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Abstract

There is a wide range of devicesand scientificsimulationgenerating volumetricdata. Visualizing such data,
rangingfromregular datasetsto scattereddata,is a challengingtask.
This coursewill give an introductionto the volumerenderingtransporttheoryand the involvedissuessuch as
interpolation, illumination, classificationand others. Different volumerenderingtechniqueswill be presented
illustrating their fundamentalfeatures and differencesas well as their limitations. Furthermore, acceleration
techniqueswill bepresentedincludingpure software optimizationsaswell asutilizing specialpurposehardware
asVolumePro but alsodedicatedhardware such aspolygongraphicssubsystems.

1. Intr oduction

Volumerenderingis a key technologywith increasingim-
portancefor thevisualizationof 3D sampled,computed,or
modeleddatasets.The taskis to displayvolumetricdataas
a meaningfultwo-dimensionalimagewhich revealsinsights
to the user. In contrastto conventionalcomputergraphics
whereone hasto deal with surfaces,volume visualization
takes structuredor unstructured3D datawhich is the ren-
deredinto two-dimensionalimage.Dependingon thestruc-
tureandtypeof data,differentrenderingalgorithmscanbe
appliedanda variety of optimizationtechniquesareavail-
able.Within thesealgorithms,several renderingstagescan
beusedto achieve a varietyof differentvisualizationresults
at differencost.Thesestagesmight changetheir orderfrom
algorithmto algorithmor might evennot beusedby certain
approaches.

In thefollowing section,we will give a generalintroduc-
tion to volumerenderingandthe involved issues.Section3
then presentsa schemeto classify different approachesto�
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volumerenderingin categories.Accelerationtechniquesto
speedup therenderingprocessin section4. Section3 and4
areamodifiedversionof tutorialnotesfrom R. Yagelwhich
wewould like to thankfullyacknowledge.
A sideby side comparisonof the four mostcommonvol-
umerenderingalgorithmsis givenin section5. Specialpur-
posehardwareachieving interactiveor real-timeframe-rates
is presentedin section6 while section7 focuseson applica-
tionsbasedon 3D texturemapping.Finally, we presentren-
deringtechniquesandapproachesfor volumedatanot rep-
resentedon rectilinearcartesiangridsbut oncurvilinearand
unstructuredgrids.

2. Volumerendering

Volume rendering differs from conventional computer
graphicsin many waysbut alsosharesrenderingtechniques
suchasshadingor blending.Within thissection,wewill give
ashortintroductioninto thetypesof dataandwhereit origi-
natesfrom. Furthermore,wepresenttheprincipleof volume
rendering,the differentrenderingstages,andthe issuesin-
volvedwheninterpolatingdataor color.

2.1. Volumedata acquisition

Volumetric data can be computed,sampled,or modeled
and thereare many different areaswherevolumetric data
is available.Medical imaging is one areawherevolumet-
ric data is frequently generated.Using different scanning
techniques,internalsof the humanbody can be acquired
usingMRI, CT, PET, or ultrasound.Volumerenderingcan
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be applied to color the usually scalardata and visualize
differentstructurestransparent,semi-transparent,or opaque
and hence,can give useful insights.Different applications
evolved within this areasuchas cancerdetection,visual-
ization of aneurisms,surgical planning,andeven real-time
monitoringduringsurgery.

Nondestructive materialtestingandrapid prototypingis
anotherexamplewherefrequentlyvolumetricdatais gener-
ated.Here,the structureof an objectis of interestto either
verify thequality or to reproducetheobjects.IndustrialCT
scannersandultrasoundaremainly usedfor theseapplica-
tions.

The disadvantageof the above describedacquisitionde-
vices is the missing color information which needsto be
addedduring the visualizationprocesssinceeachacquisi-
tion techniquesgeneratesscalarvaluesrepresentingdensity
(CT),oscillation(MRI), echoes(ultrasound),andothers.For
educationalpurposeswheredestructingthe original object
is acceptable,onecanslice thematerialandtake imagesof
eachlayer. This revealscolor informationwhich sofar can-
not becapturedby otheracquisitiondevices.A well-known
exampleis the visible humanprojectwherethis technique
hasbeenappliedto a maleanda femalecadaver.

Microscopicanalysisis yet anotherapplicationfield of
volumerendering.With confocalmicroscopes,it is possible
to gethigh-resolutionopticalslicesof a microscopicobject
withouthaving to disturbthespecimen.

Geoseismicdatais probablyoneof thesourcesthatgen-
eratesthelargestjunk of data.Usually, at least10243 voxels
(1 GByteandmore)aregeneratedandneedto bevisualized.
Themostcommonapplicationfield is oil explorationwhere
the costscanbe tremendouslyreducedby finding the right
locationwhereto drill thewhole.

Anotherlarge sourceof volumetricdatais physicalsim-
ulationswherefluid dynamicsaresimulated.This is often
doneusing particlesor samplepoints which move around
following physical laws resulting in unstructuredpoints.
Thesepointscaneitherbevisualizeddirectly or resampled
into any grid structurepossiblysacrificingquality.

Besidesall theabovementionedareas,therearemany oth-
ers.For furtherreadingwerecommend61.

2.2. Grid structur es

Dependingonthesourcewherevolumetricdatacomesfrom
it mightbegivenasacartesianrectilineargrid, or asacurvi-
linear grid, or maybeeven completelyunstructured.While
scanningdevicesmostlygeneraterectilineargrids(isotropic
or anisotropic),physical simulationsmostly generateun-
structureddata.Figure1 illustratesthesedifferentgrid types
for the2D case.For thedifferentgrid structuresdifferental-
gorithmscanbeusedto visualizethevolumetricdata.Within
the next sections,we will focuson rectilineargrids before
presentingapproachesfor theothergrid typesin section8.

(a) (b) (c)

Figure1: Differentgrid structures:Rectilinear(a), curvilin-
ear (b), andunstructured(c).

2.3. Absorption and emission

In contrastto conventionalcomputergraphicswhereobjects
arerepresentedassurfaceswith materialproperties,volume
renderingdoesnot directly dealwith surfaceseven though
surfacescan be extractedfrom volumetric data in a pre-
processingstep.

Eachelementof thevolumetricdata(voxel) canemit light
aswell asabsorblight. Theemissionof light canbequitedif-
ferentdependingonthemodelused.I.e.,onecanimplement
modelswherevoxels simply emit their own light or where
they additionally realizesingle scatteringor even multiple
scattering.Dependingon the modelused,differentvisual-
izationeffectscanberealized.Generally, scatteringis much
morecostly to realizethan a simple emissionandabsorp-
tion model, one of the reasonswhy they are hardly used
in interactive or real-timeapplications.While the emission
determinesthe color and intensity a voxel is emitting, the
absorptioncanbe expressedasopacityof a voxel. Only a
certainamountof light will bepassedthroughavoxel which
canbeexpressedby 1 	 opacity andis usuallyreferredto as
thetransparency of a voxel.

The parametersof the emission (color and inten-
sity) as well as the parametersof the absorption(opac-
ity/transparency) canbespecifiedon a pervoxel-valuebase
usingclassification.This is describedin moredetail in the
following section.For different optical modelsfor volume
renderingreferto 66.

2.4. Classification

Classificationenablestheuserto find structureswithin vol-
umedatawithout explicitly definingtheshapeandextentof
that structure.It allows theuserto seeinsideanobjectand
explore its inside structureinsteadof only visualizing the
surfaceof that structureasdonein conventionalcomputer
graphics.

In theclassificationstage,certainpropertiesareassigned
to asamplesuchascolor, opacity, andothermaterialproper-
ties.Also shadingparametersindicatinghow shiny a struc-
tureshouldappearcanbeassigned.Theassignmentof opac-
ity to a samplecanbe a very complex operationandhasa
major impacton the final 2D imagegenerated.In order to
assignthesematerialpropertiesit is usuallyhelpful to use
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histogramsillustratingthedistributionof voxel valuesacross
thedataset.

Theactualassignmentof color, opacity, andotherproper-
tiescanbebasedon thesamplevalueonly but othervalues
canbeaswell takenasinputparameters.Usingthegradient
magnitudeasfurtherinputparameter, sampleswithin homo-
geneousspacecan be interpreteddifferently than the ones
with heterogeneousspace.This is a powerful techniquein
geoseismicdatawherethescalarvaluesonly changenotice-
ably in betweendifferentlayersin theground.

2.5. Segmentation

Empoweringtheuserto seeacertainstructureusingclassifi-
cationis notalwayspossible.A structurecanbesomeorgan
or tissuebut is representedasa simplescalarvalue.When
looking at volumetricdataacquiredwith a CT scanner, dif-
ferenttypesof tissuewill resultin samedensityvaluesdue
to the natureof CT. Therefore,no classificationof density
valuescanbefoundsuchthatstructureswhich similarly ab-
sorbX-rayscouldbeseparated.To separatesuchstructures,
they needto be labeledor segmentedsuchthat they canbe
differentiatedfrom eachother. Dependingontheacquisition
methodand the scannedobject, it can be relatively easily,
hard,or even impossibleto segmentsomeof the structures
automatically. Most algorithmsaresemi-automaticor opti-
mizedfor segmentinga specificstructure.
Oncea volumetricdatasetis segmented,for eachsegment
a certainclassificationcanbe assignedandappliedduring
rendering.

2.6. Shading

Shadingor illuminationreferto awell-know techniqueused
in conventionalcomputergraphicsto greatlyenhancetheap-
pearanceof a geometricobjectthatis beingrendered.Shad-
ing tries to modeleffectslike shadows, light scattering,and
absorptionin the real world when light falls on an object.
Shadingcanbeclassifiedinto globalmethods,directmeth-
ods,andlocalmethods.While globalilluminationcomputes
the light being exchangedbetweenall objects,direct illu-
minationonly accountsfor the light the directly falls onto
anobject.Unfortunately, bothmethodsdependon thecom-
plexity of theobjectsto berenderedandareusuallynot in-
teractive.Therefore,the local illumination methodhasbeen
widely used.Figure2 shows a skull renderedwith localand
with directillumination.While directilluminationtakesinto
accounthow much light is presentat eachsample(figure
2(b)), local illumination is much cheaperto computebut
still achieves reasonableimagequality (figure 2(a)). Local
illumination consistsof an ambient,a diffuseanda specu-
lar component.While ambientcomponentis available ev-
erywhere,thediffusecomponentcanbecomputedusingthe
anglebetweenthenormalvectoratthegivenlocationandthe
vectorto the light. Thespecularcomponentdependson the

(a) (b)

Figure 2: Comparisonof shading:Local illumination (a)
anddirect illumination (b).

angleto thelight andtheangleto theeye position.All three
componentscanbecombinedbyweightingeachof themdif-
ferentlyusingmaterialproperties.While tissueis lesslikely
to have specularcomponents,teethmight reflectmorelight.
Figure3 shows a skull withoutandwith shading.

(a) (b)

Figure3: Comparisonof shading:Noshading(a) andlocal
shading(b).

For furtherreadingreferto 61
 66.

2.7. Gradient computation

As mentionedin the previous section,a normal is required
to beableto integrateshadingeffects.However, volumetric
dataitself doesnotexplicitly consistof surfaceswith associ-
atednormalsbut of sampleddatabeingavailableongrid po-
sitions.Thisgrid of scalarvaluescanbeconsideredasagrey
level volumeandseveral techniqueshave beeninvestigated
in thepastto computegrey-level gradientsfrom volumetric
data.

A frequentlyusedgradientoperatoris the centraldiffer-
enceoperator. For eachdimensionof the volume,the cen-
tral differenceof the two neighbouringvoxels is computed
whichgivesanapproximationof thelocalchangeof thegray
value.It canbewrittenasGradientx � y� z ��
 	 1 0 1� . Gen-
erally, the centraldifferenceoperatoris not the necessarily
thebestonebut verycheapto computesinceit requiresonly
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six voxelsandthreesubtractions.A disadvantageof thecen-
tral differenceoperatoris that it producesanisotropicgradi-
ents.

Theintermediatedifferenceoperatoris similar to thecen-
tral differenceoperatorbut hasa smallerkernel. It can be
written as Gradientx � y� z ��
 	 1 1� . The advantageof this
operatoris thatit detectshigh frequencieswhich canbelost
whenusingthecentraldifferenceoperator. However, when
flipping theorientationa differentgradientis computedfor
the identical voxel positionwhich cancauseundesiredef-
fects.

A much better gradientoperatoris the Sobel operator
which usesall 26 voxels thatsurroundonevoxel. This gra-
dient operatorwas developedfor 2D imaging but volume
renderingborrows many techniquesfrom imageprocessing
andtheSobeloperatorcaneasilybeextendedto 3D. A nice
propertyof this operatoris that it producesnearlyisotropic
gradientsbut it is fairly complex to compute61.

2.8. Compositing

All samplestakenduringrenderingneedto becombinedinto
a final imagewhich meansthat for eachpixel of the image
we needto combinethe color of the contributing samples.
This canbe donein randomorder if only opaquesamples
are involved but sincewe dealwith semi-transparentdata,
the blendingneedsto be performedin sortedorder which
canbeaccomplishedin two ways:Front to backor backto
front. For front to back,thediscreteray castingintegral can
thenbewrittenas:

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

Trans *= T[i-1];
Inten += Trans * I[i];

}

The advantageis that the computationcan be terminated
oncethe transparency reachesa certainthresholdwhereno
furthercontributionwill benoticeable,i.e. 0 � 01.

For back to front, compositingis much lesswork since
we do not needto keeptrackof theremainingtransparency.
However, thenall samplesneedto beprocessedandnoearly
terminationcriteriacanbeexploited:

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

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

Insteadof accumulatingthe color for eachpixel over all
samplesusingtheabove describedblendingoperations,one
can choseother operators.Another famousoperatorsim-
ply takes the maximumdensityvalue of all samplesof a
pixel,known asmaximumintensityprojection(MIP). Thisis
mostlyusedin medicalapplicationsdealingwith MRI data

(magneticresonanceangiography)visualizingarteriesthat
have beenacquiredusingcontrastagents.

(a) (b)

(c) (d)

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

2.9. Filtering

Many volumerenderingalgorithmsresamplethevolumetric
datain a certainway usingrays,planes,or randomsample
points.Thesesamplepointsseldomlycoincidewith theac-
tual grid positionsand requirethe interpolationof a value
basedon theneighbouringvaluesatgrid position.

Therearenumerousdifferentinterpolationmethods.Each
of themis controlledby an interpolationkernel.The shape
of the interpolationkernelprovidesthe coefficients for the
weighted interpolation sum. Interpolation kernels can be
thoughtof asoverlays.Whena valueneedsto be interpo-
lated,the kernel is placedonto of the neighbouringvalues.
Thekernel is centeredat the interpolationpoint andevery-
wheretheinterpolationkernelintersectswith thevoxels,the
valuesaremultiplied.Onedimensionalinterpolationkernels
canbe appliedto interpolatein two, three,andeven more
dimensionsif the kernel is separable.All of the following
interpolationkernelsareseparable.

The nearestneighbourinterpolationmethodis the sim-
plest and crudestmethod.The value of the closestof all
neighbouringvoxel valuesis assignedto thesample.Hence,
it is more a selectionthan a real implementation.There-
fore,whenusingnearestneighbourinterpolation,theimage
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quality is fairly low andwhenusingmagnification,a blobby
structureappears.

Trilinear interpolationassumesa linear relationbetween
neighbouringvoxelsandit is separable.Therefore,it canbe
decomposedinto sevenlinearinterpolations.Theachievable
imagequality is muchhigher than with nearestneighbour
interpolation.However, whenusinglargemagnificationfac-
tors,threedimensionaldiamondstructuresor crossesappear
dueto thenatureof thetrilinearkernel.

Betterqualitycanbeachievedusingevenhigherorderin-
terpolationmethodssuchascubic convolution or B-spline
interpolation.However, thereis a trade-off betweenquality
andcomputationalcostaswell asmemorybandwidth.These
filtersrequireaneighbourhoodof 64voxelsandasignificant
largeramountof computationsthantrilinear interpolation.It
dependson the applicationandthe requirementswhich in-
terpolationschemeshouldbeused.

2.10. Color filtering

The previously mentionedtechniquescan be performedin
differentorderresultingin differentimagequalityaswell as
beingproneto certainartifacts.Interpolationof scalarvalues
is usuallyproneto aliasingsincedependingon theclassifi-
cationused,high frequency detailsmight bemissed.On the
otherside,color interpolationby themeansof classification
andshadingof availablevoxel valuesandinterpolationof the
resultingcolor valuesis proneto color bleedingwheninter-
polatingcolor andα-valueindependentfrom eachother119.
A simpleexampleof this is bonesurroundedby fleshwhere
theboneis classifiedopaquewhite andthefleshis transpar-
entbut red.Whensamplingthis color volumeoneneedsto
chosetheappropriateinterpolationscheme.Simply interpo-
lating the neighbouringcolor andopacity valuesresultsin
colorbleedingasillustratedin figure5. To obtainthecorrect

Figure 5: Color bleeding: Independentinterpolation of
color and opacityvalues(left) and opacityweightedcolor
interpolation(right).

color andopacity, oneneedsto mulitply eachcolor with the
correspondingopacityvaluebeforeinterpolatingthe color.
While it caneasilybenoticedin figure5 dueto thechosen
colorscheme,it is lessobviousin monochromeimages.

