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Abstract

In interactive or real-time applications,naturally the
complexity of tasksthat can be performedon the �y
is limited. For thatreasonit is likely thatevenwith the
currentrateof developmentin graphicshardware, the
morecomplex shaderswill not befeasiblein this kind
of applicationfor sometime to come.

Onesolutionto this problemseemsto bea precom-
putationapproach,wheretheproceduralshaderis eval-
uated(sampled),andthe resultingvaluesarestoredin
texturemaps,which canthenbe appliedin interactive
rendering.A closerlook,however, revealsseveraltech-
nical dif�culties with this approach.Thesewill bedis-
cussedin this section,andhintstowardspossiblesolu-
tionswill begiven.

1 Intr oduction and Problem State-
ment

In orderto comeupwith anapproachfor samplingpro-
ceduralshaders,we �rst have to determinewhich as-
pectsof the shadingsystemwe would like to alter in
theinteractive application.

For example,we canevaluatetheshaderfor a num-
berof surfacelocationswith �x edillumination(all light
sourcepositionsandparametersare�x ed),anda �x ed
cameraposition. This is the modein which a normal
proceduralshadingsystemwould evaluatethe shader
for a surfacein any given frame. If the shaderis ap-
plied to aparametricsurface

���������
	

, thenwecaneval-
uatethe shaderat a numberof discretepoints

��������	

,
andstoretheresultingcolor valuesin a texturemap.

In aninteractive application,however, thisparticular
exampleis of limited usesinceboththeviewer andthe
illumination is �x ed. As a result the texture canonly
be usedfor exactly one frame, unlessthe material is
completelydiffuse.In amoreinterestingscenario,only

theillumination is �x ed,but thecamerais freeto move
aroundin the scene.In this case,the shaderneedsto
beevaluatedfor many differentreferenceviewing posi-
tions,andduringrealtimerenderingthetexturefor any
given viewing direction can be interpolatedfrom the
referenceimages.This four-dimensionaldatastructure
(2 dimensionsfor

�

and
�

, and 2 dimensionsfor the
cameraposition) is called a light �eld, and is brie�y
describedin Section4.

If wewantto goonestepfurther, andkeeptheillumi-
nation�e xible aswell, weendupwith aevenhigherdi-
mensionaldatastructure.Thereareseveralwaysto do
this,but oneof themorepromisingis probablytheuse
of aspace-variantBRDF, i.e. are�ection modelwhose
parameterscanchangeover a surface. This yields an
approachwith asix-dimensionaldatastructurethatwill
beoutlinedin Section5.

No matterwhich of theseapproachesis to betaken,
therearesomeissuesthat have to be resolved for all
of them. Oneof themis the choiceof an appropriate
resolutionfor the samplingprocess.The bestresolu-
tion dependson many differentfactors,someof which
dependonthesystem(i.e. theamountof memoryavail-
able,or therangeof viewing distancesunderwhich the
shadedobjectwill beseen),andsomeof whichdepend
ontheshader(i.e. theamountof detailgeneratedby the
shader).

In the caseof a 2D texture with �x ed cameraand
lighting, a sampleresolutioncanstill be chosenrela-
tively easily, for example,by letting the usermake a
decision.With complex view-dependenteffectsthis is
muchharderbecauseit is hardto determineappropri-
ateresolutionsfor samplingspecularhighlightswhose
sharpnessmay vary over the surface. An automatic
methodfor estimatingthe resolutionwould be highly
desirable.

Anotherproblemis thesheernumberof samplesthat
we may have to acquire. For example, to samplea
shaderas a spacevariant BRDF with a resolutionof




�������
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for thesurfaceparameters� and � , aswell as
��
��

samplesfor boththelight directionandtheviewing
directionrequiresover68billion samples,which is un-
feasiblebothin termsof memoryconsumptionandthe
time requiredto acquirethesesamples.On the other
hand,it is to beexpectedthattheshaderfunctionis rel-
atively smooth,with thehigh-frequency detaillocalized
in certaincombinationsof viewing andlight directions
(specularhighlights,for example).Thus,ahierarchical
samplingschemeis desirablewhich allows usto re�ne
the samplingin areasthat are more complex without
having to doahigh-densitysamplingin all areas.At the
sametimethehierarchicalmethodshouldmakesurewe
do not missout on any importantfeatures.Suchanap-
proachis describedin thenext section.

