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A Clustering Algorithm for Radiance
Calculation In General Environments

FrancgoisSillion, GeogeDrettakis , Cyril Soler
iMAGIS **

Abstract: This paperintroducesan efficient hierarchicalalgorithm capableof
simulatinglight transferfor complexscenegontainingnon-difusesurfacesThe
algorithmstemdromanewformulationof hierarchicaknegy exchangebetween
object clusters,basedon the explicit representatiorof directionalradiometric
distributions.This approactpermitsthe simplified evaluationof enegy transfers
anderrorboundsetweerclustersRepresentatioandstoragdssuesrecentrafto
thistypeof algorithm:wediscusgshedifferentchoicedor representinglirectional
distributionsandthechoicebetweerexplicit storageorimmediatepropagatiorof
directionalinformationin the hierarchy The frameworkpresenteds well suited
to amulti-resolutionrepresentationyhich mayin turn significantlyalleviatethe
storageproblems Resultsfrom animplementatiorare presentedindicatingthe
feasibility of theapproachandits capacityto treatcomplexscenes.

1 Intr oduction

The hierarchicalradiosityalgorithmpermitsthe efficient computationof radiosity so-
lution within well-understoodrrorbounds.ts mainlimitation is the “initial-linking"
step,which for scenesof diffuse polygonsaddsa quadraticcomputationalcost. As
a consequencéhe algorithmis unusablefor large environmentsRecentlypresented
clusteringalgorithmsfor hierarchicakolutions[10, 6], avoidthe quadraticcostby first
clusteringthe environmentindthenrefiningthe clusters.

Nonethelesslittle work hasbeenperformedfor non-diffuse environmentsTwo-
passalgorithmg9, 11] andagenerakolutionusingdirectionalrepresentationg] have
treatedmore generalenvironmentsn the contextof progressiverefinementradiosity
A hierarchicakolutionto generalenvironment$asalsobeenproposedl], butin the
caseof thatalgorithmtheinitial linking costbecomes?(n?) in the numberof initial
polygons makingit unusablesvenfor moderatelycomplexscenes.

Theprocessing@f complexenvironmentsvith generaleflectords anecessitysince
almostall interestingscenesontainat leastsomepercentagef non-difusematerials.
In this paperwe presenta frameworkwhich providesthe necessarynachineryfor
the treatmentof non-diffuse environmentsn the contextof a hierarchicalclustering
algorithm.This frameworkis a naturalextensiorof previousclusteringmethodssince,
asnotedbeforeg]6], clusterdonotbehaveasisotropicscatterersgvenif composedsdely
of diffusesurfaceslt is basedon the representationf radiantintensity by directional
distributionfunctions,andextendghe spirit presentedh [7] to hierarchicaklustering.
Theresultis thefirst efficienthierarchicaklgorithmpermittingtheefficientof complex,
non-difuseenvironmentsin addition,this representatiomffords a smoothtransition
betweenthe representatiorat the level of (non-diffuse and diffuse) surfacesto the
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level of clustersFinally, the frameworkopenstheway to an efficient multi-resolution
representationf light propertiesor clusters.

In contrastwith previousclusteringapproachesur new methodis basedon the
storageof directionalpropertieswith the clusters.This approachrequiresthe recon-
siderationof someof the quantitiespreviouslyusedsincewe are now dealingwith
directionalenegy exchangebetweerclustersin Section2 we characteris¢éhedirec-
tional propertie®f clustersvhichareusedn oursolution.In Section3 weintroducethe
newalgorithmwhichis basednthedirectionalrepresentationn Sectiord we discuss
the issuegpertainingto possibleapproacheto storingdirectionaldistributionsandin
Section5 we presentsomeimplementatiorissuesand somefirst results.We conclude
in Section6 with a discussiorof limitationsandthedirectionsfor futureresearch.

2 Characterization of dir ectional energytransfer

As outlinedabove we will betreatingthelight leavingandimpingingon clustersasa
functionof direction.In particulawe wantto beableto storeandmanipulatedirectional
functionsto characterizéheradiantbehaviouof acluster In thissectionwe discusghe
physicalquantitiesused,their representatioandtheir relationto traditionalradiosity
variables.