Figure6 illustratesanotherexamplewheredarkeningar-
tifactscanbenoticed.This exampleis a volumetricdataset

Figure 6: Darkeningand aliasing: Independentinterpola-
tion of color andopacityvalues(left) andopacityweighted
color interpolation(right).

from imagebasedrenderingthat originatesas color (red,
green,andblue)ateachgrid position.Therefore,it illustrates
whatwouldhappenwhenvisualizingthevisiblehumanwith
andwithout opacityweightedcolor interpolation.The arti-
factsarequitesevereanddisturbing.

2.11. Summary

Within thissection,weprovidedanoverview of thedifferent
typesof gridsaswell assourcesof volumedata.Usingclas-
sification, gradientestimation,shading,and compositing,
extremlydifferentvisualizationresultscanbeachieved.Also
the selectionof the filter usedto interpolatedataor color
hasastronginfluenceontheresultingimage.Therefore,one
hastocarefullychoosedependingontheapplicationrequire-
mentswhichof thedescribedtechniquesschemesshouldbe
integratedandwhich interpolationschemeused.

3. VolumeViewing Algorithms

The task of the renderingprocessis to display the primi-
tivesusedto representthe 3D volumetricsceneonto a 2D
screen.Renderingis composedof a viewing processwhich
is the subjectof this section,andthe shadingprocess.The
projectionprocessdetermines,for eachscreenpixel, which
objectsareseenby thesightray castfrom thispixel into the
scene.The viewing algorithm is heavily dependenton the
displayprimitivesusedto representthevolumeandwhether
volumerenderingor surfacerenderingareemployed.Con-
ventionalviewing algorithmsand graphicsenginescan be
utilizedto displaygeometricprimitives,typically employing
surfacerendering.However, whenvolumeprimitivesaredis-
playeddirectly, a specialvolumeviewing algorithmshould
beemployed.This algorithmshouldcapturethecontentsof
thevoxelsonthesurfaceaswell astheinsideof thevolumet-
ric objectbeingvisualized.This sectionsurveys andcom-
parespreviouswork in thefield of directvolumeviewing.
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3.1. Intr oduction

Thesimplestway to implementviewing is to traverseall the
volume regardingeachvoxel as a 3D point that is trans-
formed by the viewing matrix and then projectedonto a
Z-buffer and drawn onto the screen.Somemethodshave
beensuggestedin orderto reducethe amountof computa-
tionsneededin the transformationby exploiting thespatial
coherency betweenvoxels.Thesemethodsaredescribedin
moredetailsin Section4.1.

Theback-to-front(BTF) algorithmis essentiallythesame
astheZ-buffer methodwith oneexceptionthat is basedon
theobservationthatthevoxel arrayis presortedin a fashion
thatallowsscanningof its componentin anorderof decreas-
ing or increasingdistancefrom theobserver. Exploiting this
presortednessof thevoxel arrays,traversalof thevolumein
theBTF algorithmis donein orderof decreasingdistanceto
theobserver. This avoidstheneedfor a Z-buffer for hidden
voxel removal considerationsby applyingthepainter’salgo-
rithm by simply drawing the currentvoxel on top of previ-
ouslydrawn voxelsor by compositingthecurrentvoxel with
thescreenvalue24.

Thefront-to-back(FTB) algorithmis essentiallythesame
asBTF only thatnow thevoxelsaretraversedin increasing
distanceorder. Front-to-backhasthepotentialof a moreef-
ficient implementationby employing a dynamicdatastruc-
ture for screenrepresentation87 in which only un-lit pixels
are processedand newly-lit pixels are efficiently removed
from the datastructure.It shouldbe observed thatwhile in
thebasicZ-buffer methodit is impossibleto supporttheren-
dition semi-transparentmaterialssincevoxelsaremappedto
thescreenin arbitraryorder. Compositingis basedonacom-
putationthat simulatesthe passageof light throughseveral
materials.In this computationtheorderof materialsis cru-
cial. Therefore,translucency caneasilybe realizedin both
BTF andFTB in which objectsaremappedto thescreenin
theorderin which thelight traversesthescene.

Anothermethodof volumetricprojectionis basedonfirst
transformingeachslice from voxel-spaceto pixel-spaceus-
ing 3D affine transformation(shearing)33
 90
 52 and then
projecting it to the screenin a FTB fashion,blending it
with theprojectionformedby previousslices22. Shear-warp
rendering52 is currently the fastestsoftware algorithm. It
achieves1.1Hz on a single150MHzR4400processorfor a
256 � 256 � 225 volumewith 65 secondsof pre-processing
time 51. However, the 2D interpolationmay lead to alias-
ing artifactsif thevoxel valuesor opacitiescontainhighfre-
quency components50.

Westover 107
 108 hasintroducedthesplattingtechniquein
which eachvoxel is transformedinto screenspaceandthen
shaded.Blurring, basedon2D lookuptablesis performedto
obtaina setof points(footprint) thatspreadsthevoxelsen-
ergy acrossmultiple pixels.Thesearethencompositedwith
theimagearray. Sobierajskietal. havedescribed94 asimpli-
fied splattingfor interactive volumeviewing in which only

voxelscomprisingtheobject’s surfacearemaintained.Ren-
dering is basedon the usageof a powerful transformation
enginethat is fed with multiple pointspervoxel. Additional
speedupis gainedby culling voxelsthathaveanormalpoint-
ing away from the observer andby adaptive refinementof
imagequality.

The ray castingalgorithmcastsa ray from eachpixel on
thescreeninto thevolumedataalongtheviewing vectorun-
til it accumulatesanopaquevalue4
 99
 100
 56. Levoy 59
 57 has
usedthetermray tracingof volumedatato referto raycast-
ing andcompositingof even-spacedsamplesalongthe pri-
mary viewing rays.However, more recently, ray tracing is
referredto as the processwherereflectedand transmitted
raysare traced,while ray castingsolely considersprimary
rays,andhence,doesnot aim for “photorealistic”imaging.
Rayscanbetracedthroughavolumeof coloraswell asdata.
Raycastinghasbeenappliedto volumetricdatasets,suchas
thosearisingin biomedicalimagingandscientificvisualiza-
tion applications(e.g.,22
 100).

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

3.2. Classificationof VolumeViewing Methods

Projectionmethodsdiffer in several aspectswhich can be
usedfor a their classificationin variousways.First,wehave
to observe whetherthe algorithmtraversesthe volumeand
projectsits componentsontothescreen(calledalsoforward,
object-order, or voxel-spaceprojection)24
 107
 29, doesit tra-
versethepixelsandsolvethevisibility problemfor eachone
by shootingasightray into thescene(calledalsobackward,
image-order, or pixel-spaceprojection)46
 54
 88
 99
 100
 120
 124,
or doesit performsomekind of ahybridtraversal40
 100
 52
 50.

Volume renderingalgorithmscan also be classifiedac-
cordingto the partial voxel occupancy they support.Some
algorithms86
 35
 87
 99
 125
 124 assumeuniform (binary) occu-
pancy, thatis, avoxel is eitherfully occupiedby someobject
or it is devoid of any objectpresence.In contrastto uniform
voxel occupancy, methodsbasedonpartialvoxel occupancy
utilize intermediatevoxel valuesto representpartial voxel
occupancy by objectsof homogeneousmaterial.This pro-
videsamechanismfor thedisplayof objectsthataresmaller
thantheacquisitiongrid or thatarenotalignedwith it. Partial
volumeoccupancy canbeusedto estimateoccupancy frac-
tions for eachof a setof materialsthatmight be presentin
a voxel 22. Partial volumeoccupancy is alsoassumedwhen-
ever gray-level gradient36 is usedasa measurefor thesur-
faceinclination.Thatis, voxel valuesin theneighborhoodof
asurfacevoxel areassumedto reflecttherelativeaverageof
thevarioussurfacetypesin them.

Volumerenderingmethodsdiffer alsoin theway they re-
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gardthematerialof thevoxels.Somemethodsregardedall
materialsasopaque27
 29
 37
 87
 98
 99 while othersallow each
voxel to have an opacity attribute 22
 54
 88
 100
 107
 120
 124
 52.
Supporting variable opacities models the appearanceof
semi-transparentjello andrequirescompositionof multiple
voxelsalongeachsightray.

Yetanotheraspectof distinctionbetweenrenderingmeth-
ods is the numberof materialsthey support.Early meth-
ods supportedscenesconsistingof binary-valued voxels
while more recent methodsusually support multi-valued
voxels. In the first caseobjectsare representedby occu-
pied voxels while the backgroundis representedby void
voxels 24
 35
 87
 99. In the latter approach,multi-valuedvox-
elsareusedto representobjectsof non-homogeneousmate-
rial 27
 36
 98. It shouldbeobserved thatgivena setof voxels
having multiple valueswe can either regard them as fully
occupiedvoxelsof variousmaterials(i.e.,eachvaluerepre-
sentsadifferentmaterial)or wecanregardthevoxel valueas
anindicatorof partialoccupancy by a singlematerial,how-
ever we cannot have both.In orderto overcomethis limita-
tion, someresearchersadoptthemultiple-materialapproach
asabasisfor aclassificationprocessthatattachesamaterial-
label to eachvoxel. Onceeachvoxel hasa material label,
theseresearchersregardthe original voxel valuesaspartial
occupancy indicatorsfor thelabeledmaterial22.

Finally, volumerenderingalgorithmscanalsobe classi-
fiedaccordingto whetherthey assumeconstantvalueacross
thevoxel extent46 or do they assume(trilinear) variationof
thevoxel value54.

A severeproblemin thevoxel-spaceprojectionis thatat
someviewing points,holesmight appearin the scene.To
solve this problem one can regard eachvoxel in our im-
plementationasa groupof points(dependingon the view-
point) 95 or maintaina ratio of 1 : � 3 betweena voxel a
pixel 13. Another solution is basedon a hybrid of voxel-
spaceandpixel-spaceprojectionsthatis basedon traversing
thevolumein a BTF fashionbut computingpixel colorsby
intersectingthe voxel with a scanline (plane)andthenin-
tegratingthe colors in the resultingpolygon100. Sincethis
computationis relatively time consumingit is moresuitable
to small datasets.It is alsopossibleto apply to eachvoxel
a blurring function to obtaina 2D footprint thatspreadsthe
sample’s energy onto multiple imagepixels which are lat-
ter composedinto the image108. A major disadvantagein
the splattingapproachis that it tendsto blur the edgesof
objectsandreducetheimagecontrast.Anotherdeficiency in
thevoxel-spaceprojectionmethodis thatit musttraverseand
projectall thevoxelsin thescene.Sobierajskietal.havesug-
gestedtheuseof a normalbasedculling in orderto reduce
(possiblyby half) theamountof processedvoxels95. On the
otherhand,sincevoxel-spaceprojectionoperatesin object-
space,it is mostsuitableto variousparallelizationschemes
basedonobjectspacesubdivision 28
 79
 107.

The main disadvantagesof the pixel-spaceprojection

schemearealiasing(speciallywhenassuminguniformvalue
acrossvoxel extent)andthedifficulty to parallelizeit. While
the computationinvolved in tracingrayscanbe performed
in parallel,memorybecomesthebottleneck.Sinceraystra-
versethevolumein arbitrarydirectionsit seemstobenoway
to distributevoxels betweenmemorymodulesto guarantee
contentionfreeaccess55.

Beforepresentinga sideby sidecomparisonof the four
most popularvolume renderingalgorithms,we will intro-
ducegeneralaccelerationtechniquesthat canbe appliedto
forwardandbackwardviewing algorithms.

4. AccelerationTechniques

Either forward projectionor backward projectionrequires
the scanningof the volume buffer which is a large buffer
of size proportional to 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 andwhennaively im-
plemented,produceslow quality images.The inefficiency
attributeof this methodis rootedin theN3 vector-by-matrix
multiplicationsit calculatesand the N3 accessesto the Z-
buffer it requires.Inferior imagequality is causedby this
method’s inability to supportcompositingof semitranspar-
ent materials,due to the arbitrary order in which voxels
aretransformed.In addition,transforminga setof discrete
pointsis asourcefor varioussamplingartifactssuchasholes
andjaggies.

Somemethodshave beensuggestedto reducetheamount
of computationsneededfor thetransformationby exploiting
the spatialcoherency betweenvoxels. Thesemethodsare:
recursive “divide and conquer”27
 69, pre-calculatedtables
24, andincrementaltransformation44
 65.

Thefirst methodexploitscoherency in voxel spaceby rep-
resentingthe3D volumeby anoctree.A groupof neighbor-
ing voxelshaving thesamevalue(or similar, up to a thresh-
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
haseightequally-sizedoctants,given the transformationof
theparentnode,thetransformationof its sub-octantscanbe
efficiently computed.This methodrequires,in 3D, threedi-
visionsandsix additionspercoordinatetransformation.

Thetable-driventransformationmethod24 is basedonthe
observation that volumetransformationinvolves the multi-
plication of the matrix elementswith integer valueswhich
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arealwaysin therange 
 1 ����� N � whereN is thevolumereso-
lution. Therefore,in ashortpreprocessingstageeachmatrix
elementti j is storedin table tabi j 
N � such that tabi j 
 k� �
ti j � k � 1 � k � N. During the transformationstage,coordi-
nateby matrix multiplication is replacedby table lookup.
This methodrequires,in 3D, nine table lookup operations
andnineadditions,percoordinatetransformation.

Finally, the incrementaltransformationmethodis based
on theobservation that thetransformationof a voxel canbe
incrementallycomputedgiventhetransformedvectorof the
voxel. To begin the incrementalprocesswe needonema-
trix by vector multiplication to computethe updatedposi-
tion of the first grid point. The remaininggrid points are
incrementallytransformed,requiringthreeadditionsperco-
ordinate.However, to employ this approach,all volumeel-
ements,including the emptyones,have to be transformed.
This approachis thereforemore suitableto parallel archi-
tecturewhereit is desiredto keepthecomputationpipeline
busy65.

Sofarwehavebeenlookingatmethodsthateasethecom-
putationburdenassociatedwith the transformation.How-
ever, consultingthe Z-buffer N3 times is also a sourceof
significantslow down. Theback-to-front(BTF) algorithmis
essentiallythesameastheZ-buffer methodwith oneexcep-
tion theorderin whichvoxelsarescanned.It is basedonthe
observation that the voxel arrayis spatiallypresorted.This
attributeallows therendererto scanthevolumein anorder
of decreasingdistancefrom theobserver. By exploiting this
presortednessof thevoxel arrays,onecandraw thevolume
in a back-to-frontorder, that is, in orderof decreasingdis-
tanceto theobserver. Thisavoidstheneedfor aZ-buffer for
hiddenvoxel removal by applying the painter’s algorithm.
That is, the currentvoxel is simply drawn on top of previ-
ouslydrawn voxels.If compositingis performed,thecurrent
voxel is compositedwith thescreenvalue23
 24. Thefront-to-
back(FTB) algorithmis essentiallythe sameasBTF, only
that now the voxels aretraversedin increasingdistanceor-
der.

As mentionedabove in thebasicZ-buffer methodit is im-
possibleto supporttherenditionof semitransparentmateri-
als becausevoxels aremappedto thescreenin anarbitrary
order. In contrast,translucency caneasilyberealizedin both
BTF andFTB becausein thesemethodsobjectsaremapped
to thescreenin viewing order.

Anotherapproachto forward projectionis basedon first
transformingthevolumefrom voxel-spaceto pixel-spaceby
employing a decompositionof the3D affine transformation
into five 1D shearingtransformations33. Then, the trans-
formedvoxel is projectedonto the screenin an FTB order,
which supportsthe blendingof voxels with the projection
formedby previous(farther)voxels22. Themajoradvantage
of this approachis its ability (usingsimpleaveragingtech-
niques)to overcomesomeof thesamplingproblemscausing
the productionof low quality images.In addition, this ap-

proachreplacesthe 3D transformationby five 1D transfor-
mationswhichrequireonly onefloating-pointadditioneach.

