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Accurate Visibility and Meshing Calculations
for Hierar chical Radiosity

GeogeDrettakis,FrancoisSillion
iMAGIS * LaboratoireGRAVIR/IMAG-INRIA

Abstract: Precisequality controlfor hierarchicalighting simulationsis still a
hardproblemduein partto thedifficulty of analysinghesourceof errorandtothe
closeinteractiondetweerdifferentcomponentsf thealgorithm.In thispapemwe
attemptto addresghis issueby examiningtwo of the mostcentralcomponents
of thesealgorithms:visibility computationand the mesh We first presentan
investigationtool in the form of a new hierarchicalalgorithm:this algorithmic
extensiorencapsulatesxactvisibility informationwith respecto thelight source
in theform of thebackpbjectiondatastructureandallowstheuseof discontinuity
meshef thesolutionhierarchyThistool permitsusto studyseparatelyheeffects
of visibility andmeshingerroronimagequality, computationakxpenseaswell
assolutionconvegencenitial experimentatesultsarepresentedby comparing
standardjuadtree-baseldierarchicalradiosity with point-samplingvisibility to
theapproachesicorporatingbackprojectionsgiscontinuitymesher both.

1 Intr oduction

Hierarchicalsimulationtechniqueshavereceiveda lot of attentionin researctenvi-
ronmentshut their practicaluseremainsimpairedby the difficulty of controllingthe
speed/accuracyadeof on which they arebased Error control andsolutionaccuracy
issueshavebeenstudiedto a certainextentfor globalillumination algorithms[12, 1].
Thesestudiesprovideda usefulcategorizatiorof possibleerror sourcesandoffereda
generaframeworkfor errordrivenhierarchicarefinementNonethelesdittle hasbeen
donein termsof investigatingthe differentcausesf errorin HierarchicalRadiosity
(HR) in particulay andvery little is currentlyknown aboutthe quantitativeeffectson
errorof differentalgorithmicchoicesusedduringthelighting simulation.

In this paperwe attemptto addresghis problemby providing recommendations,
basedon theoreticaldiscussionand initial experimentakesults.We will concentrate
our efforts on meshingand visibility computationstrategiesWe beginby presenting
a non-exhaustivdist of importantalgorithmiccomponentsn HR andwe mentionthe
algorithmsthat have beenproposedio improve theseaspectsof the simulation. For
mostof thesdactors the precisampactonimageor solutionquality, aswell aspossible
interactiondbetweerthem,hasnotbeenthoroughlystudied.

Important componentsof the HR simulation algorithm Broadlyspeakingiwo main
categorie®of factorsaffecting simulationcanbe identified (following [1]): discretisa-
tion, concerningmainly issuesof meshconstructionand datastructuresand compu-
tation which involvesthe aspect®of the algorithmrelatedto form-factorandvisibility

computatioraswell asrefinemenstrategyandconvegence.
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Discretisation

Meshing strategy HR relieson the ability to evaluateinteractiongenegy transfers)
at differentlevelsof a hierarchyin the descriptionof the scene Previousalgorithms
typically usedsimplerecursivesubdivisionstructuresuchasthe quadtredo represent
hierarchicameshesAnotherapproachconsistof compuing adiscatinuity mesh(DM)
for muchimprovedrepresentatioof directillumination.

Mixed meshesSimplehierarchicaktructuresuchasquadtreesreeasyto implement
andcompactto store ,because¢heyrely onimplicit information.Howevertheyarenot
suitedto somegeometricabrtopologicakituationsuchastherepresentationf shadow
boundariesMixed meshesvith bothtrianglesandquadrilateralganthereforebeused,
andmustprovideaccesgo connectivityinformation.

Computation

Visibility calculation Many radiosityimplementationgo dateuse point samplingto
evaluatevisibility factors.Discontinuity mesheswhen equippedwith the associated
visibility information (backprojection)can provide exact visibility computationfor
directillumination.

RefinementStrategy Refinementriteria(sometimesalled“oracles”)arethe coreof
the HR formulation.Many differentcriteriahavebeendevised usingvaryingamounts
of information.Possiblesariabledor therefinementlecisionsareform factorestimates,
visibility statusgstimateof form factorvariance gstimateof radiositytransfer etc.