Forthemostgeneratliscussiomf directionalight transferweconsidetight leaving
thecluster light impingingonthecluster andlight passinghroughthecluster We also
introduceaparticulardirectionaffunctionusefulfor theexpressiomf enegy exchanges
with distributions.In the remainderof this paperwe will denotea directionin space
by a unit vector, with the conventionthat ¢ representsin outgoingdirectionandd an
incidentdirection(SeeFig. 1).
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Fig. 1. Notationsusedfor directionalfunctions.
2.1 Outgoing Light
Forthedescriptiorof light leavingthe cluster we useradiantintensity I, representing

power per unit solid angle.At a point z on a surface,radiantintensityis relatedto
radianceby thefollowing formula:

dI(z, ) = L(z, @) dA (@ - i), 1)

whereri is the surfacenormalanddA is thedifferentialsurfaceareaaroundpointz. In
thecaseof a diffusesurfacewith radiosity B, radiantintensityis thusgivenby

(e, @) = 2 dA (@-7).
m



2.2 Incoming Light

Forlight arrivingonacluster weusethestandardincoming)radiancequantity defined
astheamounbf powerreceivederunit aregperpendiculato thedirectionof incidence
andperunit solid angle.

With this definition,if thedistributionof incidentradianceatpointz is E(z, v), the
incomingflux densityperunit solid angleon asurfaceplacedatz with normaldirection
s

2.3 The Tangent-spheefunction

In Equationsl and?2 above thescalamproductamustbeunderstoodsbeingzeroif the
surfaceis not facing the right direction.For notationalconvenienceve representhis
extendedscalarproductasa function of «. Let us definethe tangent-sphes function
Tr(w) for adirections by

(a7 if@g-i>o0
Tﬁ(u){ 0  Otherwise )

As shownin Fig. 2 thesurfacegivenin sphericakcoordinatedy r = T;(%) hasthe
shapeof asphergangento the planeorthogonato 7.

Fig. 2. Tangent-Sphertinction.
Usingthis function,Equationsl and2 canberewrittenas
I(z,4) = L(z, @) dA T5(4) 4

and
By(,7) = E(2,7) T;(0) (5)

2.4 Extinction properties

Thetransmissiompropertieof objectclusterscanbediscussedisinga fruitful analogy
with semi-transparentolumeswith optical extinctionproperties Previouswork along
thisline hasproposedo computeequivalenisotropicextinctioncoeficientsfor object
clustershasecnthetotalareatheycontain[6] (x = A/4V, whereA isthetotalsurface
areaof the objectsin theclusterandV is its volume).

In thegenerabpproactpresentetierewelift theisotropicassumptiomndcompute
for eachclustera directionalextinctioncoeficient,usedto evaluateheattenuatiorof a
light beamtraversingheclusterin agivendirection.Thetotal projectedareain agiven
directioncanbe precomputedndstoredwith eachcluster It is givenby thefollowing
sumoverthesurfacesontainedn thecluster:



A(@) =Y ATy, (7) (6)
A directionalextinctioncoeficientis thenobtainedwith thefollowing formula:

L A®)

K(V) = % (7)

k() is usedasin [6] to computeapproximatdransmissiorthrougha cluster asit
representshe rate of attenuatiorper unit lengthin the directionof interest.Note that
the factor of 4 from the isotropicformulais no longerpresentsinceit accountedor
the averagingover all directions.Platel (seeAppendix) showsresultsobtainedwith
directionalextinction.

2.5 Light Scattering

For now we only considerthe transformatiorof incominglight into outgoinglight to
takeplaceat surfacesWe assumehata surfaceorientedin directionsi is placedatthe
origin. The surfaceis smallenoughfor all distributionsto be safelyassumedonstant
acrossits surface.One difficulty in expressinghe generallight scatteringequation
is that surfacescatteringis bestdescribedn a coordinatesystemthatis local to the
surface.Let us definea linear transformationM ; suchthat4’ = M54 is the unit
vectorrepresentinghe directionof « in a coordinatesystemattachedo the surface.
As shownin Fig. 3, both vectorsare aligned,they simply havedifferentcoordinates
becaus¢heyareexpresseth differentframesof reference.

51
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Fig. 3. Notationsfor the scatteringequation.