Anothersolutionto theimagequalityproblemmentioned
above is splatting 108, in which eachvoxel is transformed
intoscreenspaceandthenit is shaded.Blurring,basedon2D
lookuptables,is performedto obtainasetof points(acloud)
thatspreadsthevoxel’s energy acrossmultiple pixelscalled
footprint. Thesearethencompositedwith the imagearray.
However this algorithmwhich requiresextensive filtering is
timeconsuming.

Sobierajskiet al. have described94 a simplified approxi-
mationto thesplattingmethodfor interactive volumeview-
ing in whichonly voxelscomprisingtheobject’s surfaceare
maintained.Eachvoxel is representedby several 3D points
(a 3D footprint). Renderingis basedon theusageof a con-
temporarygeometryenginethat is fed with thosemultiple
points per voxel. Additional speedupis gainedby culling
voxels thathave a normalpointingaway from theobserver.
Finally, adaptive refinementof image quality is also sup-
ported:whenthevolumeis manipulatedonly onepoint per
voxel is rendered,interactively producinga low quality im-
age.When the volume remainsstationaryand unchanged,
for someshortperiod,therenderingsystemrenderstherest
of thepointsto increaseimagequality.

Another efficient implementationof the splatting algo-
rithm, called hierarchicalsplatting53 usesa pyramid data
structureto hold a multiresolutionrepresentationof thevol-
ume.For volumeof N3 resolutionthepyramiddatastructure
consistsof a sequenceof logN volumes.The first volume
containstheoriginaldataset,thenext volumein thesequence
is half theresolutionof thepreviousone.Eachof its voxels
containstheaverageof eightvoxels in thehigherresolution
volume.Accordingto the desiredimagequality, this algo-
rithm scansthe appropriatelevel of the pyramid in a BTF
order. Eachelementis splattedusingthe appropriatesized
splat.The splatsthemselvesareapproximatedby polygons
whichcanefficiently berenderedby graphicshardware.

4.2. Expediting Backward Viewing

Backward viewing of volumes,basedon castingrays,has
threemajor variations:parallel (orthographic)ray casting,
perspective 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 datasets,suchasthosearisingin biomedicalimagingand
scientificvisualizationapplications(e.g.,22
 100). Levoy 57
 58

hasusedthe termray tracingof volumedatato refer to ray
castingandcompositingof even-spacedsamplesalongthe
primaryviewing rays.

Raycastingcanfurtherbedividedinto methodsthatsup-
port only parallel viewing, that is, when the eye is at in-
finity andall rays are parallel to one viewing vector. This
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viewing schemeis usedin applicationsthatcouldnot bene-
fit from perspective distortionsuchasbiomedicine.Alterna-
tively, ray castingcanbe implementedto supportalsoper-
spective viewing.

Sinceray castingfollows only primary rays, it doesnot
directly supportthe simulationof light phenomenasuchas
reflection,shadows, andrefraction.As analternative, Yagel
et al. have developedthe3D rasterray tracer(RRT) 122 that
recursively considersboth primary andsecondaryraysand
thuscancreate“photorealistic”images.It exploits thevoxel
representationfor theuniformrepresentationandraytracing
of sampledand computedvolumetric datasets,traditional
geometricscenes,or intermixingthereof.

Theexaminationof existing methodsfor speedingup the
processof ray castingreveals that most of them rely on
oneor moreof the following principles:(1) pixel-spaceco-
herency (2) object-spacecoherency (3) inter-ray coherency
and(4) space-leaping.

Wenow turn to describeeachof thosein moredetail.

1. Pixel-spacecoherency: There is a high coherency be-
tweenpixels in imagespace.That is, it is highly prob-
able that betweentwo pixels having identicalor similar
color we will find anotherpixel having thesame(or sim-
ilar) color. Thereforeit is observed that it might be the
casethatwecouldavoid sendingaray for suchobviously
identicalpixels.

2. Object-spacecoherency: The extension of the pixel-
spacecoherency to 3D statesthat thereis coherency be-
tweenvoxelsin objectspace.Therefore,it is observedthat
it shouldbepossibleto avoid samplingin 3D regionshav-
ing uniformor similar values.

3. Inter -ray coherency: Thereis a greatdealof coherency
betweenraysin parallelviewing, thatis,all rays,although
having differentorigin, have the sameslope.Therefore,
thesetof stepstheseraystakewhentraversingthevolume
aresimilar. We exploit this coherency so asto avoid the
computationinvolvedin navigatingtheray throughvoxel
space.

4. Space-leaping:Thepassageof a ray throughthevolume
is two phased.In thefirst phasetheray advancesthrough
the empty spacesearchingfor an object. In the second
phasethe ray integratescolorsandopacitiesas it pene-
tratesthe object (in the caseof multiple or concave ob-
jectsthesetwo phasescanrepeat).Commonly, thesecond
phaseinvolvesoneor a few steps,dependingon the ob-
ject’s opacity. Sincethepassageof emptyspacedoesnot
contribute to the final imageit is observed that skipping
theemptyspacecouldprovide significantspeedup with-
outaffectingimagequality.

The adaptive image supersampling,exploits the pixel-
spacecoherency. It wasoriginally developedfor traditional
ray-tracing7 and later adaptedto volume rendering57
 60.
First, raysarecastfrom only a subsetof the screenpixels
(e.g.,every other pixel). “Empty pixels” residingbetween

pixelswith similar valueareassignedaninterpolatedvalue.
In areasof high imagegradientadditionalraysarecastto
resolve ambiguities.

Van Walsum et al. 104 have used the voxel-spaceco-
herency. In his methodthe ray startssamplingthe volume
in low frequency (i.e., large stepsbetweensamplepoints).
If a large valuedifferenceis encounteredbetweentwo ad-
jacentsamples,additionalsamplesaretaken betweenthem
to resolve ambiguitiesin thesehigh frequency regions.Re-
cently, this basicideawasextendedto efficiently lower the
samplingratein eitherareaswhereonly smallcontributions
of opacitiesaremade,or in regionswherethevolumeis ho-
mogeneous20. Thismethodefficiently detectsregionsof low
presenceor low variation by employing a pyramid of vol-
umesthat decodethe minimum andmaximumvoxel value
in a small neighborhood,as well as the distancebetween
thesemeasures.

The template-basedmethod120
 124 utilizes the inter-ray
coherency. Observingthat,in parallelviewing, all rayshave
thesameform it wasrealizedthatthereis no needto reacti-
vatethediscreteline algorithmfor eachray. Instead,we can
computetheform of therayonceandstoreit in adatastruc-
ture calledray-template.All rayscanthenbe generatedby
following theray template.The rays,however, differ in the
exactpositioningof theappropriateportionof thetemplate,
anoperationthathasto beperformedverycarefully. For this
purposea planethatis parallelto oneof thevolumefacesis
chosento serve asa base-planefor the templateplacement.
The imageis projecteda by sliding the templatealongthat
planeemitting a ray at eachof its pixels. This placement
guaranteescompleteanduniformtessellationof thevolume.
Theregularityandsimplicity of thisefficientalgorithmmake
it veryattractive for hardwareimplementation121.

So far we have seenmethodsthat exploit sometype of
coherency to expeditevolumetricray casting.However, the
mostprolific andeffectivebranchof volumerenderingaccel-
erationtechniquesinvolvetheutilizationof thefourthprinci-
plementionedabove – speedingup raycastingby providing
efficientmeansto traversetheemptyspace.

Thehierarchicalrepresentation(e.g.,octree)decomposes
thevolumeinto uniform regionsthatcanberepresentedby
nodesin ahierarchicaldatastructure.An adjustedraytraver-
salalgorithmskipsthe(uniform)emptyspaceby maneuver-
ing throughthehierarchicaldatastructure57
 89. It wasalso
observedthattraversingthehierarchicaldatastructureis in-
efficient comparedto the traversalof regulargrids.A com-
binationof theadvantagesof bothrepresentationsis theuni-
form buffer. The “uniformity information” decodedby the
octreecanbestoredin theemptyspaceof aregular3D raster.
That is, voxels in the uniform buffer containeither a data
valueor informationindicatingto which sizeemptyoctant
they belong.Rayswhich arecastinto thevolumeencounter
eithera datavoxel, or a voxel containing“uniformity infor-
mation” which instructsthe ray to perform a leap forward
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thatbringsit to thefirst voxel beyondtheuniform region 16.
This approachsaves the needto perform a treesearchfor
theappropriateneighbor– anoperationthatis themosttime
consumingand the major disadvantagein the hierarchical
datastructure.

When a volume consistsof one object surroundedby
empty space,a commonand simple methodto skip most
of this empty spaceuses the well known techniqueof
bounding-boxes. The object is surroundedby a tightly fit
box (or othereasy-to-intersectobjectsuchassphere).Rays
areintersectedwith the boundingobjectandstart their ac-
tualvolumetraversalfrom this intersectionpointasopposed
to startingfrom thevolumeboundary. ThePARC (Polygon
AssistedRayCasting)approach3 strivesto have a betterfit
by allowing a convex polyhedralenvelopeto beconstructed
aroundthe object. PARC utilizes available graphicshard-
wareto renderthefront facesof theenvelope(to determine,
for eachpixel, the ray entry point) andback faces(to de-
terminethe ray exit point). The ray is then traversedfrom
entry to exit point. A ray thatdoesnot hit any objectis not
traversedat all.

It is obviousthattheemptyspacedoesnothaveto besam-
pled – it hasonly to be crossedas fastaspossible.There-
fore,Yageletal. haveproposed123
 122 to utilize onefastand
crudeline algorithm in the empty space(e.g.,3D integer-
based26-connectedline algorithm)andanother, slower but
moreaccurate(e.g.,6-connectedintegeror 3D DDA floating
point line algorithm),in thevicinity andinterior of objects.
Theeffectivenessof this approachdependson its ability to
efficiently switchbackandforth betweenthetwo line algo-
rithm,andits ability to efficiently detecttheproximity of oc-
cupiedvoxels.This is achievedby surroundingtheoccupied
voxelsby aone-voxel-deep“cloud” of flag-voxels,thatis,all
emptyvoxelsneighboringanoccupiedvoxel areassigned,in
a preprocessingstage,a special“vicinity flag”. A cruderay
algorithm is employed to rapidly traversethe emptyspace
until it encountersa vicinity voxel. This flags the needto
switch to a moreaccurateray traversalalgorithm.Encoun-
teringlateranemptyvoxel (i.e.,unoccupiedandnotcarrying
thevicinity flag)cansignalaswitchbackto therapidtraver-
salof emptyspace.

Theproximity-cloudsmethod16
 128 is basedontheexten-
sionof this ideaevenfurther. Insteadof having aone-voxel-
deepvicinity cloud this methodcomputes,in a preprocess-
ing stage,for eachemptyvoxel, the distanceto the closest
occupiedvoxel. Whena ray is sentinto the volume it can
eitherencounteranoccupiedvoxel, to behandledasusual,
or a “proximity voxel” carrying the value . This suggests
thattheraycantake a-stepleapfor-n n ward,beingassured
thatthereis no objectin theskippedspanof voxels.Theef-
fectivenessof this algorithmis obviously dependenton the
ability of the line traversalalgorithmto efficiently jump ar-
bitrary numberof steps16.

YagelandShi 127 have reportedona methodfor speeding

up the processof volumerenderinga sequenceof images.
It is basedonexploiting coherency betweenconsecutive im-
agesto shortenthepathraystakethroughthevolume.Thisis
achievedby providing eachraywith theinformationneeded
to leapover theemptyspaceandcommencevolumetraver-
sal at the vicinity of meaningfuldata.The algorithmstarts
by projectingthevolumeinto aC-buffer (Coordinate-buffer)
whichstores,ateachpixel location,theobject-spacecoordi-
natesof thefirst nonemptyvoxel visiblefrom thatpixel.For
eachchangein theviewing parameters,theC-buffer is trans-
formedaccordingly. In thecaseof rotationthe transformed
C-buffer goesthrougha processof eliminatingcoordinates
thatpossiblybecamehidden30. Theremainingvaluesin the
C-buffer serveasanestimateof thepointwherethenew rays
shouldstarttheir volumetraversal.

4.3. Hybrid Viewing

The most efficient renderingalgorithm usesa ray-casting
technique with hybrid object/image-orderdata traversal
basedon the shear-warp factorizationof the viewing ma-
trix 124
 91
 52. The volume datais definedin object coordi-
nates � u � v� w� , which are first transformedto isotropic ob-
ject coordinatesby a scaleandshearmatrix L. This allows
to automaticallyhandleanisotropicdatasets,in which the
spacingbetweenvoxelsdiffers in thethreedimensions,and
gantry tilted datasets,in which the slicesare sheared,by
adjustingthe warp matrix. A permutationmatrix P trans-
forms the isotropicobject to permutedcoordinates� x � y� z� .
Theorigin of permutedcoordinatesis thevertex of thevol-
umenearestto theimageplaneandthez axis is theedgeof
thevolumemostparallelto theview direction.A shearma-
trix S representstherenderingoperationthatprojectspoints
in thepermutedvolumespaceontopointson thebaseplane,
which is thefaceof thevolumedatathat is mostparallelto
theviewing plane.

In the shear-warp implementation by Lacroute and
Levoy 52, the volume is storedthreetimes, run-lengthen-
codedalong the major viewing direction. The projection
is performedusingbi-linear interpolationandback-to-front
compositingof volume slices parallel to the baseplane.
Pfister et al. 83 perform the projection using ray-casting.
Thispreventsview-dependentartifactswhenswitchingbase
planesand accommodatessupersamplingof the volume
data.Insteadof castingraysfrom imagespace,raysaresent
into thedatasetfrom thebaseplane.This approachguaran-
teesthat thereis a one-to-onemappingof samplepointsto
voxels124
 91.

The baseplaneimageis transformedto the imageplane
usingthe warp matrix W � M � L � 1 � P � 1 � S� 1. To re-
sampletheimage,onecanuse2D texturemappingwith bi-
linear interpolationon a companiongraphicscard.Thead-
ditional2D imageresamplingresultsin a slight degradation
of imagequality. It enables,however, aneasymappingto an
arbitraryuser-specifiedimagesize.
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Themainadvantageof theshear-warpfactorizationis that
voxelscanbereadandprocessedin planesof voxels,called
slices,thatareparallelto thebaseplane.Slicesareprocessed
in positive z direction. Within a slice, scanlineof voxels
(calledvoxel beams)are readfrom memoryin top to bot-
tom order. This leadsto regular, object-orderdataaccess.In
addition,it allows parallelismby having multiple rendering
pipelineswork onseveralvoxelsin abeamat thesametime.

4.4. Progressive Refinement

Onepracticalsolutionto the renderingtime problemis the
generationof partialimagesthatareprogressively refinedas
the userinteractswith the crudeimage.Both forward and
backward approachcansupportprogressive refinement.In
the caseof forward viewing this techniqueis basedon a
pyramiddatastructure.First,thesmallervolumein thepyra-
mid is renderedusing large-footprintsplats.Later, higher
resolutioncomponentsof thepyramidarerendered53.

Providing progressive refinementin backwardviewing is
achievedby first samplingthescreenin low resolution.The
regions in the screenwhereno rayswereemittedfrom re-
ceive a valueinterpolatedfrom someclosepixels thatwere
assignedrays.Latermoreraysarecastandtheinterpolated
value is replacedby the moreaccurateresult 60. Addition-
ally, raysthatareintendedto cover largescreenareascanbe
tracedin thelower-resolutioncomponentsof a pyramid57.

Not only screen-spaceresolutioncanbeprogressively in-
creased.Samplingrateandstoppingcriteriacanalsobere-
fined.An efficient implementationof this techniquewasre-
portedby DanskinandHanrahan20.

5. The four most popular Approaches

As we have seenin theprevious sections,therearenumer-
ousapproachsthat canbe taken in volumevisualization.A
sideby sidecomparisonof all theseapproacheswouldcover
many pagesandwould probablynot give many insightsdue
to the overwhelmingamountof information and the large
parameterset.Generally, therearetwo avenuesthat canbe
taken:

1. Thevolumetricdataarefirst convertedinto asetof polyg-
onaliso-surfaces(i.e.,via MarchingCubes63) andsubse-
quentlyrenderedwith polygonrenderinghardware.This
is referredto asindirectvolumerendering(IVR).

2. Thevolumetricdataaredirectly renderedwithout thein-
termediateconversionstep.This is referredto asdirect
volumerending(DVR) 20
 88
 100.

Theformerassumes(i) thata setof extractableiso-surfaces
exists,and(ii) thatwith the infinitely thin surfacethepoly-
gon meshmodelsthe true object structuresat reasonable
fidelity. Neither is always the case,as illustrative exam-
ples may serve: (i) amorphouscloud-like phenomena,(ii)
smoothlyvarying flow fields, or (iii) structuresof varying

depth(andvarying transparenciesof an isosurface)that at-
tenuatetraversinglight correspondingto thematerialthick-
ness.But evenif bothof theseassumptionsaremet,thecom-
plexity of theextractedpolygonalmeshcanoverwhelmthe
capabilitiesof the polygonsubsystem,anda direct volume
renderingmay prove moreefficient 81, especiallywhenthe
objectis complex or large,or whentheisosurfaceis interac-
tively variedandthe repeatedpolygonextractionoverhead
mustbefiguredinto therenderingcost5.

