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This thesisis dedicatedo the memoryof Dipl.—Ing. RichardStroll. He wasmy
great—uncleandhe canbesaidto have startedthe preferencef the Austrianside
of my family for becomingengineers.

After studyingelectricalengineeringn the nineteentwentiesat the Vienna
University of Technology he initially spentsometime at Siemens,but then
becameone of the mary victims of the GreatDepressiorandwas unemplyed
for several years. During the SecondWorld War, he worked for the German
aircraft compaly Heinkel, and was entrustedwith the developmentof various
aircraftcomponentsAfter thewar, hewasheldasa prisonerin the Soviet Union
undervery bad conditions;when he camebackto Austria, his own motherdid
not recognizehim at first. He never fully recoveredfrom this ordeal,andlived
from hisinvalid’'s pensiomafterwards.

| receved my first mechanicatoys asa Christmaspresentrom him whenl
wasthreeyearsold, shortlybeforehisratherearlydeathin 1973.1 alsoremember
beingfascinatedy variousdesignsandmodelsof theinventionshe madeduring
hisretirementandwhich| foundin aboxin theatticyearslater. Theseremnants,
togetherwith the family’s reminiscencef him, substantiallyinfluencedmy
childhoodplansto becomean engineemyself— which eventuallyturnedout to
bejustwhathappened.

Although it is from a field of sciencethat is beyond arything that existed
during his active working life, 1 do hopethathe would have liked this thesisfor
its technicalcontent.



Kurzfassung

Qualitatv hochwertigeBildsynthesgerfahrenhabenim AllgemeinendasProb-
lem, dafl3sie bei Anwendungauf komplexe Szenerentwederzu lange Rechen-
zeitenberbtigen, oder dal3ihr Speicherplatzbedadfu grofd wird; bei manchen
ansonstemurchausdbrauchbareMethodentretenauchbeideProblemezugleich
auf.

Die Komplexitat einer Szenedefiniert sich in diesemZusammenhangor-
malerweiseuber die Anzahl der zu ihrer Modellierung berdtigten Grundob-
jekte. Die Ressourcenanforderungderim RahmendieserArbeit betrachteten
photorealistischemildsynthesgerfahrensteigenmindestendinear mit der An-
zahl der beteiligtenObjekte,woraussich ein direkter Zusammenhangwischen
derSzenenamplexitatunddemLaufzeitverhalterderBilderzeugungsprogramme
ergibt.

Darausleitet sich als ersterAnsatzdie Forderungab, moglichstnur solche
Modellierungsmethodenu verwendengie mit verhaltnismaRigwenigenGrund-
objektenbereitsimstandesind, Szenenausreichendzu beschreiben. Konkret
geht es darum, die in der Computegraphik—Industriederzeit tibliche Darstel-
lungsweisedurch grol3e Mengenan Polygonenzu vermeiden,und effizientere
Verfahrenwie ConstructiveSolid Geometry(kurz CSG)oderregelbasiertaviod-
ellierungdurchAutomaten(wie etwa L—Systeme)yu verwenden.

Diesespeichersparendéiethodernzur Szenenbeschraibghabenallerdings
den Nachteil, dal3 sie ausverschiedeneiGrindenbislangnicht zusammermit
einer bestimmtenKlasse von hochwertigenBildsynthesgerfahren, den soge-
nannterphotontracingmethodsverwendetverdenkonnten.

Diese Verfahrenberechnereine Losungder Lichtverteilungin einer Szene
durch Nachwllziehung der Lichtausbreitungmittels stochastischeMethoden.
Das ErgebnisdieserSimulationwird dannin einemzweitenArbeitsschrittvon
einem beliebigenBlickpunkt aus dagestellt. Besondersvenn die Erzeugung
ganzemBildsequenzer beispielsweiséiir Animationen- erforderlichist, erspart
mansichdurchdieseTeilung desAblaufesin 2 Phasenyon denendie erstepro
Szenenur einmaldurchgefihrt werdenmuf3,einenwesentlicherAufwand.