Surfacescattering In thisparagraphve expressll directionsin thesurfacecoordinate
systemTheradiancdeavingthe surfacein adirection’ is givenby

L(i@) = / ) ) ®)
v ey

whereE,(¢")dwy is theincidentflux densityon the surfacefrom the differentialsolid
angledwy arounddirection?’. 2, is theupperhemispheréabovethe surface).
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Expressingradiant intensity from incident radiance We now wish to expressthe
scatteringequationusing the directional quantitiesdefinedabove,and in a general
(world) coordinatesystem,not tied to any particularsurface.This simply requiresa
numberof coordinatetransformationsising M ;. CombiningEquations4 and 8, we
canexpresgheradiantintensityleavinga surfacen directioni as

I(@) = A Ty(u) L(1) 9)

— ATy(i) L(Mxil) (10)

— ATH(@) / Eo(@) poa (M@, 7)oy (12)
’U'E.Q+

Using Equation5 and changingthe integrationvariableto be a unit vector in the
hemispherabovethe orientedsurfacey = M ', we have

I(@) = A Tx (@) / g, POTA@ (Mt M)y (12

Ideal diffuse case Foridealdiffusesurfacesthe BRDF is aconstantandEquation12
reducego

@) - ATy 2 [ E(3)T5(9)dws (13)
T JoeM o,
Theintegralin Equation13representthetotal incidentflux density(irradiance)on
thesurface.

3 A Cluster-Basedlllumination Algorithm for General Scenes

Existing radiosityclusteringalgorithmscanbe adaptedo work with directionalinfor-
mation,with little modificationasdescribedn this section.We assumeherethat the
readeris familiar with hierarchicalradiosity and clusteringalgorithms[3, 10, 6]. In
thesemethodsa hierarchicalsubdivisionstructureof 3D spaceis usedto collectsur
facesinto clustersThemainideaof thenewgeneraktlusteringalgorithmis to associate
to eachclusteror surfacea numberof directionaldistributionsrepresentingts radiant
propertiesThe scatteringequation(12) mustthenbe evaluatedor eachsurface using
theappropriaténcidentradianceandradiantintensitydistributions.

3.1 Form factor

Sinceweareusingaradiantintensitydistributionontheemitter theestimatiorof enegy
transferetweera pair of objectsis slightly differentthanwith usualradiosity Transfer
estimatesreneededn two stagef a hierarchicakadiosityalgorithm.First, a bound
onthetotal enegy transferbetweernwo objects(or clustersmustbe computediuring
thelink refinemenstage Secondthe actualenepgy transfertakesplacein a gathering
stagewheretheincomingenegy is computedacrossachlink.

The notion of “form factor" usedin our algorithmis redefinedfrom purely algo-
rithmic considerationsthe form factorassociatedio eachlink is the scalarquantityby
which theradiantintensityvalueof anemittermustbe multiplied to obtaintheincident
irradiance(power per unit areaperpendiculato the directionof propagation)on the
receiver



This quantityis simply derivedfrom the expressiorof radiantintensityandirradi-
anceandis
1
Fpy = // T—de dq (14)
pJq

For the purposeof makinga refinementdecision,a hierarchicalsubdivisioncriterion
mustbe defined Our preliminaryimplementatiorusesan estimateof theenegy trans-
ferredbetweerntwo objectsq andp (objectscanbe surfacer clusterg6]). To obtain
this estimatave selecttwo samplepointsin p andg, yieldingadirection. Multiplying

I, (@) with the“form-factor" F},, we obtainanincidentirradiancecontributiononp from

directionv = —, denotedby &£,,. Notethat,in amannersimilar to Lischinskiat al's
work [5], anactualboundon this transfercanbe computedprovidedwe storenotonly
theaverageadiantintensitybutalsothe maximumradiantintensityfor eachobject.To

obtainan enegy valuefrom incidentirradiancerequiresa multiplication by the total
projectedareaof the clustefs contentsn directiond, .A(¥), introducedn Section2.4.
Our estimateof the enegy contributionof thelink between; andp is thus

3.2 Link refinement

P = Ap(ﬁ)gpq (15)
= Ap(_ﬁ)Iq(meq (16)

Note that the previousdiscussiorignoresintra-clustervisibility issues.Theseare
nottreatedn this paperalthoughrecentwork showsthatit is possibleto integratetheir
effectwith reasonableost[8]. It is interestingo notethe benefitof storingtheradiant
intensityin the form of a directionaldistribution,sincethe transferestimatedoesnot
requirethe interrogationof the clustercontents.This represents potentialgain over
previoushierarchicaklusteringalgorithmg[6, 10].