Within this section,we concernourselvessolelywith the
directvolumerenderingapproach,in which four techniques
have emergedasthe mostpopular:Raycasting99
 54, Splat-
ting 108, Shear-warp 52, and3D texture-mappinghardware-
basedapproaches9.

5.1. Intr oduction

Over the years,many researchershave worked indepen-
dentlyon refining thesefour methods,anddueto this mul-
tifariouseffort, all methodshave now reacheda high level
of maturity. Mostof thisdevelopment,however, hasevolved
alongseparatepaths(althoughsomefundamentalscientific
progresshasbenefitedall methodssuchasadvancesin fil-
ter design10
 6 
 73 or efficient shading103
 105). A numberof
frequentlyusedandpublicly availabledatasetsexists (e.g.,
theUNC CT / MRI headsor theCT lobster),however, due
to the large numberof parametersthat werenot controlled
acrosspresentedresearch,it hasso far beendifficult to as-
sessthebenefitsandshortcomingsof eachmethodin adeci-
sive manner. Thegenerallyuncontrolledparametersinclude
(apartfrom hardwarearchitecture,availablecache,andCPU
clock speed):shadingmodel,viewing geometry, sceneillu-
mination,transferfunctions,imagesizes,andmagnification
factors.Further, so far, no commonsetof evaluationcrite-
ria existsthatenablesfair comparisonsof proposedmethods
with existing ones.Within this section,we will addressthis
problem,andpresentanappropriatesetupfor benchmarking
andevaluatingdifferentdirectvolumerenderingalgorithms.
Somework in this direction hasalreadybeendonein the
past:Bartz5 hascomparedDVR usingraycastingwith IVR
usingmarchingcubesfor iso-surfaceextraction,while Tiede
97 hascomparedgradientfilters for raycastingandmarch-
ing cubes.However, a clear answerto which algorithm is
bestcannotbe provided for thegeneralcasebut the results
presentedhereareaimedat providing certainguidelinesto
determineunderwhatconditionsandpremiseseachvolume
renderingalgorithmis mostadequatelychosenandapplied.

5.2. CommonTheoretical Framework

We canwrite all four investigatedvolumerenderingmeth-
ods as approximationsof the well-known low-albedovol-
umerenderingintegral,VRI 8 
 48
 41
 66. TheVRI analytically
computesI l (x,r), theamountof light of wavelengthl com-
ing from ray directionr that is receivedat locationx on the
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imageplane:

Iλ � x � r � � � L

o
Cλ � s� µ � s� e� ��� s

0 µ � t � dt � ds (1)

Here,L is the lengthof ray r. If we think of the volumeas
beingcomposedof particleswith certaindensities(or light
extinctioncoefficients66) µ, thentheseparticlesreceive light
from all surroundinglight sourcesandreflect this light to-
wardsthe observer accordingto their specularanddiffuse
materialproperties.In addition,theparticlesmayalsoemit
light on theirown. Thus,in (1),Cλ is thelight of wavelength
l reflectedand/oremittedat locations in the directionof r.
To accountfor thehigherreflectanceof particleswith larger
densities,we mustweigh the reflectedcolor by theparticle
density. Thelight scatteredats is thenattenuatedby theden-
sitiesof theparticlesbetweens andtheeyeaccordingto the
exponentialattenuationfunction.

At least in the generalcase,the VRI cannotbe com-
putedanalytically66. Hence,practicalvolumerenderingal-
gorithmsdiscretizetheVRI into a seriesof sequentialinter-
valsi of width ∆s:

Iλ � x � r � � L  ∆s

∑
i ! 0

Cλ � si � µ � si � ∆s
i � 1

∏
j ! 0

e� µ � sj � ∆s� (2)

UsingaTaylorseriesapproximationof theexponentialterm
anddroppingall but thefirst two terms,we get thefamiliar
compositingequation57:

Iλ � x � r � � L  ∆s

∑
i ! 0

Cλ � si � α � si � i � 1

∏
j ! 0
� 1 	 α � sj �"� (3)

WedenotethisexpressionasdiscretizedVRI (DVRI), where
α � 1 � 0 	 transparency. Expression3 representsa common
theoreticalframework for all surveyedvolumerenderingal-
gorithms.All algorithmsobtaincolorsandopacitiesin dis-
crete intervals along a linear path and compositethem in
front to backorderor back to front order, seesection2.8.
However, the algorithmscan be distinguishedby the pro-
cessin which thecolorsC � si � andopacitiesα � si � arecalcu-
latedin eachinterval i, andhow wide the interval width ∆s
is chosen.The positionof the shadingoperatorin the vol-
umerenderingpipelinealsoaffectsC(si) anda(si). For this
purpose,wedistinguishthepre-shadedfrom thepost-shaded
volume renderingpipeline. In the pre-shadedpipeline, the
grid samplesareclassifiedandshadedbeforetheraysample
interpolationtakesplace.We denotethis asPre-DVRI (pre-
shadedDVRI) andits mathematicalexpressionis identical
to formula3.Pre-DVRI generallyleadsto blurry images,es-
peciallyin zoomedviewing, wherefineobjectdetailis often
lost 39
 77.

The blurrinessis eliminatedby switching the order of
classification/shadingand ray sampleinterpolation.Then,
the original densityvolumef is interpolatedandthe result-
ing samplevalues f � i � areclassified,via transferfunctions,
to yield material,opacity, andcolor. All blurry partsof the

edgeimagecanbeclippedawayusingtheappropriateclassi-
ficationfunction77. Shadingfollows immediatelyafterclas-
sificationandrequiresthecomputationof gradientsfrom the
densitygrid. Theresultingexpressionis termedPost-DVRI
(post-shadedDVRI) andis written asfollows:

Iλ � x � r � � L  ∆s

∑
i ! 0

Cλ � f � si �"� α � f � si �#� i � 1

∏
j ! 0
� 1 	 α � f � sj �"�"� (4)

C andα arenow transferfunctions,commonlyimplemented
aslookup-tables.Sincein Post-DVRI theraw volumedensi-
tiesareinterpolatedandusedto index thetransferfunctions
for colorandopacity, finedetailin thesetransferfunctionsis
readilyexpressedin thefinal image.Oneshouldnote,how-
ever, that Post-DVRI is not without problems:Due to the
partial volume effect, a densitymight be interpolatedthat
is classifiedas a materialnot really presentat the sample
location,which can leadto falsecolors in the final image.
Thiscanbeavoidedby prior segmentation,which,however,
canaddseverestaircasingartifactsdueto introducedhigh-
frequency. Basedon formulas3 and4, we will now present
thefour surveyedalgorithmsin detail.

5.3. Distinguishing Featuresof the differ ent algorithms

Ourcomparisonwill focusontheconceptualdifferencesbe-
tweenthe algorithms,andnot so muchon ingeniousmea-
suresthat speedruntime.Sincenumerousimplementations
for eachalgorithmexist – mainly providing acceleration–
we will selectthe most generalimplementationfor each,
employing themostpopularcomponentsandparameterset-
tings.Morespecificimplementationscanthenusethebench-
marksintroducedlater to comparethe impactof their im-
provements.We have summarizedthe conceptualdiffer-
encesof thefour algorithmsin Table1.

5.3.1. Raycasting

Of all volumerenderingalgorithms,Raycastinghasseenthe
largestbodyof publicationsovertheyears.Researchershave
usedPre-DVRI 57
 54 aswell asPost-DVRI 2 
 38
 97. Theden-
sity and gradient(Post-DVRI), or color and opacity (Pre-
DVRI), in eachDVRI interval aregeneratedvia point sam-
pling, most commonlyby meansof a trilinear filter from
neighboringvoxels (grid points)to maintaincomputational
efficiency, andsubsequentlycomposited.Mostauthorsspace
the ray samplesapart in equaldistances∆s, but someap-
proachesexist that jitter thesamplingpositionsto eliminate
patternedsamplingartifacts,or applyspace-leaping20
 127 for
acceleratedtraversalof emptyregions.For strict iso-surface
rendering,recentresearchanalytically computesthe loca-
tion of the iso-surface,whenthe ray stepsinto a voxel that
is traversedby one81. But in the generalcase,the Nyquist
theoremneedsto be followed which statesthat we should
choose∆s � 1 � 0 (i.e., onevoxel length)if we do not know
anything aboutthe frequency contentin the sample’s local
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neighborhood.Then,for Pre-DVRI andPost-DVRI raycast-
ing, theC � si �$� α � si �$� andf � si � termsin equations3 and4, re-
spectively, arewritten as:

Cλ � si � � Cλ � i∆s�
α � si � � α � i∆s� (5)

f � si � � f � i∆s�
Note that a needsto be normalizedfor ∆s %� 1 � 0 62. In the
usedimplementation,we useearly ray termination,which
is a powerful accelerationmethodof raycastingwhererays
canbeterminatedwhentheaccumulatedopacityhasreached
a valuecloseto unity. Furthermore,all samplesandcorre-
spondinggradientcomponentsarecomputedby trilinear in-
terpolationof therespective grid data.

5.3.2. Splatting

Splattingwasproposedby Westover108, andit worksby rep-
resentingthevolumeasanarrayof overlappingbasisfunc-
tions, commonlyGaussiankernelswith amplitudesscaled
by thevoxel values.An imageis thengeneratedby project-
ing thesebasisfunctionsto the screen.The screenprojec-
tion of theseradially symmetricbasisfunction canbe effi-
ciently achievedby therasterizationof a precomputedfoot-
print lookuptable.Here,eachfootprint tableentrystoresthe
analyticallyintegratedkernelfunctionalongatraversingray.
A majoradvantageof splattingis thatonly voxelsrelevantto
theimagemustbeprojectedandrasterized.Thiscantremen-
dously reducethe volume datathat needsto be both pro-
cessedandstored78. However, dependingon the zooming
factor, eachsplatcancover up to hundredsof pixels which
needto beprocessed.

The preferredsplattingapproach108 summedthe voxel
kernels within volume slices most parallel to the image
plane.This wasproneto severebrightnessvariationsin an-
imatedviewing andalsodid not allow the variationof the
DVRI interval distance∆s. Mueller76 eliminatedthesedraw-
backsby processingthevoxel kernelswithin slabsof width
∆s, alignedparallelto theimageplane– hencetheapproach
wastermedimage-alignedsplatting:All voxel kernelsthat
overlapaslabareclippedto theslabandsummedinto asheet
buffer, followedby compositingthesheetwith thesheetbe-
fore. Efficient kernelslice projectionis achieved by analyt-
ical pre-integration of an array of kernel slicesand using
fastslicefootprint rasterizationmethods78. Both Pre-DVRI
andPost-DVRI 77 arepossible,andtheC � si �$� α � si �$� andf � si �
termsin equations3 and4 arenow writtenas:

Cλ � si � �'& � i ( 1� ∆s
i∆s Cλ � s� ds

∆s

α � si � �'& � i ( 1� ∆s
i∆s α � s� ds

∆s
(6)

f � si � � & � i ( 1� ∆s
i∆s f � s� ds

∆s

We observe that splattingreplacesthe point sampleof ray-
castingby a sampleaverageacross∆s. This introducesan
additionallow-passfiltering stepthathelpsto reducealias-
ing, especiallyin isosurfacerenderingsandwhen∆s ) 1 � 0.
Splattingalso typically usesrotationally symmetricGaus-
siankernels,which have betteranti-aliasingcharacteristics
than linear filters, with the sideeffect of performingsome
signalsmoothing.However, whensplattingdatavaluesand
not color, classificationis an unsolved problem since the
original datavalue, i.e. density, is smoothed,accumulated,
andthenclassified.Thisaggravatestheso-calledpartialvol-
umeeffect andsolvingthis remainsfutureresearch.

Splattingcanusea conceptsimilar to early ray termina-
tion: early splatelimination,basedon a dynamicallycom-
putedscreenocclusionmap,that (conservatively) culls in-
visiblesplatsearlyfrom therenderingpipeline78. Themain
operationsof splattingare the transformationof eachrele-
vant voxel centerinto screenspace,followed by an index
into theocclusionmapto testfor visibility, andin caseit is
visible,therasterizationof thevoxel footprint into thesheet-
buffer. The dynamicconstructionof the occlusionmapre-
quiresa convolution operationafter eachsheet-buffer com-
posite,which, however, can be limited to buffer tiles that
have received splat contributions in the currentslab 78. It
shouldbenotedthat,althoughearlysplateliminationsaves
the costof footprint rasterizationfor invisible voxels, their
transformationmuststill beperformedto determinetheiroc-
clusion.This is different from early ray terminationwhere
the ray canbe stoppedandsubsequentvoxels arenot pro-
cessed.

5.3.3. Shear-Warp

Shear-warpwasproposedby LacrouteandLevoy 52 andhas
beenrecognizedas the fastestsoftwarerendererto date.It
achievesthis by employing a clever volumeandimageen-
codingscheme,coupledwith asimultaneoustraversalof vol-
umeandimagethat skipsopaqueimageregionsandtrans-
parentvoxels.In a pre-processingstep,voxel runsareRLE-
encodedbasedon pre-classifiedopacities.This requiresthe
constructionof a separateencodedvolumefor eachof the
threemajorviewing directions.Therenderingis performed
usingaraycasting-likescheme,whichis simplifiedby shear-
ing the appropriateencodedvolumesuchthat the raysare
perpendicularto the volume slices.The rays obtain their
samplevaluesvia bilinearinterpolationwithin thetraversed
volumeslices.A final warpingsteptransformsthevolume-
parallelbaseplaneimageinto the screenimage.The DVRI
interval distance∆ s is view-dependent,sincetheinterpola-
tion of samplevaluesonly occursin shearedvolumeslices.
It variesfrom 1 � 0 for axis-alignedviews to 1 � 41 for edge-
on views to 1 � 73 to corner-on views,andit cannotbevaried
to allow for supersamplingalongthe ray. ThustheNyquist
theoremis potentially violated for all but the axis-aligned
views.

TheVolpackdistributionfrom Stanford(avolumerender-
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Samplingrate freelyselectable freelyselectable fixed 
 1 � 0 � 1 � 73� freelyselectable

Interpolationkernel trilinear Gaussian bilinear trilinear

Acceleration earlyray termination earlysplatelimination RLE opacityencoding graphicshardware

Voxelsconsidered all relevant mostlyrelevant all

Table1: Distinguishingfeaturesandcommonlyusedparameters of thefour differentalgorithms.

ing packagethat usesthe shearwarp algorithm)only pro-
videsfor Pre-DVRI (with opacityweightedcolors),but con-
ceptuallyPost-DVRI is alsofeasible,however, withoutopac-
ity classificationif shear-warp’s fastopacity-basedencoding
is used.TheC � si � , α � si � , and f � si � termsin equations3 and
4 arewritten similar to raycasting,but with the addedcon-
straintthat∆s is dependenton theview direction:

Cλ � si � � Cλ � i∆s�
α � si � � α � i∆s� (7)

f � si � � f � i∆s�
∆s �+* , dx

dz - 2 . , dy
dz - 2 .

1 (8)

where 
 dx � dy� dz� T is the normalizedviewing vector, re-
orderedsuchthatdz is themajorviewing direction.In Vol-
pack,thenumberof rayssentthroughthevolumeis limited
to the numberof pixels in the baseplane(i.e., the resolu-
tion of thevolumeslicesin view direction).Largerviewports
areachievedby bilinearinterpolationof theresultingimage
(after back-warping of the baseplane),resultingin a very
low imagequality if thesizeof theview-port is significantly
largerthanthevolumeresolution.Thiscanbefixedby using
a scaledvolumewith a highervolumeresolution.