Allerdingskannderansich nutzlicheUmstanddalRdie Verteilungder Licht-
enepgie in der Szenein irgendeiner~orm zwischenden beidenArbeitsschritten
zwischengespeichemwerdenmuf3, auch ein Problemdarstellen. Das ist dann
derFall, wennderartigeVerfahrenauf komplexe Szenerangavandtwerden.Bei
diesenwird der Speicherplatzbedagktremgrof3,und kannunterUmst&ndendie
VerwendungsolcherMethodeniberhauptinmdglich machen.

Im RahmendieserArbeit werdennun drei Ansatze aufgezeigt,solchepho-
tontracers dochauchfir komplexereUmgelungennutzenzu konnen.Der erste
prasentierteine Moglichkeit, durchdie direkte Verwendungvon CSG—-Modellen



die Szenenimplexitatansichim Vorfeld derBerechnungeru reduzieren.

Der zweite setztam ProblemdesSpeicherauf@ndesfir die Lichtverteilung
an, und stellt ein Verfahrenvor, dasfiur einzelnekomplexe Objekte lediglich
einelokale Naherungfirr die Beleuchtungspeichert.Dadurchwerdenzwar Ab-
weichungenvon der Ideallbsungerzeugt,aberder dadurchdrastischreduzierte
Platzbedarfkann in manchenFallen die Einbindung komplexer Objekte erst
ermoglichen.

Derdritte erweitertdasim zweitenPunktvorgeschlagen¥erfahreninsoferne,
als er die Anwendungdieser Naherungserfahrenauch auf durch Automaten
lediglich implizit gegebeneObjekteermbglicht, waseine weitereentscheidende
Reduktiondeszur Durchfuhrungvon Beleuchtungsberechnungerforderlichen
Speicherplatzesdoglich macht.

Im Anhang der Arbeit werden einige Aspekte der physikalischkorrekten
photorealistischeBildsyntheseabgehandelt.Sie stehenzwar nicht in direktem
Zusammenhangit denim Hauptteil der Arbeit prasentierterVerbesserungen,
sind aberinsofernefir den Themenbereichrelevant, als es einer der Vorteile
von photontracingalgorithmsist, derartigeEffektein die Bildberechnungemin-
bezieherzu konnen. Die entsprechendebintersuchungemurdenebenélls im
ZugederArbeit andieserDissertatiorvorgenommen.



Abstract

Whenusedon complex scenesmary high quality imagesynthesianethodsen-
counterproblems. Thesecan either be that their calculationtimes becomeun-
acceptablepr that they would requireinordinateamountsof memory Some-—
otherwiseperfectlyuseful- methodsavensuffer from bothproblemsat once.

In this contet, scenecompleity is directly relatedto the numberof geomet-
ric primitivesusedto modelthe scene.The resourceequirement®f theimage
synthesigmethodswe considerin this work arelinkedto the numberof involved
primitivesthroughan at leastlinearrelationshipwhich leadsto the obviouscon-
clusionthata reductionin the numberof primitivesneededo modela sceneis
highly desirable.

An efficientway of meetingthis goalis to usescenadescriptionrmethodswith
higherdescriptve power thanthe currentindustrystandardf polygonalmodels.
Good choicesin this areaare the approachof constructivesolid geometryand
rule—basedechiquessuchas L-systems However, thesememory—sging mod-
eling methodshave the disadwantagethat so far it hasnot beenpossibleto use
themin conjunctionwith a particular highly efficient classof globalillumination
methodspamelyphotontracingalgorithms.

Thesetechniquescalculatethe distribution of light in a scenethrough a
stochasticsimulation of light propagation. The result of thesecalculationsis
stored,and usedas a basisfor actually displayingthe scenein a secondstep.
This two—stepapproachis highly usefulandtime—saing if sequencesf images
— e.g.for animations— areto be renderedsincethe first photontracing stepis
viewpoint—independerandonly hasto be performedoncefor eachscene.

However, the useful propertyof retainingillumination information for later
usecanturn into a seriousproblemwhencomplex scenesareconsideredin that
casethe memoryrequirementcangrow to suchdimensionghat useof photon
tracingmethodsbecomedotally unfeasible.