3.3 Gather

Dueto thechangen quantitiesusedto represenaindstorelight, thetraditionalprocess
of gatheringacrosdinked clustersor surfacesnustbe appropriatelynodified.

Oneof themostimportantchoicesto be madewhenrepresentinglirectionalprop-
ertiesin a hierarchyof clusters,is which propertiesto storeexplicitly at all levelsin
thehierarchyandwhichto storeimplicitly by pushingthemdownto thelevelatwhich
additionalstoragecostis incurred.In particulatheefficienttreatmentf incidentenegy
contributionsrequiressomeattention.We considerheretwo alternativesanddiscuss
theirrelativemerits.

Storing an incident radiance distribution The simplestdirectionalclusteringalgo-
rithmis probablyonewhereincomingradiances storedwith eachcluster togethemith
(outgoing)radiantintensity The mainadvantagef this approachs thatthe amountof
work performedfor eachlink in the gatheringphaseis fixed, anddoesnot dependon
theclusters’complexity This“constant-time'transfercomputationcombinedwith the
linearnumberof links with respecto the total numberof surfaceqd3, 10], resultsin a
clusteringalgorithmwith linearasymptoticcomplexity
Unfortunatelystoringincomingradiances difficult andexpensiveFirst,inthecon-
text of our frameworkwe wantto usea continuousgdirectionalfunctionrepresentation.
Incoming radianceis inherentlydiscontinuousas for instancethe contributionof a
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givensourceis non-zeroonly for directionsreachingthe source This difficulty canbe
eliminatedby estimatinga continuousapproximatiorto eachsources contributionto
theincidentradiance.

Considemgainthetransfeffrom g to p. Sinceourrefinementriterionhasestablished
thelink atthislevel, it is reasonabléo assumehatthe transferis well representety
a point-to-pointcalculation.An estimationof the error incurredby this assumption
mustevidentlybe undertakerin thefuture. Theincidentirradianceon p is obtainedas
explainedn Section3.2.Thisirradiancecanbespreachcrosghesolidanglesubtended
by ¢, usingasimpleparametridilter in theshapeof a peak We areinvestigatingheuse
of rotatedcos™(6) distributionsas convolutionfilters. Clearly howeverthis operation
involvesa significantadditionalcomputationatost.

In addition,explicit storagempliestheneedor anexpensiveonvolutionoperation
whenpushingthe incomingradiancedown the hierarchyof clusters.At thetransition
from clusterdo surfacesheconversiorfrom incidentradiancdo radiantintensitymust
be performedasshownin Equationsl2 for thegenerataseand13for thediffusecase.
Againthis impliessignificantadditionalcomputation.

Immediate propagation of incoming contributions An alternativeto storageof in-
comingradiancds to explicitly pushincominglight downthe hierarchyat eachgather
operation.To performthis we no longerconsiderradiance put irradiance, computed
asin Section3.2. This quantity accompaniedby the incomingdirection v is pushed
down the clusterhierarchyby simple addition. This irradianceis the term E(¥)dwy
in Equation12. At the surfacelevel we needonly evaluateEquation12, replacingthe
integralby an“impulse” from directiond, with the surfaceirradiancevalue&,, T (7).
Thissurfacdrradiances usedto scalethesurfaces BRDF, whichreducego aconstant
for diffusesurfaces.

3.4 Push/Pull

In our implementatiorwe havechosenthe option of immediatepushingof incoming
radianceasopposedo storingthequantityasadirectionalfunction. Thusthetraditional
Push-Pulloperationonly needso performthe “Pull” portion, sincethe “Push” occurs
at the gatheringstage Sinceradiantintensityis a powerquantity the radiantintensity
of aclusteris obtainedrom thatof its sub-clusterby simplesummationTheresultis
acombineddirectionalfunctionrepresentinghe total radiantintensityof the cluster

4 Representationof Dir ectional Distributions

Severabtorageschemefavebeeninvestigatedn thecontextof simulatingnon-difuse
radiantexchangesA major difficulty in selectinga representatiors to achievethe
bestpossiblebalancebetweerthe storagecostof eachoptionandits suitability givena
numbetrof algorithmicrequirementsAny finite representatioof directionalfunctionsis
basedntheselectiorof anumberof basifunctions.Therepresentatioaf adistribution
thenconsistof its coordinatevectorin the choserbasis.