Point or Area-basedform-factor computation As shownby the work of Wallace
etal. [20] for progressiveefinementadiosity higherquality solutionscanbeobtained
whencomputingradiositydirectly at meshvertices.Area-to-aredorm factorsrequire
anextrapolation/interpolatioatepwhich effectively smoothe®ut someof the defects
in the solution but also “blurs" the computedsolutionin ways which are difficult to

quantify.

ConvergenceThe benefitsof HR really becomeapparentwhena global solutionis

sought,.e. with all interreflectioreffects.HR convegencds anissuethathasreceived
limited attentionandit is notknownwhethersomeof thechoicesmentionecabovehave
a significantimpacton convegence.

2 PreviousWork

2.1 Discontinuity meshingand backprojections

Discontinuitymeshing([9, 12, 5]) hasbeenusedto a certainextentfor globalillumi-
nationandHR calculationsput the meshesisedhavealwaysbeenpartial sincethey
do not captureEEE and otherimportantdiscontinuitysurfacesA resultof this sim-
plification is that backpojections(definedin e.g.[3, 16, 18]) cannotbe computedby
thesealgorithms Backprojectiongredatastructurepermittingefficientdetermination
of thevisible partof the sourceanywherédn the penumbrathuseffectively eliminating
all visibility calculationerrorwith respecto thelight sourcesBackprojectionganonly
be computedtogetherwith the completediscontinuitymesh(i.e. including EEE and
degeneratevents) andthushaveneverbeenusedsofar in the contextof HR.



2.2 Combination of HR and DM

Themostrelevantapproacho our work is thatof Lischinskietal. [12]. In their work
a global solutionis computedusinga BSPtree.Whena nodeis split, an appropriate
discontinuityline is chosenA local passs subsequentlysedfor display duringwhich
analyticvisibility (mainlyfor primarysources)s computedisinganexpensivepolygon
clippingoperation(asin [10, 17]). Themaindifferencewith themethodwe presenhere
is the fact that exactvisibility wasnot takeninto accountduring the solutionprocess
andthusthedifferentfactors(visibility, meshinggffectingerrorcouldnotbeisolatedor
analysedGatenbyandHewitt [5] alsodevelopedh hierarchicakolutionfor progressive
refinementputlittle waspresentedh termsof solutionquality evaluation.

2.3 Err or estimationand control

A detailedtheoreticalpresentatiorof error analysiswas developecdby Arvo et al [1].
Accordingto their classificationywewill bedealingwith discretisationerror (meshing)
andcomputationakrror (visibility calculations)Forbothtypesof error, little is known
in practiceor in quantitativeerms Lischinskietal.[11] havealsodevelopednapproach
basedon errorboundsfor HR. The approachwe presentherecould be integratednto
a systemof this type, providing tighter upperandlower boundsin the mostdifficult
casesthoseof partialvisibility.

3 Efficient combination of HR and backprojections

Thefirst stepto allow experimentatomparison®f the effectof meshingandvisibility
calculationson the solution,is theintroductionof a newalgorithmincorporatingoack-
projections(i.e. exactvisibility calculations)andthe completediscontinuitymeshin
HR. Otherthanbackprojectionsthis new algorithmconstructsa full hierarchyon the
inputsurfacesy clusteringthe elementof thediscontinuitymesh.This allowstheuse
of quadtree#n unoccludedegionsasopposedo the useof BSPtreeseverywherasin
previouspartial DM solutions([12]), while usingirregulartrianglesin shadowregions.

3.1 Accurate visibility computation using backprojections

Given a three-dimensionatcenewe constructthe full discontinuitymesh(with EEE
and degeneratevents)which hasthe following property: eachcell or face of the
meshcontainsa datastructurecalleda backprojectiorwhich fully describeshe partial
visibility of the sourceat eachpoint within the meshface[3, 16]. An exampleof such
ameshis shownin Fig. 1(a).

Theavailabilityof thebackpojedionsallowsusto detemineatalow costthevisible
part of the sourceandthusthe analyticalvalue of the differentialform-factordF, s,
from any point z in the penumbrao the sourceS. Becauseno visibility calculation
is neededan accurateestimateof the form factor valueis availablecheaplyduring
refinementAs we will seebelow the exactvalueis alsousedto determinarradiance
valuesat verticeswithin themesh.