In this thesiswe presentthree approachesvhich aim at making the use of
photontracerspossibleevenfor complex ernvironments.Thefirst techniqueaims
atreducingthe overall scenecompleity by makingthedirectuseof CSGmodels
for lightmap—baseghotontracerspossible.

Thesecondaddressethe problemof large memoryrequirementsor the stor
ageof illumination informationon complex objectsby introducinga specialtype
of approximatve lightmapwhichis capableof averagingtheindirectillumination
on entireobjects. While this introducesartifacts,the drasticreductionof needed
memorycanmake the— otherwisempossible- inclusionof complex objectsin a
photontracingsimulationfeasiblefor thefirst time.

Thethird extendsthe secondoroposalby makingit possibleto usetheseap-
proximatie datastructuresvenonimplicitly definedobjects,suchasthosespec-



ified by L—systems.

In the appendixwe cover severalaspect®f physicallycorrectpredictive ren-
dering. While they arenot directly relatedto the improvementspresentedn this
thesis,they are of interestin this context becausehe capability of performing
global illumination calculationswheretheseeffectsaretaken into consideration
is one of the advantagesf photontracingmethods.Also, the resultswhich are
presentedn theappendixwereobtainedduringthework onthe maintopic of the
thesis.

Vi
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Chapter 1

Intr oduction

1.1 Historical notes

Realisticimages

Sincethe time whenneolithic paintersfirst depictedanimalson the walls of their
caves, it hasbeenthe desireof artiststo capturethe appearancef the world
thatsurroundsusin images.While the methodsemployed by paintersmay have
changedver the centuriesthis basicgoal remainedat leastpartially valid right
up to recenttimes. Many examplescould be given to illustrate the proficiengy
attainedby artistsof previous centuries;particularly pleasanbneswould be the
extremely accurateDutch naturalistsof the 16" century or the paintersof the
Italian Renaissancayho, ascanbeseerfrom theexamplesn figuresl.landl1.2,
developedthe capturingof a sceneon carvasto a degreeof perfectionthat has
few equals.

It hasto be noted,however, that even thenthe realismof animagewasnot
necessarilya meansuntoitself: althoughstunninglyrealisticin every detail, the
main objective of paintingslike the religious scenein figure 1.2 was arguably
not to corvey animpressionof a real scenein the samesenseasa photograph
of a historical event might, but to presentthe viewer with a carefully arranged
settingthat fits the subjectat hand. Titian in particularwas a masterof using
carefully chosencolour and placemenof pictureelementsasa meango unify a
compositionthatexpressead giventopic; in a certainwider sensethe realismof
the paintingwasonly a by—producibf his generalrtisticintentions.

Beginningwith the 19" century rapidadvancesn bothtechnologyandartis-
tic expressionalteredthe world of pure art so radically that the hitherto tacitly
assumeaonnectiorbetweerrealisticimagesandartistic expressiorwasperma-
nently lost; a striking example,which at the time marked a culminationof this
developmentandwhich datesfrom the early 20" century is shovn in figure 1.3.

1



CHAPTER1. INTRODUCTION 2

Figure1.1: JanVermeer:The Geographer 1668-16690il on carvas52 x 45.5
cm, StadelscheKunstinstitutFrankfurtamMain. A primeexampleof thephoto-
graphicallyaccuratepaintingstyle employed by the Dutch masterpaintersof the
17thcentury

But althoughit wasnow escheved by the artists,andmadeobsoletein some
areasthroughnew technologiessuchas photographythe capabilityto produce
convincingly realistic syntheticimagesstill managedto grow into something
which canbe considered technicalskill in itself.