Previousalgorithmsemployfor exampleconstanbasisfunctionsdefinedoverthe
cellsof a“global cube”[4], or sphericalharmonicshasisfunctionsup to a prescribed
order[2, 7]. Theglobal cubeapproacthasthe advantagef simplicity, first becauset
is very easyto manipulate put alsobecausdunction productscanbe evaluateceasily
(sincethe basisfunctionshavenon-overlappingsupport).Howeverit is inherentlya
discontinuousepresentatiomroneto disturbingrenderingartifacts.

Sphericaharmonicspn the otherhand,alwaysproducecontinuousunctions.But
they are non-zeroover the entire hemispheremaking the computationof function
productsmuchmoreexpensive.
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4.1 SphericalHarmonics

In our implementationwe use sphericalharmonicsbasisfunctions. Theseform an
orthogonabasisof thesetof distributionson theunit sphereThis infinite collectionof
basisfunctionsis typically denotedvy Y; ., (6, $) where0 < [ < co and—I < m < [.
In directanalogywith aFourierseriesn onedimensionanysquare-integrablinction,
f(8,¢), canbeexpresseih this basiswith asetof scalarcoeficientsC; ,,.

An approximataepresentatioof adirectionalfunctionis obtainedby storingonly
thefirst few coeficientsof this decompositionup to a givenmaximumlevel. BRDFs
canbeencodedy suchvectorsof coeficientsfor usein aradiositysimulation[7].

Representationof diffuse surfacesusing Tangent-Sphee functions In the diffuse
case,all radiantintensity distributionsare combinationsof orientedTangent-sphere
functions(seeEquation13).

The decompositiomf 75 (%) into sphericaharmonicsanbe computedor a given
directioni. The simpleshapeof this functionallows a very goodapproximatiorwith
only 9 coeficients(l < 2). Thecoeficientsof this decompositiorarethusfunctionsof
71, andtheycanthemselve®edecomposedsingsphericaharmonicof 7. Thisdouble
decompositiowasalreadyusedby Westinetal. to represenanisotropicBRDFs[12].
In our caseit is storedin a datafile, sincethe Tangent-spher&unctionis alwaysthe
same.

Thesphericaharmonicsepresentationf T (%) is obtainedy evaluatinghevalue
of eachcoeficientfor thedirectionri. Sincethisonly dependenthesurfaceorientation,
it is only performedoncein theprogram.andis thenstoredwith the polygon(andthus
sharedoy all hierarchicaklementonthesurface).

Computation of the scatteringintegral If incidentradiancas storedwith theclusters,
the integralin Equation12 mustbe evaluatedat eachclustersurfaceinterface.The

convolutionof incidentradianceandthe BRDF is quite costly to compute especially
sincefunctionproductsaredifficult to expressvith sphericaharmonicgoeficients We

arecurrentlyinvestigatingan efficient algorithmto computesuchconvolutionsbased
onthe useof recurrenceelations,andthe observatiorthatthe integralof a functionis

representedly it's (I = 0,m = 0) coeficient.

5 Implementation and First Results

Wehaveimplementedherepresentatiomnf radantintersity ard theequvalert push/ull
operationin our testbecclusteringsystem As describedabovewe haveusedspherical
harmonicsfor the representationf directionalfunctions.Our implementatioris still
preliminaryin the sensehatfor now a limited numberof orientationsareallowedfor
non-diffusesurfacesThe color platesin the appendixdemonstratéhe versatility and
high potentialof the method.

5.1 Directionalpropertiesfor clustersof diffuse surfaces

We first considertheanisotropidoehaviourof clusterscontainingonly diffusesurfaces.
Plate2 showsan examplewith over 6,000 surfacesThe ceiling receivesno primary
illumination, andis only illuminatedby light reflectedby the cluster We seethatthe
patternof light ontheceilingis displacedwith respecto theverticaldirection.