3.2 Mixed triangle-quadrilateral meshes

The discontinuity meshingapproachpresentedn [3, 4] constructsa mixed, non-
hierarchicalmeshcontainingtrianglesin penumbraandin irregularregionsof light,
andquadrilateralén largeregionsof light. Thegoalhereis to createa hierarchysuitable
for HR solutions startingwith the DM.



To this end,quadtreeshouldbe usedwherepossible(in particularin unnoccluded
regions)ueto theirsimplicity andeaseof use while irregulartriangulammesheshould
be usedaroundshadowboundaries.

The mixed meshstructureposescertainproblemsof connectivity sinceinhomo-
geneousneshelemento-exist.In particular neighbousfinding is handledby adding
simpleadjacencynformationattheverticesof the original mesh Whenaquadrilateral
or atrianglearesubsequentlgubdivided regularquadtree®r regulartriangle hierar
chiesarecreated An exampleof aninitial mesh(beforesubdivision)for ourtestscene
is shownin Figure 1(b) (seenextsectiorfor theconstructioralgorithm);thesamemesh
subdividedafter iterating is shownin Figure4(b). When searchingfor a neighbour
within aregularmesh(triangularor quadrilateral)mplicit neighbourhoodelationships
aremaintainedandwhencrossingasharededge theneighbourhooéhformationstored
atthevertexis usedto find the appropriatequadtreeor trianglemesh.We climb up the
hierarchyuntil the parentmaintainingthe appropriaténformationis found.

3.3 Constructing atrue hierarchy fr om the discontinuity mesh

Foreachreceivercontainingaperumbral orumbral zone, afterthe discatinuity meshing
andtriangulationstepswe havea setof trianglescorrespondingo this partially lit or

occludedegion.To construct hierarchywe attachthesdrianglesatappropriatéevels
of astandardjuadtreesuchthatin unoccludedegionsilluminationis representedith

theregularquadtreestructure.

Fig. 1. (a) Discontinuitymeshand(b) HR/DM meshfor atestscene

Quadtree Subdivision We startby recursivelysubdividingthe receiverusinga stan-
dard quadtreelf a child of the quadtreecontainsno partially lit or occludedregion,
initial subdivision(i.e. the subdivisionperformedbefore BF-refinement}erminates.
The unoccludedquadtredeaf elementsare alsoinsertedinto a temporaryface-edge-
vertexdatastructurenmesh. If ontheotherhanda child containspartof the penumbra
or umbra,subdivisioncontinueauntil a predefinednaximaldepthis reached.
Whennomoresubdivisions possiblethepenumbral/liboundaryedgesreinserted
into mesh. Whenthis processs completepesh containsa setof facescorresponding



to the completelyunoccludedquadtreeleaves,and a (usually highly irregular) face
betweenthe leavesandthe penumbra/litboundary This faceis triangulated and the
resultingtrianglesarethenaddedo thelist of penumbral/umbratiangles.

Thefinal steprequires‘clustering” of thesetriangles(bothoriginal penumbrarian-
glesfrom DM aswell asthenewtrianglesin lit regions)from nesh sothattheycanbe
correctlyattachedo anappropriatdevel of thequadtree.

“Clustering” for Penumbral and boundary regions To performthe clusteringstep,
a 3D clusteringbottom-upconstruction([15]) is adaptedo 2D. A multi-level grid is
constructedsuchthat the smallestgrid cell hasthe size of a maximaldepthquadtree
leaf. Eachlevel of thegrid is visited,andtrianglesentirelycontainedn acell atagiven
levelof thegrid areattachedo the correspondingjuadtreennernode(if it exists).The
trianglescontainedn agivencell atagivenlevel aregroupedo form aninternalnode.
This nodeis theninsertedat the appropriatdevel higherin the multi-level grid, if it is
containedn acell atthatlevel. The contentsof this grid cell will in turnbeattachedo
theappropriatdevel of thequadtree.

In this mannerwe have a mixed hierarchywhich startsat the root as a normal
guadtreeandhaschildrenwhich mayberegularquadtreesubdivisionspr agglomera-
tions of trianglesor individual triangles(in the caseof elongatedriangleswhich can
occurin the contextof discontinuitymeshing) An examples shownin Figure 1(b).

