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Abstract. The known samplingmethodscanroughly be groupedinto regular
and irregular sampling. While regular samplingcan be realizedefficiently in

graphicshardware, it is proneto inter-pixel aliasing. On the other handthese
artifactscaneasilybe masled by noiseusingirregularsamplingwhich, however,

is moreexpensve to evaluateasit lacksthehigh coherene of aregularapproach
We bridgethis gapby introducinga generalizedsamplingschemehat smoothly
blendsbetweenregular andirregular sampling. By interleaving the samplesof

regulargridsin anirregularway, we presere the high coherenceandefficiently

reduceinter-pixel aliasingthus significantlyimproving the renderingquality as
comparedo previous appro&hes.

1 Intr oduction

Samplingof functionsis oneof themostfundamentatasksin compuer graghics. It has
to be performedfor applicatims asdiverseas anti-aliasedscan-cowersionof scenes,
illumination from arealight sour@s,camerasith depthof-field effects,motionblur,
andvolumerencering. The existing samplingschemedor theseapplicatiors canbe
groupedinto regular andirregular method.

On the onehand,samplingon regular gridsis efficient andsimple,andalsowell
suitedfor hardvarerasterization Unfortunately the signalsthat needto be sampled
in compuer graphics typically are not bandlimited and often can containarbitraily
large frequencies.Therebre someamour of aliasingis unavoidable,andsamplingby
reguar gridsemphasizetheseartifacts.

Onthe otherhand Monte Carlo methals userandanizedsamplepositionsinstead
thus maskingthe aliasingartifactsby noisethatis morevisually pleasing However,
perpixelirregular samplingdoesnot exhibit thekind of coheenceknown from reguar
sampling Conseqantly, thesemethals are more expersive and not well suitedfor
hardvareimplementations.

The new samplirg schemeof interleavedsamplingallows to smoothlyblendbe-
tweenreguar andirreguar samplingthusyielding the bestandmostefficient compre
mise. To this endwe interleave samplegaken from a nunber of indepemlentreguar
grids,andmemge theminto a singlesamplingpattern.Therelative positiors of thereg-
ular grids aredetermired by irreguar offsets. Eachregulargrid canbe interprded as
a low resolutionimageof the scenethat canbe rendeed usingthe efficient rasteriza-
tion algorithns. The sampleof all regular grids areinterleaved suchthatin the final
high-quality, high+esolutionimageadjacentpixels are not correlated. Only minimal
changsto existing hardware algorithns suchasthe Accumdation Buffer or multisam-
pling allow to exploit the benefitsof the new samplingscheme.
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Fig. 1. The principle of interleaved samplingillustratedby example: In (a) the classicalAccu-
mulationBuffer is illustrated. The samesamplingpatternis repeatedor all pixels. The Fourier
transformof this repeatedpatternclearly shavs a high potentialfor inter-pixel aliasing. In (b)

a2 x 2 pixel basispatternis replicated. Thusthe samplingpatternsin adjacentpixels are dif-

ferentby interleaved samplingand the Fourier transformrevealsa muchreducedpotentialfor

inter-pixel aliasing. To illustratethe regular grids involved, one samplefrom the irregular basis
patternis emphasizedswell asits correspoding replications.Also notethatboth approachs
requireexactly the samenumberof samples.

2 The Algorithm

The basicidea of interleaved samplingis intriguingly simple andinstantly becoms
ohviousfrom Figurel: in the Accumulation Buffer methal [HA90] theirregular sam-
pling patternis affixed to onepixel andin conseqenceperiodcally repeatedor all
pixels suchbearinga high potentialfor inter-pixel aliasing(seeFigure 1a). For inter
leavedsamplinganirregular offsettingpatternis choserthatcovers multiple pixels By
periddically repeatinghis patternregulargridsstill persistasemphaizedin Figurelb,
however adjacenpixelsaresampleddy differert patternsNotethatalthoudn thenum-
berof reguar gridsinvolvedis increasingheinter-pixel aliasingpotentialis effectively
decreaedandthetotal numkbker of samplegemairs thesame.