5.3.4. 3D Texture-Mapping Hardware

This is a shortintroductionto 3D texturemappingandmore
detailsare disclosedin section7.// The useof 3D texture
mappingwaspopularizedby Cabral9 for non-shadedvol-
umerendering.The volumeis loadedinto texture memory
andthe hardwarerasterizespolygonalslicesparallel to the
viewplane.Theslicesarethenblendedbackto front, dueto
themissingaccumulationbuffer for a.Theinterpolationfil-
teris atrilinearfunction(onSGI’sRE2 andIR architectures,
quadlinearinterpolationis alsoavailable,whereit addition-
ally interpolatesbetweentwo mipmaplevels),andtheslice
distance∆ s canbechosenfreely. A numberof researchers
have addedshadingcapabilities19
 70
 26
 106, and both Pre-
DVRI 26 andPost-DVRI 19
 70
 106 arepossible.Usually, the
renderingis brute-force,without any opacity-basedtermi-
nationacceleration,but someresearchershave donethis 19.
The drawbacksof 3D texture mappingis that larger vol-
umesrequirethe swappingof volumebricks in andout of

thelimited-sizedtexturememory(usuallya few MBytesfor
smallermachines).Fortunately, 3D texturemappingrecently
becamepopular in PC basedgraphicshardware. Texture-
mappinghardware interpolatessamplesin similar ways to
raycastingand hencethe C � si � , α � si � , and f � si � terms in
equations3 and4 arewritten as:

Cλ � si � � Cλ � i∆s�
α � si � � α � i∆s� (9)

f � si � � f � i∆s�
5.4. Comparison

For a fair comparisonof thepresentedfour algorithms,one
needsto defineidenticalviewing andrenderingparameters.
Thefirst onecanbeaccomplishedusinga commoncamera
model, i.e. like OpenGLwhile the latter includesmultiple
parameterssuchasfiltering method,classification,shading,
blending,andso forth. Someof thesepropertiesare illus-
tratedin table1. Otherssuchasshading,classification,and
blendingneedto beadoptedaccrossthealgorithmssuchthat
all usethesameoperations.

It is difficult to evaluaterenderingquality in aquantitative
manner. Often,researcherssimply put imagesof competing
algorithmssideby side,appointingthehumanvisualsystem
(HVS) to bethejudge.It is well known thattheHVS is less
sensitiveto someerrors(stochasticnoise)andmoreto others
(regularpatterns),andinterestingly, sometimesimageswith
largernumericalerrors,e.g.,RMS, arejudgedsimilar by a
humanobserver than imageswith lower numericalerrors.
So it seemsthat the visual comparisonis moreappropriate
thanthenumerical,sinceafterall weproduceimagesfor the
humanobserver andnot for error functions.In that respect,
anerrormodelthat involvestheHVS characteristicswould
bemoreappropriatethanapurelynumericalone.But never-
theless,to performsucha comparisonwe still needthetrue
volume renderedimage,obtainedby analytically integrat-
ing thevolumevia equation(1) (neglectingtheprior reduc-
tion of the volumerenderingtask to the low-albedocase).
As waspointedout by Max 66, analyticalintegrationcanbe
donewhenassumingthatC � s� andµ � s� arepiecewise lin-
ear. This is, however, somewhat restrictive on our transfer
functions,so in the following we employ visual quality as-
sessmentonly.
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Raycasting Splatting Shear-warp 3D texturemapping

post-shadedDVRI post-shadedDVRI pre-shadedDVRI pre-shadedDVRI

opacityweighted notopacityweighted
color interpolation color interpolation

Figure 7: Comparisonof the four algorithms.Columnsfromleft to right: Raycasting, splatting, shear-warp, and3D texture
mapping. Rowsfrom top to bottom:CT scanof a humanskull, zoomedview of the teeth,CT scanof brain arteriesshowing
an aneurism,Marschner-Lobb functioncontaininghigh frequencies,and simulationof the potentialdistribution of electrons
aroundatoms.
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5.5. Results

All presentedresultsweregeneratedon the sameplatform
(SGI Octane).Thegraphicshardwarewasonly usedby the
3D texturemappingapproach.Figure7 showsrepresentative
still framesof different datasetsthat we rendered.We ob-
serve that the imagequality achieved with texturemapping
hardwareshows severecolor-bleedingartifactsdueto inter-
polationof colorsindependentfrom theα-value119 (seesec-
tion 2.10,aswell asstaircasing.Furthermore,highly trans-
parentclassificationresultsin darker images,dueto limited
precisionof theRGBA-channelsof thehardware(8 bit).

Volpack shear-warp performsmuch better, with quality
similar to raycastingandsplattingwhenever the resolution
of the imagematchesthe resolutionof the baseplane.For
theotherimages,therenderedbaseplaneimagewasof lower
resolutionthan the screenimageand had to be magnified
usingbilinear interpolationin the warpingstep.This leads
to excessive blurring, especiallyfor the Marschner-Lobb
dataset,wherethemagnificationis veryhigh.A morefunda-
mentaldraw-backcanbeobserved in the45 degreeneghip
view in Figure7, where– in additionto theblurring– signif-
icantaliasingin theform of staircasingispresent.Thisisdue
to theray samplingratebeinglessthan1.0,andcanbedis-
turbingin animatedviewing of somedatasetsbut is lessno-
ticeablein still images.TheMarschner-Lobbdatasetrender-
ingsfor raycastingandsplattingdemonstratethedifferences
of point sampling(raycasting)andsampleaveraging(splat-
ting). While raycasting’s point samplingmissessomedetail
of thefunctionat thecrestsof thesinusoidalwaves,splatting
averagesacrossthewavesandrendersthemasblobbyrims.
For theotherdatasetstheaveragingeffect is moresubtle,but
still visible. For example,raycastingrendersthe skull and
the magnifiedblood with crisperdetail thansplattingdoes,
but cansuffer from aliasingartifacts,if thesamplingrateis
not chosenappropriately(Nyquist rate).However, thequal-
ity is quitecomparable,for all practicalpurposes.

5.6. Summary

Generally, 3D texture mappingand shear-warp have sub-
secondrenderingtimesfor moderately-sizeddatasets.While
the quality of the display obtainedwith our mainstream
texture mappingapproachis limited and can be improved
asdemonstratedin section7, the quality of shear-warp ri-
vals that of the muchmoreexpensive raycastingandsplat-
ting whentheobjectmagnificationis aboutunity. Handling
highermagnificationsis possibleby relaxingthe condition
thatthenumberof raysmustmatchtheresolutionof thevol-
ume.Althoughhigherinterpolationcostswill be the result,
the renderingframeratewill most likely still be high (es-
pecially if view frustumculling is applied).A moreserious
concernis thedegradationof imagequalityatoff-axisviews.
In thesecases,onecould usea volumewith extra interpo-
latedslices,which is Volpack’s standardsolutionfor higher
imageresolutions.But the fact that shear-warp requiresan

opacity-encodedvolumemakesinteractive transferfunction
variationachallenge.In applicationswheretheselimitations
donotapply, shear-warpprovesto beaveryusefulalgorithm
for volumerendering.Theside-by-sidecomparisonof splat-
ting and raycastingyielded interestingresultsas well: We
saw that image-alignedsplattingoffers a renderingquality
similar to thatof raycasting.It, however, producessmoother
imagesdueto thez-averagedkernelandtheanti-aliasingef-
fectof thelargerGaussianfilter. It ishencelesslikely to miss
high-frequency detail.Raycastingis fasterthansplattingfor
datasetswith a low numberof non-contributingsamples.On
the otherhand,splattingis betterfor datasetswith a small
numberof relevantvoxels andsheetbuffers.Sincethequal-
ity is sosimilar andthe sametransferfunctionsyield simi-
lar renderingresults,onecouldbuild a rendererthatapplies
either raycastingor splatting,dependingon the numberof
relevantvoxelsandthe level of compactnessof thedataset.
Onecouldevenusedifferentrenderersin differentportions
of thevolume,or for the renderingof disconnectedobjects
of differentcompactness.

More detailson this comparisoncanbefoundin 71.

6. The VolumePro Real-Time Ray-CastingSystem

Softwarebasedvolumerenderingapproachescanbeacceler-
atedsuchthatinteractive frame-ratescanbeachieved.How-
ever, this requirescertaintrade-offs in quality or parameters
thatcanbechangedinteractively. In orderto achieve interac-
tive or evenreal-timeframe-ratesat highestquality andfull
flexibility , dedicatedhardwareis necessary. Within this sec-
tion we will have a closerlook at specialpurposehardware,
i.e. theVolumeProsystem.

6.1. Intr oduction

Specialpurposehardware for volume renderinghas been
proposedby variousresearchers,but only a few machines
have beenimplemented.VIRIM wasbuilt at theUniversity
of Mannheim,Germany 31. The hardware consistsof four
VME boardsandimplementsray-casting.VIRIM achieves
2.5frames/secfor 2563 volumes.

The first PCI basedvolume renderingacceleratorhas
beenbuilt by the University of Tübingen,Germany. Their
VIZARD systemimplementstrue perspective ray-casting
and consistsof two PCI acceleratorcards47. An FPGA-
basedsystemachievesupto10frames/secfor 2563 volumes.
Tocircumventthelossydatacompressionandthelimitations
of changesin classificationor shadingparametersdueto the
pre-processing,a follow-upsystemis currentlyunderdevel-
opment72
 21. This VIZARD II systemwill becapableof up
to 20 framesper secondfor datasetsof 2563 voxels. The
strengthof this systemis its ray traversalenginewith anop-
timizedmemoryinterfacethatallows for fly throughswhich
is mandatoryfor immersive applications.Thesystemusesa
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singleray processingpipeline(RPU) andexploits algorith-
mic optimizationssuchasearly ray terminationandspace
leaping.

Within this section,we will describeVolumePro,thefirst
single-chipreal-timevolumerenderingsystemfor consumer
PCs83. Thefirst VolumeProboardwasoperationalin April
1999(seeFigure8).

Figure8: TheVolumeProPCI card.

The VolumeProsystemis basedon the Cube-4volume
renderingarchitecturedevelopedat SUNY Stony Brook 84.
MitsubishiElectric licensedtheCube-4technologyandde-
velopedthe EnhancedMemory Cube-4(EM-Cube)archi-
tecture80. TheVolumeProsystem,animprovedcommercial
versionof EM-Cube,is commerciallyavailablesinceMay
1999at a price comparableto high-endPC graphicscards.
Figure9 shows several imagesrenderedon the VolumePro
hardwareat 30 frames/sec.

6.2. RenderingAlgorithm

VolumeProimplementsray-casting54, oneof themostcom-
monlyusedvolumerenderingalgorithms.Ray-castingoffers
highimagequalityandis easyto parallelize.Thecurrentver-
sionof VolumeProsupportsparallelprojectionsof isotropic
andanisotropicrectilinearvolumeswith scalarvoxels.

VolumeProis a highly parallelarchitecturebasedon the
hybrid ray-castingalgorithm shown in Figure 10 124
 91
 52.
Rays are sent into the datasetfrom eachpixel on a base
plane,which is co-planarto thefaceof thevolumedatathat
is mostparallelandnearestto theimageplane.Becausethe
imageplaneis typically atsomeangleto thebase-plane,the
resultingbase-planeimageis warpedontotheimageplane.

Themainadvantageof thisalgorithmis thatvoxelscanbe
readandprocessedin planesof voxels(socalledslices)that
areparallelto thebase-plane.Within a slice,voxelsareread
from memoryascanlineof voxelsata time,in topto bottom
order. This leadsto regular, object-orderdataaccess.

In contrastto theshear-warpimplementationby Lacroute

Image Plane

Warp

Base Plane

Volume
Data

Voxel Slice

Figure10: Template-basedray-casting.

and Levoy 52, VolumeProperformstri-linear interpolation
andallows raysto startat sub-pixel locations.This prevents
view-dependentartifactswhenswitchingbaseplanesandac-
commodatessupersamplingof thevolumedata.

6.3. VolumePro SystemAr chitecture

VolumePro is implementedas a PCI card for PC class
computers.The cardcontainsonevolumerenderingASIC
(calledthevg500) and128or 256MBytesof volumemem-
ory. Thewarpinganddisplayof thefinal imageis doneonan
off-the-shelf3D graphicscardwith 2D texturemapping.The
vg500volumerenderingASIC,shown in Figure11,contains
four identicalrenderingpipelines,arrangedsideby side,run-
ningat125MHz each.It is anapplicationspecificintegrated
circuit (ASIC) with approximately3.2million randomlogic
transistorsand2 Mbits of on-chipSRAM. The vg500also
containsinterfacesto voxel memory, pixel memory, andthe
PCIbus.

Interpolation

Gradient
Estimation

Shading &
Classification

Compositing

P
ipeline 1

P
ipeline 2

P
ipeline 3

Voxel Memory Interface

Pixel Memory Interface

SDRAM SDRAM SDRAM SDRAM

SDRAM SDRAM SDRAM SDRAM
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C

I Interface

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

Eachpipelinecommunicateswith voxel andpixel mem-
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Figure9: Severalvolumesrenderedon theVolumeProhardwareat 30 framespersecond.

ory andtwo neighboringpipelines.Pipelineson the far left
andright areconnectedto eachotherin awrap-aroundfash-
ion (indicatedby grey arrows in Figure11).A maincharac-
teristicof VolumeProis thateachvoxel is readfrom volume
memoryexactlyonceperframe.Voxelsandintermediatere-
sultsarecachedin socalledslicebufferssothatthey become
availablefor calculationspreciselywhenneeded.

Eachrenderingpipelineimplementsray-castingandsam-
ple valuesalongraysarecalculatedusingtri-linear interpo-
lation. A 3D gradientis computedusingcentraldifferences
betweentri-linearsamples.Thegradientisusedin theshader
stage,whichcomputesthesampleintensityaccordingto the
Phongillumination model.Lookup tablesin the classifica-
tion stageassigncolor and opacity to eachsamplepoint.
Finally, the illuminatedsamplesareaccumulatedinto base
planepixelsusingfront-to-backcompositing.

Volumememoryuses16-bit wide synchronousDRAMs
(SDRAMs) for up to 256 MBytes of volume storage.2 �
2 � 2 cellsof neighboringvoxels,socalledminiblocks,are
storedlinearly in volumememory. Miniblocks arereadand
written in burstsof eight voxels using the fastburst mode
of SDRAMs. In addition, VolumeProusesa linear skew-
ing of miniblocks45. Skewing guaranteesthattherendering
pipelinesalwayshave accessto four adjacentminiblocksin
any of thethreesliceorientations.A miniblockwith position
 xyz� in the volumeis assignedto the memorymodulek as
follows:

k � �0/ x
2 1 . / y

2 1 . / z
2 1 � mod4 � (10)

6.4. VolumePro PCI Card

The VolumeProboard is a PCI Short Card with a 32-bit
66 MHz PCI interface(seeFigure 8). The boardcontains
a singlevg500renderingASIC, twenty 64 Mbit SDRAMs
with 16-bit datapaths,clock generationlogic, anda voltage
converterto make it 3.3 volt or 5 volt compliant.Figure12
shows a block diagramof thecomponentson theboardand
thebussesconnectingthem.

The vg500 ASIC interfacesdirectly to the systemPCI-
Bus.Accessto thevg500’s internalregistersandto theoff-
chip memoriesis accomplishedthroughthe32-bit 66 MHz

Voxel Memory

PCI-Bus

vg500

V-Bus

Pixel MemorySection Memory

S-Bus P-Bus

SDRAMSDRAMSDRAMSDRAM

SDRAMSDRAM SDRAMSDRAM

EEPROM Clk Gen

SDRAMSDRAMSDRAMSDRAM

SDRAMSDRAMSDRAMSDRAM

SDRAMSDRAMSDRAMSDRAM

Module0 Module1 Module2 Module3

Figure12: VolumeProPCI boarddiagram.

PCIbusinterface.Thepeakburstdatarateof this interfaceis
264MB/sec.Someof thisbandwidthis consumedby image
upload,someof it by otherPCI systemtraffic.

6.5. Supersampling

Supersampling32 improves the quality of the renderedim-
ageby samplingthe volumedatasetat a higherfrequency
thanthevoxel spacing.In thecaseof supersamplingin thex
andy directions,thiswouldresultin moresamplesperbeam
andmorebeamsperslice,respectively. In thez direction,it
resultsin moresampleslicespervolume.

VolumeProsupportssupersamplingin hardware only in
thez direction.Additional slicesof samplesareinterpolated
betweenexisting slicesof voxels. The software automati-
cally correctstheopacityaccordingto theviewing angleand
samplespacingby reloadingtheopacitytable.

Figure13 shows theCT scanof a foot (152x 261x 200)
renderedwith no supersampling(left) andsupersamplingin
z by 3 (right). Theartifactsin the left imagestemfrom the
insufficient samplingrateto capturethehigh frequenciesof
the foot surface.Notice the reducedartifactsin the super-
sampledimage.VolumeProsupportsup to eight times su-
persampling.
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Figure 13: No supersampling(left) andsupersamplingin z
(right).

6.6. Supervolumesand Subvolumes

Volumes of arbitrary dimensionscan be stored in voxel
memory without padding. Becauseof limited on-chip
buffers,however, the VolumeProhardwarecanonly render
volumeswith a maximumof 256voxels in eachdimension
in one pass.In order to rendera larger volume (called a
supervolume),softwaremustfirst partition the volumeinto
smallerblocks.Eachblock is renderedindependently, and
their resultingimagesarecombinedin software.