2 Area Sampling of Procedural
Shader s

In this sectionwe introducethe conceptof area sam-
pling aproceduralshaderusingaacertainkind of arith-
metic that replacesthe standard�oating point arith-
metic. This af�ne arithmetic allows us to evaluatea
shaderoverawholearea,yieldinganupperandalower
boundfor all the valuesthat the shadertakeson over
thisarea.Thisboundcanthenbeusedhierarchicallyto
re�ne thesamplingin areasin which theupperandthe
lowerboundarefarapart(i.e. areaswith alot of detail).
Thefull detailsof themethodcanbefoundin [10].

We will discussthe generalapproachin terms of
sampling a 2D texture by evaluating a shaderwith
a �x ed cameraposition and illumination. The same
methodscan however be appliedto adaptively adjust
thesamplingratesfor cameraandlight position.

2.1 Af�ne Arithmetic

Af�ne arithmetic (AA), �rst introducedin [4], is an
extensionof interval arithmetic[16]. It hasbeensuc-
cessfullyappliedto severalproblemsfor which interval
arithmetichadbeenusedbefore[17, 20, 21]. This in-
cludesreliable intersectiontestsof rays with implicit
surfaces,and recursive enumerationsof implicit sur-
facesin quad-treelike structures[5, 6].

Like interval arithmetic,AA canbe usedto manip-
ulate imprecisevalues,andto evaluatefunctionsover
intervals. It is alsopossibleto keeptrackof truncation
andround-off errors.In contrastto interval arithmetic,

AA alsomaintainsdependenciesbetweenthe sources
of error, and thus managesto computesigni�cantly
tightererrorbounds.Detailedcomparisonsbetweenin-
terval arithmeticandaf�ne arithmeticcanbe found in
[4], [5], and[6].

Af�ne arithmetic operateson quantitiesknown as
af�ne forms, given aspolynomialsof degreeone in a
setof noisesymbols��� .
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Computingwith af�ne forms is a matterof replac-
ing eachelementaryoperation FHG
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onaf�ne forms.
If F is itself an af�ne function of its arguments,we

canapplynormalpolynomialarithmeticto �nd thecor-
respondingoperationF
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3 Non-Af�ne Operations

If F is not anaf�ne operation,thecorrespondingfunc-
tion F
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linearpolynomialin the ��� . In this caseit is necessary
to �nd anaf�ne function F%UVGL�
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aswell aspos-
sibleover ,
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. An additionalnew noisesymbol �8] has
to beaddedto representtheerrorintroducedby thisap-
proximation.This yields the following af�ne form for
theoperation
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For exampleit turnsout (see[4] for details)that a
goodapproximationfor themultiplicationof two af�ne
forms k

l and k

m is

k

n^opl�qrmsq6tvu�lRq8m�wxtymsq8l%wxz|{rw8tM})})}~tvu�lRq8m�•
tymsq8l+•�z|{_•�ty€R•={�‚sƒ

with €„o†…

•‡Bˆ

w�‰

l

‡

‰ and •�o†…

•‡Bˆ

w&‰

m

‡

‰ . In general,the
bestapproximationŠ%‹ of Š•Œ minimizestheChebyshev
errorbetweenthetwo functions.

Thegenerationof af�ne approximationsfor mostof
the functionsin the standardmathlibrary is relatively
straightforward.For aunivariatefunction Š

u�lJz , theiso-
surfacesof Š%Œ
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arehyperplanesof ’

•

thatareperpendicularto thevec-
tor u�l�w6ƒ)Ž)Ž)Ž\ƒ�l+•
z . Sincetheiso-surfacesof every af�ne
function Š•‹

uL{ w ƒ)Ž)Ž)Ž“ƒ�{ • z”o•n q t–n w { w t—})})}Vtpn • { • are
alsohyperplanesof this space,it is clear that the iso-
surfacesof the bestaf�ne approximationŠ�‹ of Š•Œ are
alsoperpendicularto u�l�w6ƒ)Ž)Ž)Ž“ƒ�l+•
z . Thus,we have
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where ­ ®

ƒ�¯�° is theinterval ­‘k

l+° . Thus,approximatingŠ&Œ

hasbeenreducedto �nding alinearChebyshev approx-
imation for a univariatefunction, which is a well un-
derstoodproblem[3]. For a moredetailediscussion,
see[10].