2.1 Blending betweenRegular and Irr egular Sampling

In afirst stepanarbitray irreguar samplingpatternis selected.By periodcally tiling
theimageplane,eachsampleof theirreguar basispatterngenergesareguar grid. In
a secondstepthe pixel resolutionis fixed. Visually spolenthis mears to superimpse
the pixel graghpapermntothe periadic samplingpattern.Eachregulargrid thenis ren-



deredusingafastrasterizatioralgorithm andits samplesareaccunulatedin the pixels
deternined by the supepositionof the graptpaper Finally eachpixel is averagel by a
boxfilter overthe numberof sampleghatfell inside.

By interleaving theregulargridsby anirreguar basispattern a highlevel of coher
enceis presered andcanstill be exploited by rastergraphics hardvare, yet the high
risk of localaliasing,i.e. inter-pixel aliasing,is rediceddrasticallysinceadjacehpixels
usedifferent samplingpatterns.

Note thatthis gereral interleaving schemedoesnot requre anintegerratio of the
nunber of pixels covered by the irregular basispatternasin the examge of Figurel.
Depenihg ontheirreguar basispatternandthegraghpaperesolution it mayalsohap-
pen,thatthe pixelshave differert oversampliig rates.Theratio of thesuppat of a pixel
andthe suppot of theirregular basispatterndetermine the amourn of correlation. We
canblendbetweertwo limit casegseealsoFigure4): In thefirst the basispatterncon-
sistsof only onesample whichresultsin correlatedsamplirg on oneregular grid. For
thesecondcasethe sizeof the basispatternis choseraslarge astheimagegraptpaper
which correspondgo the comgetely uncorelatedcasewhereno reguar grid structure
is present.

2.2 Theoretical Considerations

Themethal of depenlenttests[Sob62 FC63 wasintroducedasageneralizatia of the
Monte Carlomethodof integration. The basicideawasto usethe samesetof samples
for the estimationof multiple integralsinsteadof usinga new realizationof the setof
sampledor eachintegral.

The Accumuldion Buffer is the bestexanple for the realizationof the methal of
depenmlenttests:the samesamplingpatternis usedfor all pixel integrals.However due
to the repetition of the samplingpatternfor eachpixe, adjaceh pixels canbe highy
correlatedcausingnter-pixel aliasing(seethe periadogramin Figurela). This effectis
notobsened in the uncarelatedappra@achastakenby e.g. a softwareray tracerthatis
apphyjng adifferent samplingpatterrto eachpixel. Thespecificsamplingpatterrfor the
methal of depenénttestscanbe choserfrom awide variety of differentmethod (for
asuney see[Gla9g). A summaryof the appoacheghathave beenusedfor graphics
hardvarecanbefoundin areportby GossandWu [GW99]. We usesampleswith blue
noisechaacteristicsthat perfedly tile periodcally andare gereratedby a relaxation
schemesimilar to theoneintroducedin [MF92].

By interleaving themethal of deendentestsadjacenpixelsaresampledn anun-
correlatedway. Theperiaicity by thereplicatian of theirreguar basispatternis much
redwcedascompredto the per pixel appoach. Thusthe inter-pixel aliasingpotential
is attenuatedand lower samplingratesas compredto the Accumuation Buffer can
be used. This partially wasrecogrizedin [DW85], however without the awareressof
the methodof depeenttestsand consegently without exploiting the coheencein-
ducedby the grid structure.Interleared samplingis a generalizatia of the methodof
depenlenttestconsideing spectraissues.

3 Applications

Interleared samplingasintrodwcedabove canbe appliedto a numter of differentsam-
pling tasks,in particularthosefor which the Accunulation Buffer [HA90] hasbeen
usedbefore. This includes soft shadavs basedon the methal by BrotmanandBadler
[BB84], limited depthef-field[HA90, KHM95, HSS97, andinstantRadiosity[Kel97).



Fig. 2. On the left we seethe standardAccumulationBuffer approachfor anti-aliasingat 4
samplegerpixel asdepictedn Figurela.Usingtheinterleavedappro&h (seeFigurelb)onthe
right, the aliasingartifactsarespatiallyseparategielding a morevisually pleasingappeaance.