The VolumeProsoftwareautomaticallypartitionssuper-
volumes,takescareof thedataduplicationbetweenblocks,
and blendsintermediatebaseplanesinto the final image.
Blocks areautomaticallyswappedto and from host mem-
ory if asupervolumedoesnotfit into the128MB of volume
memoryontheVolumeProPCIcard.Thereis no limit to the
sizeof a supervolume,although,of course,renderingtime
increasesdueto thelimited PCI downloadbandwidth.

Volumeswith lessthan256voxels in eachdimensionare
calledsubvolumes.VolumePro’s memorycontrollerallows
readingandwriting singlevoxels,slices,or any rectangular
slab to and from Voxel Memory. Multiple subvolumescan
bepre-loadedinto volumememory. Subvolumescanbeup-
datedin-betweenframes.This allows dynamicandpartial
updatesof volumedatato achieve 4D animationeffects.It
alsoenablesloadingsectionsof alargervolumein pieces,al-
lowing theuserto effectively panthroughavolume.Subvol-
umesincreaserenderingspeedto thepoint wheretheframe
rate is limited by the baseplanepixel transferand driver
overhead,which is currentlyat 30 frames/sec.

6.7. Cropping and Cut Planes

VolumeProprovides two featuresfor clipping the volume
datasetcalledcroppingandcutplanes.Thesemake it possi-
bleto visualizeslices,cross-sections,or otherportionsof the
volume,thusproviding theuseranopportunityto seeinside
in creativeways.Figure14(a)showsanexampleof cropping
on theCT foot of thevisible man.Figure14(b)shows a cut
planethroughtheenginedata.

6.8. VolumePro Performance

Eachof thefour SDRAMsprovidesburst-modeaccessatup
to 125MHz, for asustainedmemorybandwidthof 4 � 125 �

(a) (b)

Figure14: (a)Cropping.(b) Cutplane.

106 � 500million 16-bit voxelspersecond.Eachrendering
pipelineoperatesat 125 MHz andcanaccepta new voxel
from its SDRAM memoryeverycycle.500million tri-linear
samplesper secondis sufficient to render2563 volumesat
30 framespersecond.

6.9. VLI - The Volume Library Interface

Figure15 shows thesoftwareinfrastructureof theVolume-
Pro system.The VLI API is a setof C++ classesthat pro-

vg500
VolumePro

3D�card Host
Memory

VLI

Hardware�/�Software�l ine

OpenGL
1.1�ICD

OpenGL
driver

Operating
System

vg500
driver external�software

Kernel�/�User�SW�line

�VLIOpenGL
Context

ToolKit

Application
A�VLI OpenGLContext�provides

glue�between�OpenGL�and�VLI

Figure 15: Software infrastructureof the VolumeProsys-
tem.

vide full accessto the vg500 chip features.VLI doesnot
replaceanexistinggraphicsAPI. Rather, VLI workscooper-
atively with a3D graphicslibrary, suchasOpenGL,to man-
agetherenderingof volumesanddisplayingtheresultsin a
3D scene.Higherlevel toolkits (suchasvtk – TheVisualiza-
tion Toolkit) andscenegraphson top of theVLI will likely
becometheprimaryinterfacelayerto applications.TheVLI
classescanbegroupedasfollows:2 Volume datahandling.VLIVolume managesvoxel data

storage,voxel dataformat,andtransformationsof thevol-
ume data such as shearing,scaling,and positioning in
world space.2 Renderingelements.Thereare several VLI classesthat
provide accessto the VolumeProfeatures,suchascolor
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and opacity lookup tables,cameras,lights, cut planes,
clipping,andmore.2 Renderingcontext. The VLI classVLIContext is a con-
tainerobjectfor all attributesneededto renderthevolume.
It is usedto specify the volumedatasetandall render-
ing parameters(suchas classification,illumination, and
blending)for thecurrentframe.

TheVLI automaticallycomputesreflectancemapsbasedon
light placement,setsupα-correctionbasedonviewing angle
andsamplespacing,supportsanisotropicandgantry-tilted
datasetsby correctingthe viewing andimagewarp matri-
ces,andmanagessupervolumes,supersampling,andpartial
updatesof volumedata.In addition,thereareVLI functions
thatprovide initialization,configuration,andterminationfor
theVolumeProhardware.

6.10. Summary

This sectiondescribesthe algorithm,architecture,andfea-
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.Its core features,suchas on-
the-fly gradientestimation,per-samplePhongillumination
with arbitrarynumberof light sources,4K RGBA classifi-
cationtables,α-blendingwith 12-bit precision,andgradient
magnitudemodulation,put it aheadof any otherhardware
solutionfor volumerendering.Additional features,suchas
supersampling,supervolumes,croppingandcut planes,en-
ablethedevelopmentof feature-rich,high-performancevol-
umevisualizationapplications.

Someimportantlimitationsof VolumeProaretherestric-
tion to rectilinear scalarvolumes,the lack of perspective
projections,andno supportfor intermixingof polygonsand
volumedata.Mixing of opaquepolygonsandvolumedata
canbe achieved by first renderinggeometry, transferringz
buffer valuesfrom thepolygoncardto thevolumerenderer,
andthenrenderingthevolumestartingfrom thesez values.
Futureversionsof the systemwill supportperspective pro-
jectionsandseveral voxel formats,including pre-classified
materialvolumesandRGBA volumes.Thelimitation to rec-
tilineargridsis morefundamentalandhardto overcome.

7. 3D Texture Mapping

So far, we have seen different volume rendering tech-
niquesandalgorithmicoptimizationsthat canbe exploited
to achieve interactiveframe-rates.Real-timeframe-ratescan
be accomplishedby specialpurposehardwaresuchaspre-
sentedin theprevioussection(VolumePro).Anotheravenue
that canbe taken is basedon 2D and3D texture mapping
hardwarewhich currentlymigratesinto the commodityPC
graphicshardwareandallows for mixing polygonsandvol-
umes.

7.1. Intr oduction

With fast3D graphicshardwarebecomingmoreandmore
availableevenon low endplatforms,thefocusin developing
new algorithmsis beginning to shift towardshigher qual-
ity renderingand additional functionality insteadof sim-
ply higher performanceimplementationsof the traditional
graphicspipeline.

GraphicslibrarieslikeOpenGLandits extensionsprovide
accessto advancedgraphicsoperationsin thegeometryand
therasterizationstageandthereforeallow for thedesignand
implementationof completelynew classesof renderingal-
gorithms.Prominentexamplescanbefound in realisticim-
agesynthesis(shading,bump/environmentmapping,reflec-
tions)andscientificvisualizationapplications(volumeren-
dering,vectorfield visualization,dataanalysis).

In this respect,thegoalof thissessionis twofold: To give
both a state-of-the-artoverview of volumerenderingalgo-
rithms usingthe extendedOpenGLgraphicslibrary andto
presentanumberof selectedandadvancedvolumerendering
algorithmsin which accessto dedicatedgraphicshardware
is paramount.The first part of this sectionsummarizesthe
mostimportantfundamentalsandfeaturesof thegraphicsli-
braryOpenGLwith respectto thepracticalandefficient de-
signof volumerenderingalgorithms.Thesecondpartis ded-
icatedto theefficientuseof multi-textureregistercombiners
asavailableon low-costPCsin volumerenderingapplica-
tions. In eachof both partshardware acceleratedgraphics
operationsare usedthus allowing interactive, high quality
renderingandanalysisof large-scalevolumedatasets.

7.2. Advancedvolume rendering techniques

OpenGLandits extensionsprovide accessto advancedper-
pixel operationsavailable in the rasterizationstageand in
theframebuffer hardwareof moderngraphicsworkstations.
With thesemechanisms,completelynew renderingalgo-
rithmscanbedesignedandimplementedin averyparticular
way.

Over thepastfew yearsworkstationswith hardwaresup-
port for the interactive renderingof complex 3D polygonal
scenesconsistingof directly lit and shadedtriangleshave
becomewidely available.The last two generationsof high-
endgraphicsworkstations1
 75, however, besidesproviding
impressive ratesof geometryprocessing,also introduced
new functionalityin therasterizationandframebuffer hard-
ware,like textureandenvironmentmapping,fragmenttests
and manipulationas well as auxiliary buffers. The ability
to exploit thesefeaturesthroughOpenGLandits extensions
allows completelynew classesof renderingalgorithmsto
be developed.Anticipating similar trendsfor the moread-
vancedimagingfunctionality of todayshigh-endmachines
graphicsresearchersare actively investigatingpossibilities
to accelerateexpensive visualizationalgorithmsby using
theseextensions.
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In thissessionwewill summarizevariousapproachesthat
makeextensiveuseof graphicshardwarefor therenderingof
volumetricdatasets.In particular, thegoalof this sessionis
to provide participantswith dedicatedknowledgeconcern-
ing the applicationof 3D texturesin volumerenderingap-
plicationsandto demonstratehow to exploit theprocessing
power andfunctionalityof therasterizationandtexturesub-
systemof advancedgraphicshardware.Althoughatthistime
hardwareaccelerated3D texturemappingis only supported
on a few particulararchitectureswe expect the samefunc-
tionality to beavailableon low-endarchitectureslikePCsin
thenearfuture thusleadingto an increasingneedfor hard-
wareacceleratedalgorithmsaswill bepresented.Nonethe-
less,we will alsodemonstratehow to efficiently exploit ex-
isting PCgraphicshardwareon which only 2D texturesare
availablein orderto achievehighimagequalityatinteractive
framerates.

Hereafterwe will first describethebasicconceptsof vol-
umerenderingvia 3D texturestherebyfocusingon the po-
tentialbenefitsandadvantagescomparedto softwarebased
solutions.We will further outline extensionsthat enable
flexible and interactive editing and manipulationof large
scalevolume data.We will introducethe conceptof clip-
ping geometriesby meansof stencilbuffer operations,and
we will review the useof 3D texturesfor the renderingof
lightedandshadediso-surfacesin real-timewithoutextract-
ing any polygonalrepresentation.Additionally, we will de-
scribenovel approachesfor the renderingof scalarvolume
datausing2D texturesandmulti-textureregistercombiners
asavailableonNvidia’sGeForce256PCgraphicsprocessor.
Theintentionhereis to streamlinegeneraldirectionshow to
bringhighqualityvolumerenderingto theconsumermarket
by exploiting dedicatedbut affordablegraphicshardware.

Our majorconcernin this sessionis to outlinetechniques
for the efficient generationof a visual representationof
the informationpresentin volumetricdatasets.For scalar-
valuedvolumedatatwo standardtechniques,the rendering
of iso-surfaces,andthedirect volumerendering,have been
developedto a high degreeof sophistication.However, due
to the hugenumberof volumecells which have to be pro-
cessedandto the variety of differentcell typesonly a few
approachesallow parametermodificationsandnavigationat
interactiveratesfor realisticallysizeddatasets.To overcome
theselimitationsabasisfor hardwareacceleratedinteractive
visualizationof bothiso-surfacesanddirectvolumerender-
ing hasbeenprovidedin 106.

Direct volumerenderingtries to convey a visual impres-
sionof thecomplete3D datasetby taking into accountthe
emissionandabsorptioneffectsasseenby anoutsideviewer.
The underlying theory of the physicsof light transportis
simplifiedto thewell known volumerenderingintegralwhen
scatteringandfrequency effectsareneglected41
 49
 68
 112. A
few standardalgorithmsexist for computingthe intensity
contribution alonga ray of sight,enhancedby a wide vari-

etyof optimizationstrategies57
 68
 53
 20
 52. But only recently,
sincehardwaresupported3D texture mappingis available,
hasdirect volume renderingbecomeinteractively feasible
ongraphicsworkstations9
 18
 115. Thisapproachhasbeenex-
tendedfurtheronwith respectto flexible editingoptionsand
advancedmappingandrenderingtechniques.

Themajorgoalis themanipulationandrenderingof large-
scalevolumetric data setsat interactive rateswithin one
applicationon standardgraphicsarchitectures.In this ses-
sion we focus on scalar-valuedvolumesand show how to
acceleratethe renderingprocessby exploiting featuresof
advancedgraphicshardwareimplementationsthroughstan-
dardAPIslikeOpenGL.Thepresentedapproachis pixel ori-
ented,takesadvantageof rasterizationfunctionalitysuchas
color interpolation,texture mapping,color manipulationin
the pixel transferpath, variousfragmentand stencil tests,
andblendingoperations.In this way it is possibleto2 extendvolume rendering via 3D textureswith respect

to arbitraryclippinggeometries2 render shadediso-surfacesat interactive ratescombin-
ing 3D texturesand fragmentoperationsthus avoiding
any polygonalrepresentation2 extendvolume rendering via 2D textureswith respect
to view independenttexture resamplingand advanced
shadingandlighting models

7.3. Volumerenderingvia 3D textures

When 3D texturesbecameavailable on graphicsworksta-
tionstheirbenefitin volumerenderingapplicationswassoon
recognized18
 9. The basicideais to interpretthe3D scalar
voxel arrayasa 3D texture definedover 
 0 � 1� 3 andto un-
derstand3D texturemappingasthetrilinear interpolationof
thevolumedatasetat anarbitrarypoint within this domain.
Thedatais re-sampledon clipping planesthatareoriented
orthogonalto theviewing planewith theplanepixels trilin-
earlyinterpolatedfrom the3D scalartexture.Thisoperation
is successively performedfor multiple planesthat have to
be clippedagainstthe parametrictexture domain(seeFig-
ure16).Thesepolygonsarerenderedfrom front-to-backor
back-to-frontandtheresultingtextureslicesareblendedap-
propriatelyinto the framebuffer therebyapproximatingthe
continuousvolumerenderingintegral.

Figure16: Volumerenderingby 3D texture slicing.

Dedicatedgraphicshardware is exploited for trilinearly
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interpolatingwithin the textureandfor blendingthe gener-
atedfragmentson a per-pixel basis.However, the real po-
tential of volumerenderingvia 3D texturesjust turnedout
after texture lookup tablesbecameavailable. Scalarsam-
plesthatarereconstructedfrom the3D textureareconverted
into RGAα pixels by a lookup-uptableprior to their draw-
ing. Thepossibilityto directly manipulatethetransferfunc-
tions necessaryto performthe mappingfrom scalarvalues
to RGBα valueswithout the needfor reloadingthe entire
textureallowstheuserto interactively find meaningfulmap-
pingsof materialvaluesto visualquantities.In this way ar-
bitrarypartsof thedatacanbehighlightedor suppressedand
visualizedusingdifferentcolorsandtransparencies.

Nevertheless,besidesinteractive frame rates, in many
practicalapplicationseditingthedatain a freeandeasyway
is of particularinterest.Although texture lookup tablescan
bemodifiedin orderto extractportionsof thedata,theuse
of additionalclippinggeometriesoftenallowsseparatingthe
relevantstructuresin a muchmoreconvenientandintuitive
way. PlanarclippingplanesavailableascoreOpenGLmech-
anismsmay be utilized, but from the user’s point of view
morecomplex geometriesarenecessary.

7.4. Clipping geometriesand Stenciling

A straightforwardapproachwhich is implementedquiteof-
ten is theuseof multiple clipping planesto constructmore
complex geometries.However, notice that even the simple
taskof clipping anarbitrarily scaledbox cannotberealized
in this way. More flexibility andeaseof manipulationcan
beachievedby takingadvantageof theper-pixel operations
providedin therasterizationstage.Aswill beoutline,aslong
astheobjectagainstwhich thevolumeis to beclippedis a
closedsurfacerepresentedby a list of trianglesit canbeef-
ficiently usedastheclipping geometry.

Thebasicideais to determinefor all slicing planesthose
pixels which arecoveredby the cross-sectionbetweenthe
objectandthis plane(seeFigure17).Then,thesepixelsare
locked, thus preventing the textured polygon from getting
drawn to theselocations.The locking mechanismis imple-
mentedby exploiting theOpenGLstenciltest.It allowspixel
updatesto beacceptedor rejectedbasedontheoutcomeof a
comparisonbetweena userdefinedreferencevalueandthe
valueof thecorrespondingentryin thestencilbuffer. Before
the texturedpolygongetsrenderedthe stencilbuffer hasto
be initialized in sucha way that all color valueswritten to
pixelsinsidethecross-sectionwill berejected.

In orderto determinefor a certainplanewhethera pixel
is coveredby a cross-sectionor not the clipping object is
renderedin polygonmode.However, sinceone is only in-
terestedin settingthestencilbuffer noneof theframebuffer
valuesaltered.At first, an additionalclipping planeis en-
abledwhichhasthesameorientationandpositionastheslic-
ing plane.All backfaceswith respectto theactualviewing

343534353343534353343534353343534353343534353343534353343534353343534353
Figure 17: The use of arbitrary clipping geometriesis
demonstrated for the caseof a sphere. In regions where
the object intersectsthe actual slice the stencil buffer is
locked. The intuitive approach of renderingonly the back
facesmightresultin thepatternederroneousregion.

directionaredrawn, andeverything in front of the planeis
clipped.Wherever a pixel would have beendrawn thesten-
cil buffer is set.Finally, by changingthestenciltestappro-
priately, renderingthe textured polygon,now, only affects
thosepixelswherethestencilbuffer is unchanged.