Mostmultivariatefunctionscanhandledby reducing
themto a compositionof univariatefunctions.For ex-
ample,themaximumof two numberscanberewritten
as ž[Ÿ� 

u�l�ƒ�m˜z?o

ž[Ÿ� 

q�u�l

¦

m˜zHt�m , with ž[Ÿ� 

q�u£n©z[±Eo

ž[Ÿ� 

u£n
ƒ_²Vz . For theunivariatefunction ž[Ÿ� 

q�u£n©z wecan
usetheabove scheme.

3.1 Application to Procedural Shader s

In orderto apply AA to proceduralshaders,it is nec-
essaryto investigatewhich additionalfeaturesarepro-
vided by shadinglanguagesin comparisonto stan-
dardmath libraries. In the following, we will restrict
ourselvesto the functionalityof the RenderManshad-
ing language[9, 18, 22], which is generallyagreedto
be one of the most �e xible languagesfor procedural
shaders.Sinceits featuresarea supersetof mostother
shadinglanguages(for example[2] and[15]), the de-
scribedconceptsapplyto theseotherlanguagesaswell.

Shadinglanguagesusually introducea set of spe-
ci�c datatypesandfunctionsexceedingthefunctional-
ity of generalpurposelanguagesandlibraries.Mostof
theseadditionalfunctionscaneasilybe approximated
byaf�ne formsusingtechniquessimilarto theonesout-
lined in theprevioussection.Examplesfor this kind of
domainspeci�c functionsare continuousand discon-
tinuoustransitionsbetweentwo values,like stepfunc-
tions,clampingof avalueto aninterval, or smoothHer-
mite interpolationbetweentwo values.

The more complicated features include splines,
pseudo-randomnoise,and derivatives of expressions.
For an in-depthdiscussionof thesefunctionswe refer
thereaderto theoriginalpaper[10].

New datatypesin theRenderManshadinglanguage
arepointsandcolor values,both simply beingvectors
of scalarvalues. Af�ne approximationsof the typical
operationson thesedatatypes(sum,difference,scalar-
, dot- and crossproduct,as well as the vector norm)
caneasilybeimplementedbasedon theprimitiveoper-
ationsonaf�ne forms.

Every shaderin theRenderManshadinglanguageis
suppliedwith a setof explicit, shaderspeci�c parame-
tersthatmay be linearly interpolatedover thesurface,
aswell as�x edsetof implicit parameters(globalvari-
ables).Theimplicit parametersincludethe locationof
thesamplepoint, thenormalandtangentsin thispoint,
aswell asvectorspointingtowardstheeyeandthelight
sources.For parametricsurfaces,thesevaluesarefunc-
tionsof thesurfaceparameters€ and • , aswell asthe
sizeof thesampleregion in theparameterdomain: ³

€

and ³

• .
For parametric surfaces including all geometric

primitives de�ned by the RenderManstandard,the
explicit and implicit shaderparameterscan therefore
becomputedby evaluatingthecorrespondingfunction
over the af�ne forms for € , • , ³

€ , and ³

• . The af�ne
forms of thesefour valueshave to be computedfrom
thesampleregion in parameterspace.For many appli-
cations,³

€ and ³

• will actuallyberealvaluesonwhich
theaf�ne formsof € and • depend: k

€'o´€•qµt

³

€„}s{rw

and k

•vo�•�q"t

³

•?}\{�¶ .
With this information,we cansetup a hierarchical

samplingschemeasfollows. Theshaderis �rst evalu-
atedover thewholeparameterdomain( €·oY²�Ž¹¸ºtZ²�Ž¹¸y}

{rw , •[oY²�Ž¹¸»t#²�Ž¹¸¼}\{�¶ ). If theresultingupperandlower
boundof theshaderaretoodifferent,theparameterdo-
mainis hierarchicallysubdividedinto four regions,and
areasamplesfor theseregionsarecomputed.The re-

9 – 3



cursionstopswhen the differencebetweenupperand
lower bound(error) is below a certainlimit, or if the
maximumsubdivision level is reached.Resultsof this
approachtogetherwith an error plot aregiven in Fig-
ure1.

3.2 Anal ysis

In our descriptionwe usesaf�ne arithmeticto obtain
conservative boundsfor shadervaluesover a param-
eter range. In principle, we could alsouseany other
rangeanalysismethodfor this purpose.It is, however,
importantthatthemethodgeneratestight, conservative
boundsfor theshader. Conservative boundsareimpor-
tant to not miss any small detail, while tight bounds
reducethenumberof subdivisions,andthereforesave
bothcomputationtimeandmemory.