Practiceof this skill was,apartfrom the fewer andfewer artistswho still be-
lievedin truly realisticpicturesasa meanf expressinghemseles,moreor less
confinedto whatonewould nowadaysreferto asvisualizationproblems mainly
in the field of architectureand design. The degreeof realismachiezed was, in
the tradition of academigaintingfrom previous centuries confinedto whatthe
graphicartistscould infer throughobsenation of similar scenedn reality and,
what usuallywasthe morelimiting factor the effort warrantedby the projectat
hand.
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Figurel.2: Titian: Madonnawith saintsandmemberof the Pesardamily. 1519-
26; Altar-painting: oil oncarvas,478x 266 cm; Churchof SantaMariadei Frari,
Venice.

New technicaladvancesbeyond the high level of realism alreadyattained
did not occur; the craftsmanshipf thosewho were now referredto asillustra-
tors ratherthanpaintersstill restedon perspectie draving andwell—established
heuristicsfor the appearancef objectsand scenes.Predictve imagesof alto-
gethernovel settingswere rare, sincethe tools for their creationwere lacking.
And there— atleastin principle— mattersrestedfor a considerable¢ime.

As in somary otherareasof our lives,this situationwassubstantiallyaltered
by theadwentof the currentso—callednformationage,andthe widespreadwail-
ability of vastcomputingpower thatit broughtto anunsuspectingeneralpublic.
Sincecomputersareby definitioncalculatingmachinesit wasnotlong aftertheir
introductionbeforeinterestarosein usingthemto predictwith mathematicahc-
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Figure1.3: Pablo Picasso:ThreeMusicians(Musiciensaux masques)Summer
1921, 0il oncarvas,200.7x 222.9cm, The Museumof ModernArt, New York.
Artistic expressiorbeyondary realismin the corventionalsense.

curay the appearancef syntheticscenes.Unlikely contenderssthey initially
mighthave seemedelectronicbrains(asthey wereincorrectlydubbedn theearly
daysof computing)have eventuallyturnedout to be a tool thatis a highly useful
complemento carvasand easelin the handsof modernartistsandillustrators
alike.

Developmentof computer-basedimage synthesis

The necessaryheoreticabackgroundor computergenerateghhotorealistiam-
ageswasavailablelong beforeeventhe termwascoined,sincethe propertiesof
thehumanvisual systemandthe processewhich governthe propagatiorandin-
teractionof light with our surroundingsyerealreadywell understoodeforethe
first computemwvasever built.

However, this researchhad primarily aimedat understandingnd describing
theseprocesses.Due to the compleity of the problem, and the consequently
hugemathematicalvorkloadinvolved, no—onehadpreviously put muchthought
to actually usingthis knowledgeto actively calculatewhat the appearancef a
givensyntheticscenewvould beto a humanobserer.
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The comparatiely humble calculatingpower, storagefacilities and output
possibilitiesof early machinesausedcomputergraphicsinitially to evolve only
very gradually The majorinitial breakthroughsowardsrealismwerethe devel-
opmentof key methodssuchasrecursve raytracing radiositytechniquesandthe
developmentf practicableaealisticshadingnodelsithesemainly occurredn the
periodbetweenl970and1990. Concurrentlyalmostall aspect®f light transport
in naturewereresearchedjowvadayst is moreor lesssafeto claim that— atleast
in principle—theproblemof generatingrbitrarily accurateohotorealistigictures
of givensceness solved.

As with somary otherareasof researchthe obvious problemwith the above
statements, of coursethephrasé‘in principle”.

1.2 Problemdomain of this thesis

As hintedabove, thetaskof generatingcorvincing andcorrectphotorealistiam-
agesis, while understoodn theory far from beingsolved in practice. Certain
comparatrely simple, and unfortunatelyalso inherentlyinaccurate techniques,
suchashardware—acceleratecnderingandraytracing have — within their limits
— beendevelopedto high degreesof reliability. However, mostreasonablyso-
phisticatedandrealistic techniquegsuchasradiosity or pathtracing)that have
beenproposedver the pasttwo decadestill have problemsthatseverely hinder
their widespreadacceptancandusein consumeitevel products. The problems
they areproneto arevery diverse andrangefrom unpredictablend/orunaccept-
ableexecutiontimesto exorbitantmemoryrequirementsvhenusedon nontriial
scenes.