In general,however, dependingon theclipping geometry
this procedurefails in determiningthecross-sectionexactly
(seerightmost imagein Figure 17). Therefore,beforethe
texturedpolygonis renderedall stencilbuffer entrieswhich
aresetimproperlyhave to beupdated.Noticethatin front of
a backfacewhich waswritten erroneouslythereis always
a front facedueto the topologyof the clipping object.The
front facesarethusrenderedinto thosepixelswherethesten-
cil buffer is setandthestencilbuffer is clearedwhereapixel
alsopassesthedepthtest.Now thestencilbuffer is correctly
initializedandall furtherdrawing operationsarerestrictedto
thosepixelswhereit is setor viceversa.Clearingthestencil
buffer eachtimeanew sliceis to berenderedcanbeavoided
by usingdifferentstencilplanes.Thenthenumberof slices
thatcanbeprocessedwithoutclearingthebuffer dependson
thenumberof stencilbits providedby thecurrentvisual.

Since this approachis independentof the usedgeome-
try it allows arbitraryshapesto bespecified.In particularit
turnsout that transformationsof the geometrycanbe han-
dledwithout any additionaloverhead,thusproviding a flex-
ible tool for carvingportionsout of thedatain an intuitive
way.

In Figure18two imagesareshown, whichshoulddemon-
stratetheextendedfunctionalityof 3D texturebasedvolume
rendering.In thefirst imagea simplebox wasusedto mask
the interior of a MRI-scanby meansof the stencil buffer
approach.The secondimageswas generatedby explicitly
clippingtheslicingplanesagainsttheboxandby tesselating
the resultingcontours.Note that only the region of interest
needsto betexturedin thisway.
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(a) Box clipping with the
stencilbuffer.

(b) Inversebox clipping
with OGL tesselation.

Figure 18: Boxclipping usingthestenciltest(left) and the
OGLtesselation(right).

7.5. Rendering iso-surfacesvia 3D textures

Sofarwedescribedextensionsto texturemappeddirectvol-
umerenderingthathave beenintroducedin orderto define
a generalhardwareacceleratedframework for adaptive ex-
plorationof volumetricdatasets.In practice,however, the
displayof shadediso-surfaceshasbeenshown asoneof the
most dominantvisualizationoptions,which is particularly
usefulto enhancethespatialrelationshipbetweenstructures.
Moreover, this kind of representationoftenmeetsthephysi-
cal characteristicsof therealobjectin amorenaturalway.

Differentalgorithmshavebeenproposedfor efficiently re-
constructingpolygonalrepresentationsof iso-surfacesfrom
scalarvolumedata63
 74
 92
 111, but noneof theseapproaches
can effectively be usedin interactive applications.This is
due to the effort that hasto be madeto fit the surfaceand
alsoto theenormousamountof trianglesproduced.For re-
alistically sizeddatasetsinteractively manipulatingtheiso-
valueseemsto be quite impossible,andalsorenderingthe
surfaceat acceptableframeratescanhardlybeachieved.In
contrastto thesepolygonalapproaches,in 106 an algorithm
was designedthat completelyavoids any polygonalrepre-
sentationby combining3D texture mappingandadvanced
pixel transferoperationsin a way thatallows theiso-surface
to berenderedona per-pixel basis.

Recently, first approachesfor combininghardwareaccel-
eratedvolumerenderingvia 3D texture mapswith lighting
andshadingwerepresented.In 102 thesumof pre-computed
ambientandreflectedlight componentsis storedin thetex-
ture volume and standard3D texture compositionis per-
formed.On the contrary, in 34 the orientationof voxel gra-
dientsis storedtogetherwith thevolumedensityasthe3D
texture map.Lighting is achieved by indexing into an ap-
propriatelyreplicatedcolor table.Theinherentdrawbacksto
thesetechniquesis theneedfor reloadingthe texturemem-
ory eachtimeany of thelighting parameterschange(includ-

ing changesin theorientationof theobject)102, andthediffi-
culty to achieve smoothlyshadedsurfacesdueto thelimited
quantizationof thenormalorientationandtheintrinsichard-
wareinterpolationproblems34.

Basically, the non-polygonal3D texture basedapproach
is similar to the oneusedin traditionalvolumeray-casting
for the displayof shadediso-surfaces.Let us considerthat
thesurfaceis hit if thematerialvaluesalongtherayof sight
do exceedthe iso-value for the first time. At this location
thematerialgradientis computed,which is thenusedin the
lighting calculations.

By recognizingthat texture interpolationis alreadyex-
ploited to re-samplethedata,all thatneedsto beevaluated
is how to capturethosetexturesamplesabove the iso-value
that arenearestto the imageplane.Thereforethe OpenGL
alpha test canbe employed, which is usedto rejectpixels
basedon theoutcomeof a comparisonbetweentheir alpha
componentanda referencevalue.

Eachelementof the3D texturegetsassignedthematerial
valueasits alphacomponent.Then,texturemappedvolume
renderingis performedas usual,but pixel valuesare only
drawn if they passthe depthtest and if the alphavalue is
larger thanor equalto the selectediso-value.In any of the
affectedpixels in theframebuffer, now, thecolor presentat
thefirst surfacepoint is beingdisplayed.

In order to obtain the shadediso-surfacefrom the pixel
valuesalreadydrawn into theframebuffer two differentap-
proachesshouldbeoutlined:2 Gradient shading: A four component3D texture is

storedwhich holds in eachelementthe materialgradi-
entaswell asthematerialvalue.Shadingis performedin
imagespaceby meansof matrix multiplicationusingan
appropriatelyinitialized colormatrix.2 Gradientless shading: Shadingis simulatedby simple
frame buffer arithmetic computingforward differences
with respectto the light sourcedirection.Pixel texturing
is exploitedto encompassmultiple renderingpasses.

Both approachesaccountfor diffuseshadingwith respect
to a parallellight sourcepositionedat infinity. Thenthedif-
fusetermreducesto thescalarproductbetweenthesurface
normal,N, andthedirectionof thelight source,L , scaledby
thematerialdiffusereflectivity, kd.

The textureelementsin gradientshadingeachconsistof
anRGBα quadruplewhichholdsthegradientcomponentsin
thecolor channelsandthematerialvaluein thealphachan-
nel. Before the texture is storedand internally clampedto
therange[0,1] thegradientcomponentsarebeingscaledand
translatedby a factorof 0.5.

By slicing thetexture therebyexploiting thealphatestas
describedthetransformedgradientsat thesurfacepointsare
finally displayedin theRGB framebuffer components(see
left imagein Figure19).For thesurfaceshadingto proceed
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properly, pixel valueshave to bescaledandtranslatedback
to the range[-1,1]. In order to accountfor changesin the
orientationof theobjectthenormalvectorshave to betrans-
formed by the model rotation matrix. Finally, the diffuse
shadingterm is calculatedby computingthescalarproduct
betweenthe light sourcedirectionandthe transformednor-
mals.

Figure 19: On theleft, for an iso-surfacethegradientcom-
ponentsare displayedin theRGBpixel values.On theright,
for thesameiso-surfacethecoordinatesin texturespaceare
displayedin theRGBcomponents.

All threetransformationscanbe appliedsimultaneously
using one 4x4 matrix. It is stored in the currently se-
lectedcolor matrix which post-multiplieseachof the four-
componentpixel valuesif pixel data is copiedwithin the
active framebuffer. For the color matrix to accomplishthe
transformationsit hasto beinitialized asfollows:

CM � 6778 Lx Ly Lz 0
Lx Ly Lz 0
Lx Ly Lz 0
0 0 0 1

9;::< Mrot 6778 2 0 0 	 1
0 2 0 	 1
0 0 2 	 1
0 0 0 1

9;::<
By justcopying theframebuffer contentsontoitself each

pixel getsmultiplied by the color matrix. In addition, it is
scaledandbiasedin orderto accountfor thematerialdiffuse
reflectivity andtheambientterm.Theresultingpixel values
are =>>?
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Ia
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whereobviously different ambienttermsand reflectivities
canbespecifiedfor eachcolor component.

Figure20 illustratesthe quality of the describedrender-
ing techniquefor shadediso-surfaces.Thesurfaceontheleft
imagewasrenderedin roughly 9 secondsusinga software
basedray-caster. 3D texturebasedgradientshadingwasrun
with about6 framespersecondon thenext image.Thedis-
tancebetweensuccessive sliceswaschosento be equalto
the samplingintervals usedin the software approach.The
surfaceon theright appearssomewhatbrighterwith a little
lesscontrastdue to the limited framebuffer precision,but
basicallytherecanhardlybeseenany differences.

Figure20: Iso-surfacerenderingbydirectray-casting(left)
andby usinga gradienttexture (right).

To circumvent the additionalamountof memorythat is
neededto storethegradienttexturea secondtechniquecan
be employed which appliesconceptsborrowed from 82 but
in anessentiallydifferentscenario.Thediffuseshadingterm
can be simulatedby simple frame buffer arithmetic if the
surfaceis assumedto be locally orthogonalto the surface
normalandthenormalaswell asthe light sourcedirection
areorthonormalvectors.

Notice that the diffuseshadingterm is thenproportional
to the directionalderivative towardsthe light source.Thus,
it canbesimulatedby takingforwarddifferencestowardthe
light sourcewith respectto thematerialvalues:

Id E ∂X
∂L

� X �GFp0 �H	 X �IFp0

.KJML FL �
By renderingthescalarmaterialvaluestwice,oncethose

thatcorrespondto theoriginal surfacepointsandthenthose
thatcorrespondto thesurfacepointsshiftedtowardsthelight
source,OpenGL blending operationscan be exploited to
computetheforwarddifferences.

In orderto obtainthecoordinatesof thesurfacepointsit
is taken advantageof the alphatest asproposedandpixel
texturesareappliedto re-samplethematerialvalues.There-
fore it is importantto know that eachvertex comeswith a
texturecoordinateaswell asacolorvalue.Usuallythecolor
valuesprovideabasecolorandopacityin orderto modulate
theinterpolatedtexturesamples.

By consideringthat to eachvertex the computedtexture
coordinate � u � v� w� is assignedas RGB color value. Tex-
ture coordinatesaresupposedto be within the range[0,1]
sincethey arecomputedin parametrictexturespace.More-
over, thecolorvaluesinterpolatedduringrasterizationcorre-
spondto thetexturespacecoordinatesof pointson theslic-
ing plane.As a consequencewe now have the position of
surfacepointsavailable in the framebuffer ratherthanthe
materialgradients.

In order to display the correct color values they must
not bemodulatedby thetexturesamples.However, remem-
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ber that in gradientlessshadingthe sametexture format is
usedasin traditionaltextureslicing.Eachelementcomprises
a single-valuedcolor entry which is mappedvia a RGBα
lookuptable.Thisallowsoneto temporarilysetall RGBval-
uesin thelookuptableto onethusavoiding any modulation
of color values.

At this point, the real strengthof pixel texturescan be
exploited. The RGB entriesof the texture lookup tableare
resetin orderto producetheoriginalscalarvalues.Then,the
pixel datais readinto main memoryandit is drawn twice
into the framebuffer with enabledpixel texture.In thesec-
ondpasspixel valuesareshiftedtowardsthelight sourceby
meansof theOpenGLpixel bias.By changingtheblending
equationappropriatelyall valuesget subtractedfrom those
alreadyin the framebuffer thusyielding the approximated
diffuselighting.

In Figure 21 illustratesthe differencebetweengradient
shadingandgradientlessshading.Obviously, surfacesren-
deredby the latteroneexhibit low contrastandeven incor-
rectresultsareproducedespeciallyin regionswherethevari-
ation of the gradientmagnitudeacrossthe surfaceis high.
Althoughthematerialdistribution in theexampledatais al-
most iso-metric,at somepointsthe differencescanbe eas-
ily recognized.At thesesurfacepointsthestepsizeusedto
computethe forwarddifferencehasto be increased,which,
of course,cannotberealizedby thepresentedapproach.

However, only onefourthof thememoryneededin gradi-
entshadingis usedin gradientlessshadingbut therendering
times,ontheotherhand,only differ insignificantly. Theonly
differencelies in theway theshadingis finally computed.In
gradientshadingthe whole framebuffer is copiedonce.In
gradientlessshadingthepixel datahasto bereadandwritten
twice with enabledpixel texturing.On theotherhand,since
theoverheaddoesnot dependon thedataresolutionbut on
thesizeof theviewport, its relative contribution to theover-
all renderingtime canbeexpectedto decreaserapidly with
increasingdatasize.

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

7.6. Volumerenderingvia 2D texturesusing register
combiners

In orderto exploit 2D texturesfor volumerendering,thevol-
umedataset is representedby threeobject-alignedtexture
stacks.Thestackto beusedfor renderinghasto bechosen
accordingto theview directionin orderto avoid degenerated
projectedpolygons(seeFigure22). For a particularstack,
the textured polygonsare renderedin back-to-frontorder,
and the generatedfragmentsare compositedwith the pix-
elsalreadyin the framebuffer by α-blending.Due to vary-
ing view directionthedistancebetweenconsecutive sample
pointsthatareblendinto a certainpixel variesaccordingly.
Consequently, the opacityof slicesshouldbe adaptedwith
respectto this distancein orderto accountfor thethickness
thesesamplesrepresent.In addition,only bilinear interpo-
lation within the original slices is performedthus leading
to visually lesspleasantresults.Both drawbacks,however,
canbe avoidedquite efficiently usingmulti-texture register
combinersasavailablein theNvidia GeForce256graphics
processor.

Multi-texturing is an optional extension available in
OpenGL 1 � 2, which allows one polygon to be texture
mappedusingcolor andopacity informationfrom multiple
textures.OpenGL1 � 2 specifiesmulti-texturingasasequence
of stages,in which theresultof onestagecanbecombined
with theresultof thepreviousone.

Unfortunately, in general this conceptturns out to be
too static for many desiredapplications.Therefore,recent
PC graphicsboardssupportmulti-stagerasterizationin or-
der to explicitly control how color-, opacity- and texture-
componentsare combinedto form the resultingfragment.
By meansof this extensionrathercomplex calculationscan
beperformedin a singlerenderingpass.

Although multiple rasterizationstagesare supportedby
PCgraphicsboardsfrom differentvendors,until now these
featuresare optional extensionsto the OpenGL standard
and thus hardware-dependent.Since every manufacturer
of graphicshardware definesits own extensions,we will
restrict our descriptionto graphicsboardswith NVidia’s
GeForce 256 processor. In this respectwe strictly focuson
thework of 85, wheremostof theideasthatwill bepresented
hereafterhave beenintroduced.

As anOpenGLextensionthatenablesoneto gainexplicit
controlover per-fragmentinformation,NVidia hasprovided
theNV_register_combiners 96 whichcompletelyby-
passsthestandardOpenGLtexturing units (seeFig. 23). It
consistsof two flexible generalrasterizationstagesandone
final combinerstage.Thegeneralcombinerstageis divided
into an RGB-portionand a separateAlpha-portionas dis-
playedin Figure24.

A numberof input registerscanbeprogrammedandcom-
binedwith eachotherquiteflexibly (seeFig. 24).Theoutput
registersof thefirst combinerstagearethenusedasthe in-
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Viewport-Aligned Slices Object-Aligned Slices

Figure22: Viewport-alignedslices(left) in comparisonto objectalignedslices(right) for a spinningvolumeobject.

putregistersfor thenext stage.Fixedpointcolorcomponents
thatareusuallyclampedto arangeof 
 0 � 1� caninternallybe
expandedto a signedrangeof 
 	 1 � 1� . Vectorcomponents,
for example,canbehandledin this way, which significantly
simplifiesthe computationof local diffuseillumination for
themethodsdescribedbelow.

The output registersof the secondgeneralstageare di-
rectedinto a final combinerstagewith restrictedfunction-
ality. Oncemulti-stagerasterizationis performedin thede-
scribedway the standardOpenGLper-fragmentoperations
areperformed.We shouldnotehere,that in contrastto the
SGI texture color tablesthe GeForcearchitecturesupports
palettedtexturesthat allow for interpolationof pre-shaded
texturevalues.