We have performedteststo compareinterval arith-
meticto af�ne arithmeticfor thespeci�c applicationof
proceduralshaders.Our resultsshow that the bounds
producedby interval arithmeticaresigni�cantly wider
than the boundsproducedby af�ne arithmetic. Fig-
ure2 shows thewoodshadersampledata resolutionof

½�¾6¿ÁÀ^½�¾6¿

. Theerrorplotsshow thatinterval arithmetic
yieldserrorsupto

½�ÂVÃ

in areaswhereaf�ne arithmetic
produceserrorsbelow

¾\Ä�¿�½�Å

. As a consequence,the
texturesgeneratedfrom thisdataby assigningthemean
valuesof thecomputedrangeto eachpixel, reveal se-
vereartifactsin thecaseof interval arithmetic.

Thecorrespondingerrorhistogramin Figure3 shows
that, while the most of the per-pixel errorsfor af�ne
arithmeticarearelessthan3%, mostof the errorsfor
interval arithmeticare in the rangeof 5%-10%,anda
signi�cant numberis evenhigherthanthis(upto 50%).

Theseresultsarenot surprising.All theexpressions
computedby a proceduralshaderdependon four input
parameters:Æ , Ç , ÈsÆ , and ÈsÇ . Af�ne arithmetickeeps
trackof mostof thesesubtledependencies,while inter-
val arithmeticignoresthemcompletely. Themorecom-
plicatedfunctionsget,themoredependenciesbetween
thesourcesof errorexist, andthebiggertheadvantage
of AA. Theseresultsareconsistentwith prior studies
publishedin [4], [5], and[6].

Theboundsof bothaf�ne andinterval arithmeticcan
befurtherimprovedby �nding optimalapproximations
for larger blocksof code,insteadof just library func-
tions. This process,however, requireshumaninterven-
tion andcannotbedoneautomatically.

This leaves us with the methodpresentedhere as

the only practicalchoice,as long as conservative er-
ror boundsarerequired.Otherapplications,for which
an estimateof the boundsis suf�cient, could alsouse
Monte Carlosampling. In this caseit is interestingto
analyzethenumberof MonteCarlosamplesandthere-
sulting quality of the estimatethat canbe obtainedin
the sametime asa singleareasampleusingAA. Ta-
ble1 shows a comparisonof thesenumbersin termsof
�oating point operations(FLOPS)andexecutiontime
(on a 100MHz R4000Indigo) for the variousshaders
usedthroughoutthispaper.

For more complicatedshadersthe relative perfor-
manceof AA decreases,sincemoreerrorvariablesare
introduceddue to the increasedamountof non-af�ne
operations. The table shows that, dependingon the
shader, 5 to 10 point samplesareasexpensive asa sin-
gle AA areasample. To seewhat this meansfor the
qualityof thebounds,considerthescreenshaderwith a
densityof

Â�É¹½

. Thedensityof
Â�É¹½

meansthat75percent
of theshaderwill beopaque,while 25 percentwill be
translucent.If we take 7 point samplesof this shader,
which is aboutasexpensive asasingleAA sample,the
probability that all samplescomputethe sameopacity
is

Â�ÉEÊ�½�Ë�ÌÍÂ�É¹¿�½�Ë»ÎÏ¾6Ð=ÉÒÑ

percent.Evenwith 10samples
theprobabilityis still

½=É¹Å

percent.

For theexampleof usingareasamplesasa subdivi-
sioncriterionin hierarchicalradiosity, thismeansthata
wall coveredwith thescreenshaderwouldhaveaprob-
ability of 13.4(or 5.6)percentof not beingsubdivided
at all. Thesameprobabilityappliesto eachlevel in the
subdivision hierarchyindependently. Thesenumbers
indicatethat AA is superiorto point samplingeven if
only coarseestimatesof theerrorboundsaredesired.

4 Light Fields

Let us now considerhow themethodcanbe usedin a
scenariowith a varyingcameralocation,but �x edillu-
mination.This is somewhatspeculative, becauseit has
never actuallybeentried. It is thereforeto beexpected
that in practicalimplementationssomenew issueswill
arisethatwill have to beresolvedin futureresearch.