Photontracing

Oneof the morepromisingrealisticapproache#o calculatingcorvincing images
of scenesare the techniqueghat fall into the broadcateyory of photontracing

algorithms. As opposedio ray—basedmethodssuchas bidirectional path trac-

ing, andfinite elementmethodssuchasnormalradiosity photontracingattempts
to reconstructight transportin a scenethroughsamplingthe pathsof randomly
chosenand propagategimulatedlight particles. The interactionsof thesesam-
ple particleswith their environmentarerecordedn someway, andlater usedto

generateviews of the scene.

The main adwantageof this basicideais that— sinceit is in effect a physi-
cally plausiblesimulationprocess- it hasno principal restrictionswith respect
to the physicalaccurag obtainablewith it. It usually alsoleadsto viewpoint—
independenintermediatesolutionsof the illumination in a scene,from which
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multiple views of the samescenecanbe generateanuchmorequickly thanif the
underlyingsimulationhadto be performedseparatelyachtime.

Although the potentialbenefitsof suchan approachare obvious, so arealso
the drawvbacks: for single views of a scenethey have to be comparedagainst
ray—basedpproachesvhich usemuchlessmemorywhile offering similar per
formance,it is difficult to containthe computationakffort to thosepartsof the
scenavhichactuallycontributeto thefinalimage(aproblemcommonto all global
methods) the potentially very large memoryrequirementgo storethe illumina-
tion stateof the sceng(which areusuallydependenon the scenesize,andmake
thesetechniquesunfeasiblefor very detailedand/orextensve settings),andthe
convergenceproblemsassociatedavith all stochastianethods.

1.3 Purposeand outline of this thesis

Ourgoalistoimprovetheability of certaintypesof photon—basecenderingmeth-
odsto be usedon complex scenedescriptions.This is an applicationareawhich
hasbeendeniedto thesetechniquesso far, mainly dueto the large memoryre-
guirementsof the original algorithms.

Before presentingour proposedimprovements, we first give a detailed
overview of the stateof the artin this generalarea,andof how the maintypesof
photontracerswork in particular We thenoutline two enhancement® existing
techniguesand demonstrateheir viability by testingthemin variousrepresen-
tative settings. We concludethe thesisby outlining future directionsfor related
research.



Chapter 2

Stateof the Art In Rendering

In this chapterwe briefly statethe underlyingproblemof photorealisticimage
synthesisanddiscusssomeof the deterministicalgorithmspublishedso far that
attemptto solve the problem. Sincethey areof centralimportanceto our work,
the stochasti@pproacheto the problemarediscussedeparatelyn chapter3.

2.1 The Rendering Equation

In alandmarkpaperJim Kajiya publisheda formal specificationof the relation-
shipswhich governthe processf light transporton a macroscopiscale[Kaj86].
Ultimately, all techiqueghatattemptto generateealisticimagesare—in oneway
or another basedon this renderingequation which modelsthe transferof light
betweenrall thesurfacesSin ascene.

L) = Le(x.60) + [ pralx,,)Li (x, ) cosd dod (2.1)

e L(X,w) istheradiancgenepgy perunit time perunit projectedareaperunit
solid angle)leaving pointx in directionc.
e L¢(X w) istheselfemittedradianceat pointx leaving in directionw.

e Q isthesetof all directionsw’ coveringthe hemispherever pointx.

e Ppa(X, w, ) is the bidirectionalreflectancedistribution function(in short,
BRDPF describingthe reflective propertiesof the surfaceat point x. It is
definedasthe ratio of the reflectedradiancein a given outgoingdirection
overtheincomingflux densityin anotherdirection.

e Li(x, ) is the incoming radianceat point x from direction w'. It is re-
latedto the outgoingradianceat thefirst surfacepointx’ in directionw by:

7



CHAPTERZ2. STATE OF THE ART IN RENDERING 8

Li(x, ) = g(x,X) -L(X, —), whereg(x, X) is ageometrytermthatequals
1/|x—X |2 if xandx aremutuallyvisible and0 if x andx’ areoccludedrom
eachother

e cost’ where®’ is the anglebetweenw’ andthe surfacenormalat point x,
changegsheintegralto be overthe projectedsolid angle.