7.7. Multi-T extureInter polation

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

Any intermediatesliceSi ( α canbeobtainedby blending
betweenadjacentslicesSi andSi ( 1 from theoriginal stack:

Si ( α � � 1 	 α � L Si
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Figure 23: Sincethe multi-texture model of OpenGL1.2
turns out to be too limiting, NVidia’s GeForce 256 proces-
sor providesmulti-stage register combiners that completely
bypassthestandard texturingunit.
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Figure 24: TheRGB-portionof thegeneral combinerstage
supportsarbitrary registermappingsandcomplex computa-
tion like dotproductsandcomponent-wiseweightedsum.
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Figure 25: Thefinal combinerstage is usedto computethe
resultingfragmentoutputfor RGBandAlpha.

With eachsliceimagestoredin aseparate2D-texture,thefi-
nal interpolationbetweenbilinearly interpolatedsamplesis
computedby blendingtheresults.As displayedin Figure26,
blendingis computedby a single generalcombinerstage,
wheretheoriginal slicesSi andSi ( 1 arespecifiedasmulti-
texturestexture 0 andtexture 1. The combineris
setupto computeacomponent-wiseweightedsumAB

.
CD

with the interpolationfactorα storedin oneof theconstant
color registers.Thecontentsof this registeris mappedto in-
putvariableA, andatthesametimeit is invertedandmapped
to variableC. In theRGB-portion,variablesB andC areas-

c
�

TheEurographicsAssociation2000.



Meißneret al. / VolumeRendering
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Figure26: Combinersetupfor interpolationof intermediateslices.

signedtheRGBcomponentsof texture 0 andtexture
1 respectively. Analogously, the Alpha-portioninterpolates
betweenthealpha-components.Now, theoutputof this first
combinerstageis combinedin with thepixel valuesalready
in theframebuffer usingα-blending.

All that remainsto be doneis to choosethe locationof
intermediateslicesdependingon the actualview direction
in orderto guaranteeäquidistantsampledistances.Thus,we
completelyavoid adaptingtheopacityfor every view by se-
lecting the numberof slicesto be reconstructedappropri-
ately.

7.8. Shadediso-surfaces

As mentionedin the first part of this section,in 106 an ef-
ficient algorithm was introducedthat exploits rasterization
hardware to displayshadediso-surfacesusinga 3D gradi-
entmap.Usingmulti-stagerasterization,thismethodcanbe
efficiently adaptedto the GeForcegraphicsprocessor. The
voxel gradientis computedas beforeand written into the
RGB componentsof a setof 2D-texturesthat representthe
volume. Analogously, the material is codedin the alpha-
component.The registercombinerarethenprogrammedas
illustratedin Fig. 27.Thefirst generalcombinerstageis ap-
plied asdescribedin Section7.7 to interpolateintermediate
slices.Thesecondgeneralcombinernow computesthedot
productA 2 B between, wherevariableA is mappedto the
RGBoutputof thefirst combinerstage(theinterpolatedgra-
dient Fn) and variableB is mappedto the secondconstant
color register, that containsthe light vector Fl . The alpha-
componentis not modified by the secondcombinerstage.
Note that the generalcombinerstagessupportsignedfixed
point values,sothereis no needto scaleandbiasthevector
componentsto positive range.

Sincethe final combineris capableof computingAB
.� 1 	 A� C . D, whenstoring the color of diffuseandambi-

ent light in the registersfor primary and secondarycolor,
thefinal combinercanbeusedfor compositingall involved
terms.ThereforevariableA is assignedto primarycolor (Id)
andis multipliedwith variableB which is mappedto thedot
product,computedby the RGB-portionof the secondgen-

eral combiner. VariableC is set to zero and variableD is
mappedto secondarycolor (Ia).

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

Moreover, by using the samecombinersetupmultiple
transparentiso-surfacescanbedisplayed.Therefore,theα-
lookup-tableis setup in sucha way, thatthematerialranges
to bedisplayedarerepresentedby α-valueslargerthanzero.
For all othermaterialsthe alphavalue is set to zero.Now,
the alphatest discardseverything equalto zero, the depth
testis disabledandα-blendingis performed.Renderingthe
slicesin back-to-frontorderyieldsthesemi-transparentiso-
surfacescorrectlyaccumulatedwith respectto the selected
attenuation.

8. Unstructur edVolumeRendering

Figure28showsfour typesof volumedatasets:regular, recti-
linear, curvilinear, andunstructured.Interactive volumeren-
deringhasalways beena challengingproblem.So far, we
have seenhow a combinationof algorithm developments
andhardwareadvancescancreatedinteractive renderingso-
lutionsfor regularrectilineardatasets,seeprevioussections
and 117. Thesesolutionsprovide changingviewpointswith
interactivity 1-30frames/second.In this portionof thetuto-
rial, we focuson unstructureddata.Suchdatasetsarecom-
puted in computationalfluid dynamicsand finite element
analysis.

8.1. Intr oduction

Providing interactivity requiresapplying optimally tuned
graphicshardwareandsoftwareto acceleratethefeaturesof
interest.Many researchersin the past 93 have commented
that creationof specialpurposehardware would solve the
slownessof handlingunstructuredgrids.And, generalpur-
posehardware is not adequate,becausethe operationsper
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Figure27: Combinersetupfor fastrenderingof shadedisosurfaces

finite element simulation

Regular Rectilinear Rectilinear Curvilinear Tetrahedral

Structured Unstructured

arbitrary height locations
fixed grid spacings
dx,dy,dz world space of grid warped

MRI, CT, Ultrasound atmospheric circulation fluid flow

Figure28: Examplegrid types.

secondrequirementis simply too high. Within the lastyear
specialpurposegraphicshardware is now fast enoughto
make theexisting algorithmsinteractive – if only theproper
optimizationsaremade.Currentgraphicshardwareis inter-
active, usingour optimizations,for moderatesizeddatasets
of thousandsto millions of cells. Specialpurposevolume
hardware or reprogrammablegraphicshardware are addi-
tional ways to further accelerateunstructuredvolume ren-
deringalgorithms.

In orderto achieve the highestpossibleperformancefor
interactive renderingof unstructureddata,many software
optimizationsare necessary. In this sectionof the tutorial,
we explore software optimizationsusing OpenGLtriangle
fans,customizedquicksort,memoryorganizationfor cache
efficiency, displaylists, tetrahedralculling, andmultithread-
ing. Theoptimizationscanvastly improve theperformance

of projectedtetrahedrarenderingto provide interactive ren-
deringon datasetsof hundredsof thousandsof tetrahedra.
Theseresultsareanorderof magnitudefasterthanthebestin
theliteraturefor unstructuredvolumerendering126
 101. The
sortingis alsoan orderof magnitudefasterthanthe fastest
sortingtiming reportedfor Williams MPVONC 17.

Momentumfor unstructuredrendering,cellularbasedren-
dering,andray tracingof irregulargrids wascreatedat the
Volume VisualizationSymposium67
 93
 25. PeterWilliams
developedextensionsto Shirley etal. 93 tetrahedralrenderer,
andprovided simplified cell representationsto give greater
interactivity 113. Ray tracinghasbeenusedfor renderingof
irregulardataaswell 25. Most recentlytherehasbeenwork
onmultiresolutionalirregularvolumerepresentations11 dis-
tributed volume renderingalgorithmson massively paral-
lel computers64, And, optimizationusingtexture mapping
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hardware126. Softwarescanconversionimplementationsare
alsobeingresearched110.

The renderingof unstructuredgridscanbe doneby sup-
porting cell primitives, at a minimum tetrahedra,which
when drawn in the appropriateorder, can be accumulated
into the frame buffer for volume visualization.There is a
disadvantageof usingonly tetrahedralcells to supportthe
hexahedralandothercells,mainly a 5x explosionin dataas
a hexahedralcuberequires5 tetrahedraat a minimumto be
represented,andthe tiling of adjacentcells whensubdivid-
ing maycauseproblemsin matchingedgesincludingcrack-
ing, wherea small crack may appearbetweenhexahedral
cellsthathave beensubdividedinto tetrahedra93.

Forpropercompositingeitherthecellsviewpointordering
canbe determinedfrom the grid or a depthsorting is per-
formed.For regulargridstheviewpoint orderingis straight-
forward.For unstructureddata,theviewpoint orderingmust
be determinedfor eachviewpoint by comparingthe depth
of cells.Schemesthatusecell adjacency datastructurescan
helpto reducetherun time complexity of thesort114
 93.

The basic approachto computecell’s contributions is
threedimensionalscanconversion.Severalvariantswerein-
vestigatedin Wilhelms and Van Gelder109. The first vari-
ant is averagingopacityandcolor of front andback faces
thenusinga nonlinearapproximationto the exponent.The
secondvariant is averagingopacityandcolor of front and
backfaces,thenexactlycomputingtheexponential.And, the
third variant is, usingnumericallinear integrationof color
andopacitybetweenfront andbackfaces,andexactly com-
puting theexponentials.Gouraudshadinghardwareis used
by interpolatingcolorsandopacitiesacrossfaceswhich is
possibleif theexponentialapproximationis evaluatedat the
vertices93.

8.2. ProjectedTetrahedra

This tutorial shows how to make unstructuredrenderingas
interactive aspossibleon availablehardwareplatforms.The
projectedtetrahedraalgorithm of Shirley and Tuchman93

usesthe geometryaccelerationand rasterizationof poly-
gon renderingto maximumadvantage.The majority of the
work, thescanconversionandcompositing,areaccelerated
by existing graphicshardware. In earlier work, we inves-
tigatedhardwareaccelerationwith parallelcompositingon
PixelFlow 116. OpenGLhardwareaccelerationis now widely
available in desktopsystems,and using the earlier imple-
mentationas a startingpoint we investigatedfurther opti-
mizationsto improvedesktoprenderingperformance.Figure
29 providespseudo-codeof Shirley andTuchman’s 93 pro-
jectedtetrahedraalgorithm,wheretetrahedraareprojected
at thescreenplane,andsubdividedinto triangles.Figure31
showsthefourclassesof projectionsthatresultin oneto four
triangles.

Preprocessingis necessaryto calculatecolorsandopac-

I. Preprocess dataset
for a new viewpoint:
II. Visibility sort cells
for every cell (sorted back-to-front)

III. Test plane equations to determine
class (1,2,3,4)

IV. Project and split cell unique
frontback faces

V. Compute color and opacity for thick
vertex

VI. (H) Scanconvert new triangles

Figure 29: Projectedtetrahedra pseudo-code

ities from input data,setupfor visibility sorting of primi-
tives,andcreationof planeequationsusedfor determining
the classa tetrahedrabelongsto for a viewpoint. Cells are
visibility sorted(step II) for propercompositingfor each
viewpoint 114. Figure31 shows that new verticesare intro-
ducedduring stepsIII and IV. The new vertex requiresa
color andopacity to be calculatedin stepV. Then the tri-
anglesaredrawn andscanconvertedin stepVI. Figure30
shows the output of our rendererfor the Phoenix,NASA
Langley Fighter, andF117datasets.

8.3. AccelerationTechniques

8.3.1. Triangle strips.

Trianglestripscangreatlyimprove theefficiency of an ap-
plicationsincethey area morecompactway of describing,
storing,andtransferringasetof neighbouringtriangles.Cre-
ating trianglestrips from triangularmeshesof datacanbe
donethroughgreedyalgorithms.But, in projectedtetrahe-
dra,thesplit casesillustratedin Figure31candirectlycreate
trianglefans.Eachnew vertex givenwith glVertexspecifiesa
new triangle,insteadof redundantlypassingvertices.Figure
31givestrianglestripsfor thefour classesof projections.

In experimentsontheNASA Langley fighterdataset,with
70,125tetrahedra,therearean averageof 3.4 trianglesper
tetrahedra(a sumof thepercentageof Class1–60%3 trian-
gles,2–40%4 triangles,3, and4). Fewer verticesaretrans-
mitted for the samegeometryand many fewer procedure
callsaremadeto OpenGL.For n tetrahedrathereare10� 8n
procedurecallswith fansversus20� 4n procedurecallswith-
out fans,a factorof 2 reduction.Williams alsoinvestigated
trianglestrippingusingIris-GL.

8.3.2. Display Lists For Static Geometry.

Displaylists allow thegraphicsdriversto optimizevertices,
colors,and trianglestrips for the hardware. I convertedall
static geometryinto display lists. Figure 32 shows exam-
plesof vertices,surfaces,anda backgroundmesh.Thepri-
maryimpactof thesechangesis to eliminateany slowdown
whentheseauxiliary dataarealsorendered.Unfortunately,
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Figure30: Unstructuredvolumerenderingof Phoenix(left), NASALangley Fighter (middle),andF117(right).

Class 1:

Class 2:

Class 3:

Class 4:

4 versus 9
vertices

5 versus 12
vertices

vertices
4 versus 6

same

Figure31: Numberof verticesfor fanversustriangles.

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

theprojectedtetrahedrarecomputesthe thick vertex for ev-
ery new viewpoint sothatthevolumedatacannotbeplaced
in displaylists.Also,becausethethick vertex is recalculated
for eachnew view, vertex arrayscannotbeused.

8.3.3. Visibility Sorting—CustomizedQuicksort.

Visibility sortingof cells is donethroughCignoniet al. and
Karasicket al.’s 12
 42 techniqueof sortingthetangentialdis-
tancesto circumscribingspheres.We have compareda cus-
tom codedquicksortto the C library utility qsort() an im-
provementof 75%to 89%.A genericsortingroutinecannot
asefficiently handlethedatastructuresthatareto besorted.
Two values,the tangentialsquareddistance(float) and the
tetrahedralindex 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, usingthesortedvaluesfrom
the previous view speedsup the sorting.The programwas
also modified to use smaller viewpoint changes,and run
timeswere improved by an additional18%.Both sortsare
much fasteron sorteddata.This property is exploited for
view coherence.Theratefor thecustomquicksortvariesbe-
tween600,000to 2 million cells per seconddependingon
how sortedthe list is. For comparison,recentlyreportedre-
sults for MPVONC 114 are from 185,000to 266,000cells
per second17. In our earlier work, we showed that quick-
sortachieved109,570cells/secondonaPA RISC7200(120
MHz) 116, without thetheview coherenceanddatastructure
optimizationsdiscussedhere.

8.3.5. Cachecoherency.

Becausethe tetrahedraldata structuresare randomly ac-
cessed,ahighpercentageof time is spentin thefirst fetchof
eachtetrahedra’sdata.Tetrahedraareaccessedby theirview
and not memory storageorder. Reorderingthe tetrahedra
whenperformingtheview sorteliminatedcachestallswhen
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renderingdata,but thesortingroutinewassloweddown by
moving moredata.Therewasanoverallslowdown,sofuture
work is neededto find effective cachingstrategies.

8.3.6. Culling .

Tetrahedrawhoseopacityarezeroareremovedfrom sorting
and rendering.This is classificationdependent,but yields
20%and36%reductionin tetrahedrafor theLangley Fighter
andF117datasets.Theruntimedecreasesaccordingly.

8.3.7. Multithr eading.

Many desktopsystemsnow have two CPU’s. We multi-
threadedtherendereron Windows NT to exploreadditional
speedupavailable.Profiling of the codeshowed that spare
CPU cycles were available, and that the graphicsperfor-
mancewasnotyetsaturated.Two threadsfor thecomputein-
tensivefloatingpointworkof testingandsplittingcells,were
used,andthesortingandOpenGLcallswereseparatedinto
separatethreads.The sortingwasdonefor the next frame,
for a pipelineparallelism.Thepartitioningfor thecell sort-
ing andsplitting wasdoneon a screenbasedpartitionusing
the centroidof the visible or nonculledtetrahedra.Sucha
dynamicpartitioningprovideda fastdecision,yetgavegood
load balancingin mostcases.The multithreadingprovided
anadditional14%to 25%speedup.

8.4. Summary

Unstructuredvolumerenderingis now truly interactive due
to acombinationof advancesin softwarealgorithmsfor sort-
ing of cells in depthandgraphicshardwareimprovements.
To implementan interactive unstructuredrendererrequires
understandinghow to exploit the specialpurposegraphics
hardware,and the CPU’s available in today’s desktopma-
chines.We have shown the key elementsneededto opti-
mize a rendererincluding use of triangle fans for reduc-
ing the bandwidthbottleneck,culling of unseendata,mul-
tithreadingfor lowly parallelism,andmakingOpenGLstate
changesasinfrequentlyaspossible.Display lists arepossi-
ble only for the nonvolume data,becauseof the natureof
the projectedtetrahedra,requiresrecomputingdifferenttri-
anglesfrom thetetrahedrafor every new viewpoint.We did
show thatplacingsurfaces,points,andauxilliary visualiza-
tion planesin display lists literally addsthesecapabilities
for free. For renderingperformanceresults,pleaseseeour
papers116
 117
 118. Thenext stepin reachingevenhighervisu-
alizationratesover whatcommoditygraphicshardwareand
desktopsystemsprovidewill beto addimportantextensions
andcapabilitiesto thehardwareto directly supportvolume
primitives.
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