfrom sorting
andrendering.This is classificationdependentput yields
20%and36%reductionin tetrahedrdor theLangley Fighter
andF117datasetsTheruntimedecreaseaccordingly

8.3.7. Multithr eading

Mary desktopsystemsnowv have two CPU’s. We multi-

threadedherendereron Windows NT to explore additional
speedupavailable. Profiling of the code shaved that spare
CPU cycles were available, and that the graphicsperfor

mancewvasnotyetsaturatedTwo threaddor thecomputen-

tensve floatingpointwork of testingandsplitting cells,were
used,andthe sortingandOpenGLcallswereseparatedhto

separatehreads.The sortingwas donefor the next frame,
for a pipelineparallelism.The patrtitioningfor the cell sort-
ing andsplitting wasdoneon a screerbasedpartitionusing
the centroid of the visible or nonculledtetrahedraSucha
dynamicpartitioningprovidedafastdecision yetgave good
load balancingin mostcasesThe multithreadingprovided

anadditionall4%to 25%speedup.

8.4. Summary

Unstructuredsolumerenderingis now truly interactve due
to acombinatiorof advancesn softwarealgorithmsfor sort-
ing of cellsin depthand graphicshardware improvements.
To implementan interactve unstructuredendererequires
understandindiow to exploit the specialpurposegraphics
hardware,andthe CPU’s available in todays desktopma-
chines.We have shawvn the key elementsneededto opti-
mize a rendererincluding use of triangle fans for reduc-
ing the bandwidthbottleneck,culling of unseerdata,mul-

(© TheEurographic#ssociation2000.



Meif3neretal. / VolumeRendering

tithreadingfor lowly parallelism,andmakingOpenGLstate
changessinfrequentlyaspossible Display lists are possi-
ble only for the norvolume data,becauseof the natureof
the projectedtetrahedrarequiresrecomputingdifferenttri-
anglesfrom thetetrahedrdor every new viewpoint. We did
shaw that placingsurfaces points,andaucxilliary visualiza-
tion planesin display lists literally addsthesecapabilities
for free. For renderingperformanceesults,pleaseseeour
paperg16117118 Thenext stepin reachingevenhighervisu-
alizationratesover whatcommoditygraphicshardwareand
desktopsystemgrovide will beto addimportantextensions
andcapabilitiesto the hardwareto directly supportvolume
primitives.
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