As anindicationto thereadeof therelativecostof thestorageof directionalradiant
intensity comparisonsare madeto imagesgeneratedising the algorithmspresented
in [6, 8], in which directionalfunctionsare not used.Since the refinementcriteria
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are no longerthe same,we setour subdivisionthresholdso that the two executions
resultin similar numberof links refinedfor two iterations.The following table gives
the computationtime (in secondspnd memorycost(in Mb) for directional(dir) and
traditional(trad) clusteringalgorithms.

| Name]PolygongTime (dir)[Time (trad]Mem. (dir)[Mem. (trad)|
Simple 13 29.6 24.0 8.5 4.7
Cubeg 6000 140.09 46.1 134 6.9

We seethat the computationtime for the directional approachis between20%
to 3 timeshigher This canbe explainedby the additionalexpensén combiningthe
tangentspherefunctionsand the directionalrepresentationsf radiantintensity The
comparisongare given only as an indication; in the resultingimagesfor the Cubes
scenethe directionalalgorithm obtainsa much higher quality representatiorof the
secondaryllumination ontheceiling (seePlate2).

Thememoryrequirementfor thedirectionalrepresentatioareapproximatelywice
that of the traditional clusteringapproachThesenumbersare more meaningfulsince
theyarenotaffectedasmuchby thedifferentrefinementriteria.If thegrowthfactoris
closeto theindicatedfactor of two, this impliesthatmemoryutilization doesnot pose
a major problemfor our approachsinceevenvery complexsceneswill not require
unmanageablamountof memory

5.2 Resultsfor generalreflectors

Plates3 and 4 show simulationsperformedwith a clusterof glossysurfaces.Both

directionalreflectionanddirectionalattenuatioraredemonstratedyy illuminating the

scengrom two differentdirections.Plate5 illustratesthe view-dependentharacteof

radiantintensitydistributionswith two differentviewsof thesamesceneComputation
timesfor all theseémagesangefrom 17 to 103seconds.

6 Discussionand Conclusions

We havepresented generalframeworkfor the hierarchicalrepresentationf enegy
exchangegaking into accountthe non-uniformdirectionalbehaviorof surfacesand
objectclustersAlthoughconceptuallsimple thisapproachiaisesanumberof practical
issueswhichwe discusdelow

Benefitsand limitations of the Approach The explicit representationf directional
radiant functionsfor object clustershas severalimportant benefits.First, it allows
a smoothintegrationof non-diffuse reflectorsin a clusteringalgorithm. Second,if
incoming radianceis storedexplicitly, it reducesthe asymptoticcomplexity of the
clusteringalgorithm.Third, theconsideratiomf directionalextinctionpropertiegreatly
improvesthe applicability of the approximatetransmissiorcalculationbasedon the
volumeanalogy Finally, the methodallowsthe simulationof non-isotropicscattering
volumeswith arbitrary phasefunctions.In practicewe considerthat the mostuseful
featureis the ability to mix diffuseandnon-difusereflectorsin a sceneata moderate
additionalcost.In particulartheoverheadostsfor diffusereflectorsemainreasonable,
while allowing much more accurateransfersbetweenclusters.We tendto preferthe
optionof implicit storagdor incidentradiancesinceit appearserydifficult to doaway
completelywith anytraversabf the hierarchyduringthe gatheringstage Forinstance,
the consideratiorof intra-clustervisibility is much easierwhen eachcontributionis
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pusheddownto thesurfaceg8]. Theefficientrepresentationf directionalfunctionsis
a difficult issue.For generalreflectorsmany sphericalharmonicscoeficientsmay be
neededresultingin high storageandcomputatiorcosts.

Futur edir ections A majorareaof researclfior futureworkistheinvestigatiorof multi-
resolutionrepresentationsf directionalfunctions.lt maybe possibleto storedifferent
levelsof detail at eachcluster insteadof storinga completedistributioneverywhere.
This would dramaticallylower the storagecosts,while allowing true multi-resolution
visibility computatiornthroughobjectclusters[8]. Anotherinterestingdirectionis the
computation(andstorage)of completescatteringunctionsfor all clusters Thesewill
allow the directtransformatiorof incomingradianceto radiantintensity similarto a
volumicphasdunction.Howeverthe storag costdor suchbidirectionalphasdunctions
may be prohibitive.