In additionto theseapplicatiors, we will alsoconsideiinterleaved samplingfor texture
basedvolume renceringalongthelinesof Cabraletal. [CCF94.

3.1 Anti-Aliasing by Supersampling

The first application we will look at is supesampleanti-aliasiny along the lines of
multisamping [Ake®B] andthe Accumuation Buffer [HA90]. Existingmultisamplirg
implementationscan be interpietedas a specialcasefor interleaved sampling If we
conside only theit® sampleof every pixel in animage we seethatall thesesamplesire
locatedonaregular grid with aspacinghatis identicalto the spacingof the pixels (see
theemplasizedsamplein Figurela). Therebre,efficientincremenal scan-coversion
algoithmscanbeappliedon this grid for rasterizinggeonetric primitives.

With interleaved samplingwe stretchoutthegrid spacingof thesamplesothatthey
arenolongeridenticalto thepixel spacing.Theefore,everysampleonaparticdar grid
correspondgo a different sub-pixel positionin oneof the pixels (seethe emplasized
samplein Figurelb). Stretchingoutthegrid spacingalsostretcheut aliasingstruc-
turesthusvery muchimproving thevisualquality ascanbe seenin Figure?2.

Therearedifferentwaysof implementinginterleaved samplingin hardvarerencer
ing applicdions:

o Modification of Multisample Hardware. The mostgeneally applicalle way
would be to add direct hardvare suppat for interleaved samplingin a similar
fashionmultisamplirg is suppoted today The hardware for scancornversion
doesnot needto be modfied for this. The only differenceto multisamplingis
that not all the pixels will have the samesub-pixel masks,but the maskis one
of a predetemined andimplenentationspecificnumkber of masks. With these
modificatiors the geoméry only need to be processedonce,while individual
scancorverterstake careof rasterizinghereguar grids.

Therelative positiors of thereguar grids, which alsodetermire themasksfor the

individual pixels,wouldbeanimplemertation-speific arranggmenthatcouldbe

wired into the hardvare. Thesepositiors would begeneréedin thedesignphase
of the hardware. Sinceinterleaved samplingis compmsedof regular grids, the

hardwareimplemenation will be lessexpersive thanthe 3DlabsWildcat mul-

tisampleextension[3DI], which randanizesthe sampleselectionon a higher

resolutiongrid.

o Implementation on Curr ent Hardwar e. Anotherwayto implemen interleaved



samplingis to individually renderlower resolutionimagescorresnding to the
regulargrids, andto theninterleare the samplebtainedthis way by hand To

this end, the individual regular grids (low resolutionimages)are rendereddi-

rectly into a texture map (anoperdion thatis suppeted on mary cortemporay

platforms). With thesereguar grids astextures, we canthenrencer full-screen
polygonswhile a secondextureor a screenspacestipplepatternis usedto mask
outthepixelsthatshoud notbeaffected by theregular grid.

If the whole application is boundedby fill rate,thenrendeing multiple coges
of thegeometrywill notdegenerateherencering performane. In this casethe
methodntroducesonly aconstanbvetheadfor interleaving the samplesafterthe
low-resoldion reguar grids have beenrendeed. The costof this processdoes
notdependnthe shadig comgexity of every samplein theimage.Thus, if the
applicationis limited by therasterizatiorperfomance this algoithm hasonly a
constaniveheadover supersamling with the samesamplingpatternfor each
pixel. It is therefae a feasiblealgorithmthatis interestingfor applications that
have high shadingcostsfor eachindividual sample suchasconplex procedural
shadergPOAUOQ], or volumerencering (alsoseeSection3.3).

3.2 Motion Blur

The basicconept of interleared samplingcaneasily be extended to arbitrary dimen
sions. For examge, by simply assigningeachof the interleaved imagesone momrent
in time, theabove algorithmcansuppat motionblur: thentheirreguar basissampling
patternis 3-dmensiond§ wherethefirst two dimersionsareusedfor interleaving and
thethird dimensionspecifiethe moment in time. Interleared samplingso enablesef-
ficientandcorrectmotionblur simulationfor e.g.the REYESarchitectue [CCC87]or
the phaon map[JC9g usinga very small setof differenttime sampleg(i.e. just the
sampledn the basispatterr, whereeachimageto be interleaved is rendeed by the
original algotithm, however for the specifiedmomer in time.