It mustbenotedthatdueto thebottom-upconstructionye havetheability to insert
the entire DM into the hierarchy(asis donehere).In manycasesimplificationshould
probablybe performedbutthe generalityof the methodpermitsmaximalflexibility .

4 Impact of algorithmic choiceson solution and image quality

In this sectionwe revisit the differentalgorithmiccomponent®f HR mentionedn the
introduction,anddiscusgheir relevanceThis discussiorserveshoth asa first attempt
to investigatethe influencethesefactorshaveon the solutionaswell ason eachother,

andasmotivationfor the experimentahpproachdevelopedn thefollowing section.

4.1 Meshing strategy

Theuseof quadtreebasmanyadvantageghestructurds simpleto handleandmanipu-
late,it allowsimplicit neighbourfinding operationsandprovideswell shapedlements
which is importantin the contextof any numericalapproximation([13]). Interpola-
tion and extrapolationoperationsare alsoreadily performedin thesestructuressince
elementgespectregularratios.Nonethelesshe very regularity of the quadtreestruc-
ture hidesits inadequacyn representindnigh-frequencyirregularinformationsuchas
shadowboundaries.

Discontinuitymeshingprovidesan appropriatesolutionto the problemsof visual
representatiorof shadowboundariesThe problemswith such meshesare however
numerous Other than the issuesrelatedto numericalaccuracyin construction[19],
thesemeshegendto containfar too many elements([4]), andthey resultin badly
formedtriangleswhich poseproblemdor interpolation/extrapolatiooperationsaswell
as being formally unadaptabléo finite elementapproacheg[13]). It is difficult to
determinea priori whenthe useof suchmeshess advisablén the contextof HR.

4.2 Visibility calculation

In traditionalHR approachesjisibility is computedy ray-castingpetweenwo patches
p andgq. A form-factordisc approximationis thenmultiplied by the fraction of rays



blockedwhichis usedasavisibility estimateThisapproximatiorinfluencesheform-
factor estimationas well asrefinementand hasrepercussionsvhich are difficult to
isolate.

Giventhe meshand backprojectionstwo importantchangesanbe incorporated
into the treatmentof the directillumination links: characterisationf links aspatrtial,
occludedor unoccludedin thespirit of [19]) canbe performedaccuratelymmediately
after the discontinuity meshingstep and the calculationof irradiancevaluesat the
verticesduringthesolutionis exact.The estimateof area-to-areform-factorscanalso
be significantlyimprovedsinceeachsampleof the kernelfunctionis calculatedwith
theexactvisible portionof thesource.

4.3 Directlllumination at Verticesfor HR

In standardHR (using a piecewiseconstantapproximation),irradianceis "pushed"
down the hierarchyto the leaf nodes([6, 14]). This irradianceis then convertedto
radiositywhich is subsequentlextrapolatedo the verticesof the leavesand”pulled”
up thehierarchyIf thebackprojectiongreavailable we cancomputeexactirradiance
valuesdueto light sourcesat all verticesvery cheaply sinceno visibility computation
is required(points are eitherin a penumbral(or umbral) meshfaceor in light). It is
thusonly naturalto skip the "push” stepfor thelight source andsimply evaluatethe
exactirradianceat the verticesof the mesh.Thesevaluesarethenaveragedresulting
in a radiosity value assignedo the leaf, andthen"pulled” in the normalmannerup
thehierarchy We notethatthis directshadingshouldonly be performedat thevertices
originally in the discontinuitymesh,or for verticeson hierarchyleaveswith alink to
the source(in the currentimplementatiorit is performedatall vertices).

This approachhasa doubleadvantagef producingvisually accurateaesults(see
Figure 5(iv) in Colour Section)while simultaneouslyproviding a highly accurate,
hierarchicalrepresentatiomf direct illumination, which will, hopefully, resultin an
overallhigherquality globalillumination simulation.

4.4 Refinementcriteria

In traditionaHR approachesBF” refinemenhasbeerusedwhichessentiallyequires
alink betweenwo surfaceslementgo berefinedif theirmutualform-factormultiplied
by thepoweronthelink is largerthanathreshold8]. The philosophyof this approach
is to reducetherespectivesizeof the element®n thetwo sidesof alink, thusreducing
visibility error sinceall interactionstendto be either occludedor visible ([19]), and
reducing“integration error’ of the areaform-factor integral sincethe kernelvaries.
Anotherapproachinvolvesa “smoothness’triterion for the kernelusedin Wavelet-
basedHR ([7]).