Therenderingequationis a Fredholmintegro—differentialequationof the second
kind. Systemf thistype cannotbesolvedanalytically soall globalillumination
renderingalgorithmshave to useapproximationgo the correctsolution.

In the following sectionwe presentseveral suitabledeterministicapproxima-
tions that have beendevelopedso far, andin the following sectiondiscusstheir
key properties.

2.2 Raytracing Methods

This large group of methodsowesits popularnameto a particularrathersimple
technique,namelyraytracing;a more appropriategeneralterm for themwould
probablybe ray—basednethods They are originally basedon an algorithmin-
troducedby Appel [App68] thattracesthe pathof imaginarylight raysfrom the
eye of the obserer backinto the scene.The point wherethis pathintersectghe
picture planegetsits colour from the closestof the intersectionpoints with the
objectsin the scene.Whitted [Whi80] extendedthis methodto reflectionandre-
fractionrays,sothatimagesof reflectve andtransparenbbjectscanberendered.
This wasthefirst recursve raytracingmethod.

In orderto calculatehediffusepropagatiorof light, distributedraytracingwas
developedby Cook[CPC84. A bettername— whichis actuallyslowly replacing
the old term — for this methodis distribution raytracing, sincethe distribution
functionsfor variouseffects are usedby a Monte Carlo integration methodto
calculatetheillumination of a surfacepointon anobject.

Pathtracing[Kaj86] is anoptimizationof distributedraytracing.In eachnode
of therecursveraytree,only themostimportantray (estimatedy its influenceon
the final pixel intensity)is recursvely followed. Togethermwith suitableadaptve
integrationmethodsthis comprisesan improvementon the original Monte Carlo
algorithmfor raytracing.

Theadwantageof all thesemethodds the exactcalculationof the non—difuse
propagatiorof light. Thereforereflectve andtransparenbbjectsand so—called
highlights, the reflectionsof light sourceson surfaces,can be easily rendered.
The calculationof the diffuse propagatiorof light is a theoreticalpossibility, but
its prohibitive costin termsof computationtime limits the applicationof these
methods.
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For this reasona numberof approximationsave beenintroducedthattry to
speedupthecalculationof globalilluminationwith raytracing.ln amethodbased
on pathtracing,developedby Wardetal. WRCB88], the calculationof the diffuse
componentof the tracedray is not donefor eachray. Calculatedillumination
valuesarestoredattheobjectsurfacesandre—usedor raysthatintersecthesame
surfacein thevicinity. Thedecisionif afreshcalculationof thediffusecomponent
hasto be doneis madeby usingananalysisof theresultingerror.

Recentmethods]ik e bidirectionalpathtracing[LW93a] try to combineray-
tracing, which could also be called badkward raytracing,sincethe raysare fol-
lowed from the eye backwardsto their origin, with forward raytracing. By
optimally combiningthe information gainedby forward and backward raytrac-
ing [V G94a][V G95 additionalperformancencreasesanbeachiesed;aparticu-
larly promisingexampleof thisis Metropolislight transportwhich wasproposed
by Veach[V G97].

Also, Suykensetal. [SW99a]investigatedheuseof bidirectionalpathtracing
in the context of multipassmethodsandalsothe correctweightingof thevarious
stagesf multipassrendering SW99b].

2.3 Deterministic Radiosity Methods

Theclassidechniquesubsumednderthegeneridabel“radiosity methods’sim-
plify theglobalillumination problemby dealingonly with its diffuse—or Lamber
tian — part. Underthis assumptiorthe radiosity B(x) is the directionindependent
radianceat a surfacepoint x. The bidirectionalreflectancealistribution function
Ppd(X, w, ) in this casereducedo thediffusereflectionfactorp(x) atpointx and
canbepulledout of theintegralin equation(2.1):

B(x) = E(x)+p(x)-/QB(x’)-g(x,x’)-cose’doo (2.2)

e B(x) denotegheradiosityandE(x) the emission,both at pointx. E(X) is
obviously only greaterthanO for light sources.

e X denoteghefirst pointvisible from pointx in directionc.