In Figure4 theresultsof amotionblur simulationat 16 samplegperpixd areshavn.
Usinguncarelatedrandomsampleso aliasingartifactsarevisible, wheeasthe stan-
dardcorrelatedAccumuation Buffer techniqe exhibits visible artifacts.Usinga 2 x 2
interleaved irregularbasispattermof 64 samplewith bluenoisecharactestics(yielding
16 samplegerpixel asin the othercases)we blendbetweeruncorelatedandcorre-
lated samplingandare ableto exploit rasterizatioron regular grids. Despitethe low
samplingratethealiasingartifactsareclearlyreducel atthe sameamount of sampling
work.

3.3 Volume Rendering

The next application we consideris texturebasedvolumerendeing as describe by
Cabral[CCF94]. This algoiithm usesa simpleemission-asorptionmode for the vol-
ume, so that the rencering is redu@d to a 1D integratian alongthe viewing ray for
evelty pixel in the final image. The texture-basedappioachfor computing this 1D in-
tegral works asfollows: thevolumeis slicedwith equdistantplanes.Thesearesorted
backito-front andblendedtogetterin theframeluffer. As aresultof this algoithm, we
obtaina samplingpatternthatcorrespondgo areguar 3D grid in clip coordnates(i.e.
afterthe projective transforn).

Typically, onthe orde of 100 slicesareusedfor this kind of applicatio, andeach
slice yields a polygon that covers a large portion of the screenandis textured with a



Fig. 3. For volumerenderingwe combinea collectionof smallresolutionimageswith slightly
offset sampleplanesinto a large resolutionimageby interlearzing the samplesrom the smaller
images.Exceptfor afinal combiningoperationthefill raterequiredis the sameasfor rendering
alargeimagein thefirst place,but the renderingquality is muchbetter

3D texture with tri-linear interpdation. Thus,the fill-rate require by this methal is

quitehigh, while thecostof geometic transfomationsis negligible. But evenwith 100

slices,thereareoftenstill someseriousaliasingartifactsleft. After all, modernmedical
imagirg devicescangeneate datasetsin the order of 5122, andtherebre 100 slices
would resultin anundersamplingof afactorof 5. Onthe otherhandit is not possible
to increasethe nunber of slicesarbitrarily, both becase of the performarce implica-
tions andbecase of the limited deph of the frameluffer that resultsin quantizatio

artifactswhen using alphablerding. This coud be avoided by hierarclical summa-
tion, which however requresadditioral frameluffersfor theintermedide resultsandin

consegencecanrot berealizedefficiently.

Interleared samplingcanbeusedto improve onthis situation.Sincewe donothave
thefill rateto do supersamng at interactve rates,we are only going to interleave
the samplesn onedimersion; the z-coordimtein cameraspace.Interleaving in that
dimersion correspondgo varying the offsetsfor the samplesin z direction These
offsetswill bedifferentfor adjacehpixels,but sincewe areusinginterlearedsampliry,
they will repeatafter a number of pixels, thus providing us with the coherencewe
needfor exploiting graphics hardvare. The methodcanbe consideed asa hardvare
implementationof the equidistantray marcler from [PKKOO] with interleavedjittered
offsets.

Using existing hardvare, the metha then proceed similarly to the methal de-
scribedin Section3.1. First, we usethe traditioral texture-basedvolume rencering
algoithm [CCF94]to rencer lower resolutionregular grids(i.e. images) eachwith the
samplingplanesslightly offset comparedto the otherregular grids. The costof this
opeationis identicalto the original texture-basedvolume rencering algorithm since
volume rendeing is competely deternined by therasterizatiorcost.