Whenexactvisibility is available,neitherof thesecriteriais entirely satisfactory
Sincewe cancheaplydeterminghevisible partof the sourcewe couldapplya (point-
to-area)form-factor variation criterion (this is similar is spirit to the “smoothness”
criterion). Subdivisionwill bethusbetteradaptedo the variationof irradianceon the
receiver sincethe sourcein neversubdivided.

4.5 Convergence

The issueof convegenceis rarely addressedh HR researchFollowing the original

definition and structureof the algorithm[8], we defineconvegenceasa sequencef

iterationsinvolving a Refinestepfollowed by an (optional)loop of GatherPush/Pull
operationsuntil theresultis nolongermodified.Theiterationterminatesvhenno new
links arecreated“convergence”).



One of the issueswe wish to investigateis the effect of meshingstrategyand
visibility ontherateof convegencelntuitively it seemghata goodrepresentatioof
directilluminationandaccuratevisibility computationshouldimprovetheconvegence
rate.

5 Comparisonof somestrategiesand initial experimentalresults

The new algorithmpresentedn Section3 providesan environmenthat allows a first
investigatiorof therelativeeffectof meshingandvisibility erroronimageandsolution
quality.

5.1 Experimental configurations

Fourdifferentalgorithmicconfigurationsareconsidered(i) HR, usingregularquadtree
subdivisionandray-castvisibility calculation(QT/RT), (ii) HR regularquadtreesub-
division and usingbackprojectiongQT/BP), (i) HR with full discontinuitymeshing
andray-casvwisibility (DM/RT) andfinally (iv) HR with full discontinuitymeshingand
backprojection¢§DM/BP).

Comparing(i) and(ii) quantifiesthe effect of visibility errorin form-factorcom-
putation,andtheresultingeffect on the solution.Comparing(i) and(iii) demonstrates
the importanceof the useof the discontinuitymeshas a basisfor the subdivisionin
HR. Finally, the combinedeffect of the meshandaccuratevisibility becomesvident
by comparingconfiguration(iv) to the others.

Two testenvironmentsDesk+Chait (Fig. 1) and“Books” (Figure 5in thecolour
section)with specificpointsof view havebeenchosenThescenesrelit by largelight
sourceggiving rise to large regionsof penumbrawhich favoursthe useof backpro-
jections).In addition,the “Books” scenecontainsmanyregionsof smallfine shadow
for which discontinuitymeshings advantageou§.hereare133polygons(268distinct
edges)n “Desk+Chaif and241polygons(484distinctedges)n “Books”.

A referencesolutionis computedor bothscenesusinga standardjuadtreesubdi-
videdveryfinely, andrunto convegencewith avery smalltolerancevalue.We compute
an L, erroronthepixel RGBvalues.

(2) QT/RT (b) QT/BP (c) DM/RT (d) DM/BP

Fig. 2. “Desk+Chaif images

5.2 Quality evaluationand testsuites

Foreachrunwe presenthetotal computatiortime ¢; to convegencethefinal number
of leavesat convegencel. andthe L, imageerror e after convegencefor the given
toleranceWealsoreport(whereapplicable) DM constrictiontimet ,,, ((ii)-(iv)) triangle



clusteringtime ¢ ((iii) and(iv)) andthe numberly,, of leaf elementsafterthe mixed
hierarchyconstructiorbut beforesubdivision((iii) and(iv)). All reportedtimingsare
onanSGIR4400Indigo2 at150Mhz.

Forthetwo sceneswe haveattemptedo maintainapproximateljthe samenumber
of elementsto provide a “fair” comparison.This requiresthe judicious choice of
parameter8F-e, minimum areasize and the visibility factor as definedin [8]. The
resultingimagesfor “Books” are shownin colourin Figure 5, while small versions
of “Desk+Chait are shownin Figure 2. Meshesfor “Desks+Chait are shownfor
illustrationin Fig. 4 for caseQT/BPandDM/BP. Thenumericaresultsaresummarised
in Tablel.