The key propertyof this simplificationis thatit makesthe precomputatiorof a
viewpoint—independerdolutionto the light transporfproblempossible.

The computationof sucha solutionto the integral (2.2) is greatlyfacilitated
if thesceneof interestis not describedn termsof continuoussurfaces put rather
asa setof polygons(or other simple primitives) that are called patchesin this
context. Thesepatchesarein effect a discretizationof the scene.If onefurther



CHAPTERZ2. STATE OF THE ART IN RENDERING 10

Figure2.1: The pathto the Cornellbox. Theimagesrangefrom Cindy Goral’s
first plain radiositybox, to the final imagesfrom that particularprogram,which
one could comparedalongsidethe real objectswithout noticing ary difference.
Imageby the CornellProgramof ComputerGraphics.

assumesonstantadiosityB; overtheentiresurfaceof a patchP, theformulafor
theradiosityof a patchturnsinto:

n
Bi=Ei+pi-ZF|j-Bj (2.3)
=1

e p;j denoteghereflectionfactorof patchP.

e Fij is theform factor of patchP; with respecto patchP,. This form factor
is the cosine-weightedhtegral of the geometrytermg(x,x’) for all x onthe
patchP, andall X' onpatchP;. It indicateghepercentagef the“sky” above
patchR thatis coveredby patchPj; thevalueof Fj is O if patchP; is totally
occludedrom theviewpointof patchP. Thesumof all Fj is 1 for patches
in closedscenes.

Bringing equation(2.3)into theform
n
Bi—pi- > Fj-Bj=E (2.4)
j=L1#
leadsus to a systemof equations(2.5) that can be solved for the B; if the Fj
areknown. The F; are alwaysO0, sincea patchdoesnot contrikute to its own
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illumination. Also, the E; areonly # 0 if the patchin questionis alight source.

1 —p1F12 -+ —p1Fn B1 E1
—p?F21 1 _p?FZn B> _ E.z (2.5)
—PnFn1 —pPnFn2 - 1 Bn En

Sincey Fj < 1andp; < 1,thematrixin equation(2.5)is diagonallydominantand
it canbe proventhatiterationmethoddik e the Gauss-Seidabr Jacobiiterations
converge to the true solution of the system. Theseiteration methodscorverge
quickly for theradiosityequationsystemandarenumericallystable.Onestepof
theiteration

n
=1

correspondso updatingthe currentestimatef all radiositiesB; by “gathering”
theradiositiesof all otherpatched;.

The implementationof this basicapproachrequiresthat one solves several
intermediatgroblemswhich we briefly discusan thefollowing subsections.

2.3.1 Form Factor Calculation

In orderto beableto solvetheequatiorsystem(2.5)onehasto determingheform
factors Fj. Thesefactorsencodeheinfluenceof the patches andj oneachother
asa singlecoeficient, andarea geometricaljllumination—independentroperty
of thescenegeometry

If oneassumegpatchP; to have areaA; the projectionof P; to the unit hemi-
sphereabove patchP, hasareaA'j (seefigure 2.3). If the projectionareais small
onecanassumeat to beidenticalto the projectionareaon the appropriatéangen-
tial planeto the unit hemispherethis assumptiormakes mathematicatreatment
easier With angle; oneobtainsthe expression

A= 2.7)

wherer is thedistancebetweerpatches? andP;. Theinfluenceof a patchis pro-
portionalto the cosineof theincidenceangle(Lambertiarreflection);the steeper
the highertheinfluence.This indicatesthatthe areaof A'j projectedto the hemi-
spherebases theform factor;sincethis basehasareartwe get

A'j . cOsH;

Py on =Fi= 28)
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Figure2.2: Projectionof a patch

Figure2.3: Participantsn hemispherdorm factorcalculation

which leadsto
_ Aj-coshj - cosh

r2m
asthe expressionfor form factorinfluence; note that this doesnot take mutual
occlusionbetweenpatchesinto account. Also, it is very costly becauseof the
necessarygalculationof 2 cosinesandseveralmultiplications.