As describedn Section3.1, we thencombne the low-resdution regular gridsinto
a highresolutionimage using stipple patterrs or 2D textures to maskout the pixels
that are not affected by the individual regular grid. Figure 3 illustratesthis methal
for the configuation with 4 reguar grids. The costof this secondstepis constant,
thatis, it doesnot depenl on the nunber of samplingplanes. During our testswith



an SGI OctaneVPro, we found this constantostto be abou the sameasrencering 8
additinal planeswith the original methal. The qualityimprovemerts we canachieve
with interleaved samplingare muchhigherthanthe improvemerts we get by addirg
this number of additicnal samples.

Figure5 shavs a compaison of the algorithm with andwithout interleaved sam-
pling for 20, 60, and 120 samplirg planes. Sincewe are not supesamplingin this
application, interleared samplingrepla@sthealiasingeffeds with noisethatresemhes
thepatternknown from orderel ditherirg. Note,however, thatwe arejittering sample
locatiors insteadof ditheringcolorvalues.

On an OctaneVPro, the frame rate for the 20 planeversionis > 30 framesper
secondbothwith andwithout interlearing. For the 120 planeversionwe getarourd
18 framesper secondin the interleaved case,and 20 framesper secondin the non
interleaved case. Note that evenfor the 120 planeversionthereis still somealiasing
left, andthe 60 planeversionwith interleared samplinglooksbetterthanthe 120 plane
versian without. Also notethatrendeingswith 120 sampleplanesalread exhibit quite
seriousquartizationartifactsdueto thelimited depthof the frameluffer. Thus, further
increasinghe numtler of samplingplaneswill notimprove the quality.

Somemorecomparisonsbetweerthetraditioral volume texture-basediolumeren-
derirg andinterleavred samplingcanbefoundin Figure6.

3.4 Other Applications

The basictechniqes of interleared samplingpresentedn this papernaturallygener

alizeto all Accumuation Buffer [HA90] andmulti-passframe-tuffer [POAUOO] tech-
niques while preserviig the good spectralpropertiesandthe fastcorvergence. So it

is straightfowvard to apply interleared samplingto weightedsamplingHA90], to the
simulationof exterded light sourcs usingdeepshadev mags [LV0OOQ], andto global
illumination simulationgK el97, HDKSO0(J. Hereinterlearedsamplingcanreplacethe
N-shasws-artifactby noise.Finally it is veryappealiig to applyinterlearedsampling
to CCD-chipdesigns.

4 Conclusion

We have presentedh new samplingschemecalledinterleavedsamplingthat exhibits
excellert spectrabetavior andyieldsexcellentquality especiallyatlow samplingrates,
while atthesametime it is simpleandefficiert to implerent.

Thefundamentalideaof the nev methdl is to interleavre sampledrom severalreg-
ulargridsto form alocally irreguar samplingpattern.By stretchingoutthe periodcity
of the perpixel samplingpattern aliasingstructuesarespreadut, too, andin conse-
querce muchlesspereivable. The high coherere of theinvolvedregulargridsallows
for very efficientimplemenationsin software,andin new aswell ascurrer hardvare.
Thefeasibility of interleaved samplinghasbeendemorstratecby anumber of examges
rangng from supersaming over motionblur to volumerendeing.
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Fig. 4. Blendingbetweenregular andirregular samplingfor the exampleof motion blur. In all
imageswe usel6 samplegerpixel. Fromleft to right: methodof depenénttests(Accumulation
Buffer), interleaved sampling,andfor illustrationindependentrandan samples.

-.

Fig. 5. A comparisorof interleaved samplingfor volumerendering(bottom)with thetraditional
texture-base@pproactdescribedoy Cabraletal. [CCF94](top). Fromleft to right: 20, 60, and
120 planes.Notethatin the 120 planeexamplequantizatiorartifactsdueto the limited dynamic
rangeof the frameluffer startto appearTo avoid theseartifacts,smallernumbes of planeshave
to be used,in which caseinterleared samplingproduce much betterresultsthan the original
algorithm.

Fig. 6. lllustrationof our volumerenderingalgorithmwith realdatasets.Left of pair: traditional
texture basedmethodexhibiting aliasingartifactsthat shav up asringing structures. Right of
pair: interleaved samplingwith drasticallyreduceddepthaliasing.