[ Solution [t: (S)[tam (S)te (S) lam [ Ic Te] ]t (S) [tam(S)te (S lam | I [ e]
() QT/RT |413.6 - - -139116.7 838.1 - - -187599.2
(i) QT/BP [531.3 71.4 -1365(02.8 1076.6 394.5 -181684.2

(i) DM/RT|604.9 71.4 98.5336545026.0 1332.8 394.5 95.(05929832(08.2
(iv) DM/BP|310.1] 71.4 98.5324439873.0 782.1 394.5 95.0577569693.7|

Table 1. Testresults:(left) “Desk+Chait and(right) “Books”

5.3 Resultsof Experimental Study

Thetestresultspresenteédboveareby no meangefinitive or complete The natureof
experimentalwvork is suchthatit is difficult to cometo concreteconclusiondrom a
setof giventests Nonethelessye believethattheresultspresentegrovideinteresting
insightinto the problemsrelatedto visibility andmeshingn the contextof HR.

For both scenesve seethat DM/BP providesthe most computationallyefficient
solution,despitethe overheadf meshcreationandhierarchyconstructionTheimage
quality is alwaysbetter(Fig. 2, andColourFig. 5), andnumericallyaccuracyis either
betteror onaparwith all availablealternativesin the caseof fine shadowfeaturesthe
discontinuitymeshis particularlyadvantageous.

Visibility Visibility accuracyis of predominantmportance.Solution (i) QT/BP is
numericallythe mostaccuratdor “Desk+Chaif, but DM/BP is visually superior(see
Fig. 2, 5). DM/BP is howevermore accuratenumericallyfor “Books”. The use of
backprojectiongnhancesumericalandvisualquality morethantheuseof DM alone.
Thevisualquality of QT/BP canbe very high, asis the casefor “Desk+Chaif’.

Convergenceln Fig. 3 we comparethe L; imageerror at eachiterationfor the two
scenesThe accuracyof the visibility computationappeargo directly influencecon-
vergence.Solution (i) hasthe bestbehaviourfor “Desk+Chaif, butthe DM is more
importantfor “Books”, for which the DM/BP solutionhasthe lowesterror. In thecase
whereQT/BPis numericallybetter the differenceis insignificant.

Meshing Discontinuitymeshingwithout exactvisibility resultsin visualartifacts,and
is computationallyexpensiveThis is particularly evidentfor “Desk+Chaif (Fig. 2).
Previousalgorithmsavoidedthis problemby using“final gathet' typeapproachegl2]

Nonethelessthe irregular meshesproducedadd a high overheadin the global
solution,simply by the sheamumberof leaf elementsatthe outset(Tablel) (a similar
observationwasmadeby Lischinskietal. [12]). An obviousremedyis to investigate
the useof simplificationtechniquedor meshing(e.qg.,[2, 4]), while maintainingthe
original backprojectiorinformationfor visibility computations.
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6 Conclusions

Wehavepresentedfirstapproactio investigatingsource®f errordueto visibility com-
putationandmeshingstrategiesA list of importantfactorsaffectingHR computations
was presentednddiscussedTo facilitate experimentalnvestigationwe introduceda
newhierarchicaladiosityalgorithmwhichincorporate®ackprojectiongandthusexact
visibility with respecto thesource)anddiscontinuitymeshes.

This approacthaspermittedthe comparisorof standardjuadtree-baseldR using
traditionalpoint-samplindor visibility with thecasewherevisibility is calculatedwith
backprojectionsHR discontinuitymeshwith point samplingandfinally HR disconti-
nuity meshingwith backprojections.

A numbeiof interestingobservationsveremadefrom anexperimentastudyrelating
thedifferenteffectsof the useof analyticvisibility (backprojectionsinddiscontinuity
meshedor HR light transportOverall,it wasobservedhatvisibility accuracyis much
more importantthanthe useof meshing.NonethelessDM with BPsaddsto overall
visual quality. Many moreexperimentatestsarerequiredto confirmthe observations
madehereaswell asto investigateotheraspect®f the solutionprocess.

Numerical difficulties and robustnessproblemsare inherentin all discontinuity
meshingapproachesA comprehensivaolutionto this problemis being pursuedfor
sceneof moderatecomplexity A algorithmto simplify discontinuitymeshedor the
mixedhierarchyis alsocurrentlybeinginvestigated.
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