References

1. Larry Aupperle and Pat Hanrahan. A hierarchicalillumination algorithm for surfaces
with glossyreflection. In ComputerGraphics Proceedings Annual Confeence Series:
SIGGRAPH'93 (Anaheim,CA, USA), pages155-162.ACM SIGGRAPH,New York,
August1993.

2. BrianCabral NelsonL. Max, andRebecc&pringmayerBidirectionalreflectionfunctions
from surfacebump maps. ComputerGraphics 21(4):273-281,July 1987. Proceedings
SIGGRAPH’87 in Anaheim(USA).

3. PatHanrahanDavid SaltzmanandLarry Aupperle. A rapid hierarchicalradiosityalgo-
rithm. ComputerGraphics 25(4):197-206August1991. ProceedingSIGGRAPH'91 in
LasVegas(USA).

4. David S. Immel, Michael F. Cohen,and DonaldP. Greenbeg. A radiosity methodfor
non-difuseenvironmentsComputeiGraphics 20(4):133—-142August1986. Proceedings
SIGGRAPH’86 in Dallas(USA).

5. Dani Lischinski, Brian Smits,and Donald P. Greenbeay. Boundsand error estimatedor
radiosity In ComputeiGraphicsProceedingsAnnualConfeenceSeries: SIGGRAPH'94
(Orlando,FL). ACM SIGGRAPH,New York, July 1994.

6. FrancoisSillion. A unified hierarchicalalgorithmfor global illumination with scattering
volumesandobjectclusters.to appeatin IEEE Transaction®nVisualizationandComputer
Graphics 1(3), Septembefl995. (a preliminaryversionappearedh thefifth Eurographics
workshopon rendering DarmstadtGermanyJunel994).

7. FrancoisSillion, JamedArvo, StephenVestin,andDonald P. Greenbey. A globalillumi-
nationsolutionfor generalreflectancalistributions. ComputerGraphics 25(4):187-196,
August1991. ProceedingSIGGRAPH'91 in LasVegagUSA).

8. FrancoisSillion andGeogeDrettakis. Feature-basecbntrolof visibility error:A multires-
olution clusteringalgorithmfor globalillumination. In ComputerGraphicsProceedings,
AnnualConfeenceSeries:SIGGRAPH’95 (Los Angeles,CA). ACM SIGGRAPH,New
York, August1995.

9. FrancoisSillion and ClaudePuech. A generaltwo-passmethodintegratingspecularand
diffusereflection. ComputerGraphics 23(3):335-344August 1989. ProceedingsSIG-
GRAPH 89 in Boston(USA).

10. Brian Smits,JamesArvo, andDonaldP. Greenbey. A clusteringalgorithmfor radiosity
in complexenvironmentsin ComputerGraphicsProceedingsAnnualConfeenceSeries:
SIGGRAPH’94 (Orlando,FL). ACM SIGGRAPH,New York, July 1994.

11. JohnR. Wallace, Kells A. Elmquist, and Eric A. Haines. A ray tracing algorithm for
progressivaadiosity ComputerGraphics 23(3):315-324July 1989. Proceeding$SIG-
GRAPH 89 in Boston.

12. StepherH. Westin,JamesR. Arvo, andKennethE. Torrance.Predictingreflectancdunc-
tionsfrom complexsurfaces ComputerGraphics 26(4):255-264July 1992. Proceedings
of SIGGRAPH’92 in Chicago(USA).



11

(b) (©

Plate 1. Usingdirectionalvisibility information:(a) representationf the directionalextinction
coeficient for the clusterof slantedobjects.(b) Simulationshowingthe varying attenuatiorin
the shadowarea.(c) Simulationusingisotropicextinction: note the uniform attenuatiorin the

shadowarea.

Plate 2. Solutionfor a scenewith 6000diffusesurfaces(a) directionaland (b) non-directional
clustering.
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Plate 3. Simulationwith a clusterof speculareflectors(overheadllumination): (a) distribution
of radiantintensityfor the selectectluster (b) finalimage.

Plate 4. Simulationof the samescengwith illumination comingfrom the side). Comparingto
Plate 3, notethe changen secondarylluminationandthechangen theclustets shadow

Plate 5. Two views of a scenewith glossysurfacegfloor andtabletop). Notethe differencesn
theappearancef the non-difusesurfaces.