Beforeweoutlineanapproachfor adaptively acquir-
ing light �elds from proceduralshaders,we will �rst
review theconceptof a light �eld itself.
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Figure 1: Several examplesof RenderManshaderssampleswith af�ne arithmetic. Left: per-pixel error bounds,
center:generatedtexture,right: textureappliedto 3D geometry.
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Figure 2: The wood shadersampledat a resolutionof Ó�Ô6ÕQÖSÓ�Ô6Õ . From left to right: error plot using interval
arithmetic,resultingtexture,errorplot usingaf�ne arithmetic,resultingtexture.

9 – 5



0

10000

20000

30000

40000

50000

60000

0 0.05 0.1 0.15 0.2 0.250.3 0.35 0.4 0.45 0.5

# 
pi

xe
ls

error

"interval arithmetic"

0

50000

100000

150000

200000

250000

300000

350000

400000

450000

500000

0 0.05 0.1 0.15 0.2 0.250.3 0.35 0.4 0.45 0.5

# 
pi

xe
ls

error

"affine arithmetic"

Figure3: Errorhistogramsfor thewoodshaderfor interval arithmetic(left) andaf�ne arithmetic(right).

Shader FLOPS(ps) FLOPS(aa) ratio Time(ps) Time (aa) ratio
screen 24 214 1:8.92 4.57 33.48 1:7.32
wood 803 6738 1:8.39 8.34 86.53 1:10.38
marble 4386 28812 1:6.57 9.46 88.52 1:9.36
bumpmap 59 487 1:8.25 3.76 20.43 1:5.43
eroded 2995 26984 1:9.01 18.85 193.33 1:10.27

Table1: FLOPSpersampleandtimingsfor 4096samples,for stochasticpointsampling(ps)andAA areasampling
(aa).

4.1 De�nition

A light �eld[13 ] is a5-dimensionalfunctiondescribing
the radianceat every point in spacein eachdirection.
It is closelyrelatedto theplenopticfunctionintroduced
by Adelson[1], which in addition to locationandori-
entationalsodescribesthe wavelengthdependency of
light.

In thecaseof a scenethat is only to beviewedfrom
outsidea convex hull, it is suf�cient to know what ra-
dianceleaves eachpoint on the surface of this con-
vex hull in any given direction. Sincethe spaceout-
sidethe convex is assumedto be empty, andradiance
doesnot changealong a ray in empty space,the di-
mensionalityof the light �eld canbe reducedby one,
if an appropriateparameterizationis found. The so-
calledtwo-planeparameterizationful�lls this require-
ment.It representsa rayvia its intersectionpointswith
two parallel planes. Several of thesepairs of planes
(alsocalledslabs) arerequiredto representa complete
hull of the object. Sinceeachof thesepoints is char-
acterizedby two parametersin theplane,this resultsin
a 4-dimensionalfunction that canbe denselysampled
througha regulargrid oneachplane(seeFigure4).

Oneusefulpropertyof the two-planeparameteriza-

(u,v) plane

(s,t) plane

Figure4: A light �eld is a 2-dimensionalarrayof im-
agestaken from a regular grid of eye points on the

×>ØsÙ�Ú�Û

-planethroughawindow on the
×�Ü�Ù�Ý
Û

-plane.The
two planesareparallel,andthewindow is thesamefor
all eye points.

tion is thatall therayspassingthroughasinglepointon
the

×>ØsÙ�Ú�Û

-planeform a perspective imageof thescene,
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with the Þ>ßsà�á_â point being the center of projection.
Thus,a light �eld canbe considereda 2-dimensional
arrayof perspective projectionswith eye points regu-
larly spacedonthe Þ>ß�à�á_â -plane.Otherpropertiesof this
parameterizationhavebeendiscussedin detailby Guet
al.[8].

Sincewe assumethat thesamplingis dense,thera-
diancealongan arbitraryray passingthroughthe two
planescanbeinterpolatedfrom theknown radianceval-
uesin nearbygrid points.Eachsuchraypassesthrough
oneof thegrid cellson the Þ>ßsà�á�â -planeandoneon the

Þ�ã�à�ä
â -plane.Theseareboundedby four grid pointson
the respective plane,andthe radiancefrom any of the

Þ�ã�à�ä
â -pointsto any of the Þ>ß�à�á_â -pointsis storedin the
datastructure.Thismakesfor atotalof 16radianceval-
ues,from whichtheradiancealongtheraycanbeinter-
polatedquadri-linearly. As shown in by Gortleretal[7]
andSloanetal.[19], thisalgorithmcanbeconsiderably
spedupby theuseof texturemappinghardware.Sloan
etal.[19] alsoproposeageneralizedversionof thetwo-
planeparameterization,in which theeye pointscanbe
distributedunevenly on the Þ>ß�à�á_â -plane,while thesam-
pleson the Þ�ã�à�ä�â -planeremainon a regulargrid.

A relateddatastructureis thesurfacelight �eld [14,
23], in which two of the four parametersof the light
�eld areattachedto thesurfaceparameters.That is, ã

and ä correspondto theparametersof aparametricsur-
face,while ß and á specifytheviewing direction. The
detailsof thedifferentvariantsof surfacelight �elds are
beyondthescopeof thisdocument,andwereferthein-
terestedreaderto theoriginalpapers[14, 23].

4.2 Sampling of Light Fields

Thesamplingmethodfrom Section3.1canbeadapted
to theadaptive samplingof light �elds from procedural
shaders.In additionto computingboundsfor theshader
over a largeparameterdomainthatwe thenadaptively
re�ne, we now alsocomputeboundsover a continuum
of camerapositions.For example,we canstartwith a
large boundingbox specifyingall possiblecamerapo-
sitions,andthenadaptively re�ne it. Or, in thecaseof
a two-planeparameterizedlight �eld, we couldde�ne
therangeof camerapositionsasarectangularregionon
thecameraplane.

It is not clear at this point how the acquiredhier-
archical light �eld can be useddirectly for rendering
in interactive applications.However, a regularly sam-
pledtwo-planeparameterizedlight �eld is easyto gen-

eratefrom the hierarchicaloneby interpolation. This
approachdoesnot resolve therelatively large memory
requirementsof light �elds, but it shoulddramatically
reducetheacquisitiontime.

5 Space Variant BRDFs

The situationgetseven more complex when we also
want to allow for changesin the illumination. The
most reasonableapproachfor dealingwith this situa-
tion seemsto bestoringa re�ection model(BRDF) for
everypointontheobject.Thatis, insteadof precomput-
ing theshaderfor all possiblelighting situations(which
wouldrequireevenmorespace),weonly determinethe
BRDF at every surfacelocation (i.e. a space-variant
BRDFby consideringtheeffect of a singledirectional
light sourcewhich canbe pointing at the object from
any direction.

As mentionedin the introduction, a space-variant
BRDFis asix-dimensionalfunction,andkeepingasix-
dimensionaltable is prohibitive in size. Therefore,a
different representationhas to be found. Again, we
shouldbeableto useAAto generatearelatively sparse,
adaptivesamplingof theshader, which is, however, not
well suitedfor interactive rendering.

On theotherhand,thegraphicshardwareis becom-
ing moreandmore�e xible, so that it is now possible
to rendercertainsimple re�ection modelswhere the
parametersof the modelcanbe variedacrossthe sur-
face[11]. This yields a limited form of space-variant
BRDF, wheretheBRDF actuallyconformsto a single
analyticalre�ection model, but its parameterscan be
texture-mappedandcanthereforevary acrossthe sur-
face.

Unfortunately, the re�ection models considered
in [11] arenot yet complex enoughto captureall the
effects that a proceduralshadermay produce. Other
modelsthat provide a generalpurposebasisfor arbi-
traryeffectsdoexist [12], but it is currentlynopossible
to renderthemin hardwarewith space-variantparame-
ters.

Oncewe have found a re�ection model that is ex-
pressive enoughfor our purposesandcanbe rendered
in hardware,westill haveto determineits parametersin
every point of theobjectfrom thehierarchicalsamples
acquiredwith the adaptive samplingapproach. This,
again,is anopenresearchproblem.
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6 Conc lusion

In this sectionwe have raisedsomeissuesregarding
the samplingof complex proceduralshadersasa pre-
processingstepfor interactive rendering.Wewereable
to describea hierarchicalsamplingschemethat adap-
tively determinesan appropriatesamplingresolution
for different partsof the shader. The applicationof
this methodto determiningview-dependentinforma-
tion from a shaderin sucha way that it is ef�cient to
usein interactive applicationsis anopenproblem.We
wereableto identify someissuesarisingwith this sub-
ject, and hinted towardssomepossiblesolutions,but
moreresearchwill have to bedonefor a completeso-
lution.
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