Fij

(2.9)

2.3.2 HemicubeMethods

To addresghe problemsone haswith the determinatiorof “genuine” form fac-
tors, namelytheir high computationatostandthe difficult integrationof mutual
visibility information, an approximatve methodwas developedby Cohenet al.

[CG8Y|; oneplacesa unit hemicubeover the patchin question.The surrounding
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scends projectedontoa z-kuffer onthe surfacesof this hemicubgseefigure 2.4);
eachpixel keepgrackof the nearespatchthatis visible in its line of sight.

F)j

— A

/
W /

Figure2.4: Hemicube

To computea form factorFj; oneonly hasto sumup all P; pixels, weighted
with the pixel form factor, after projectingpatchP; ontothe hemicube Sinceone
can precomputehesepixel form factorsfor eachsize of hemicubeusedin the
scenghereis little runtimepenaltyto this.

The biggestproblemwith this approachis thatit is virtually impossibleto
completelyeliminatethe aliasingartifactsthat are causedoy the comparatiely
coarseand scene—insensite resolutionof the hemicubepixel mesh. However,
refinedversionsof the methodlik e e.g.non—uniformmeshingof the hemicuban
orderto take differentpixel weightsinto accountcanbe highly efficient.

2.3.3 Progressve Refinement

The basicmethodpresentedat the beginning of the sectionhad a patchgather
theinfluenceof its surroundinggluringtheiterative solutionof the equationsys-
tem associatedvith the scene.If onelets a patchshootits contribution into the
scenenstead theresultis aniterationprocesghatyieldsintermediatesolutions
of increasingaccurag. Theideaof progressie refinementwasfirst published
by Cohenin [CCWGS88]. The shootingapproachets the light sourcesactively
distributetheir light into thescene Dueto thereciprocity theoem

Ai-Fj=Aj-Fj (2.10)
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o
PNy

Figure2.5: Gatheringversusshooting

the shootinginfluenceof patchP on patchP; is givenby
A

Bji =pj-Bi-Fji=pj-Bi-Fj (2.11)
i
Onestepof theiterationthereforeis
Bj = Bj + B;j; (2.12)

for all j. For a performancecomparisorof gatheringand shootingmethodssee
table2.1. In this tablen is the numberof polygonsin the sceneand(for shoot-
ing only) s is the numberof necessaryteration steps. Obviously shootingis
fasterthangatheringf thenumberof iterationstepds smallerthanthe numberof
patchesThisis very probablefor normalradiosityscenes.

To speedupthecornvergenceandtheappearancef intermediatesolutionsone
canuseseveralenhancementswo of which are:

e For eachiterationstepthe brightestpatch(i.e. the onewith the highestun-
shotradiosity)is selectedcasthe shootef sinceits potentialinfluenceon the
scends greatest.

e The unmodifiedalgorithm leadsto mary polygonsstill beingcompletely
dark during the first passesf the algorithm. This can be overcomeby
initializing all polygonswith a defaultillumination thatis successiely de-
creasedhsthe calculationproceedganideaakinto theambientfactor men-
tionedearlier). Theeffectis thatpreviews of the scenealreadylook plausi-
ble muchearlierduringthe simulationprocess.

2.3.4 Ray Traced Form Factors

Oneproblemwhich we have not addressedofar is thatthe extrapolationof the
computedbverall patchilluminationinto the patchverticeswhichis necessarfor
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| | Gathering | Shooting |
Compleity of Fj calculation o(n?) O(n-9)
Memoryfor F; n® n-s
Compleity of iterationstep | O(n®) (fewer steps) | O(n) (moresteps)

Table2.1: Comparisorof plain gatheringandshootingtechniquesvith n patches
each,andsiterationstepsfor shooting.

Gouraudshadingof theresult,tendsto introducea considerablerror. Onepossi-
ble solutionis to shootthe enegy availableto all otherpatchvertices andto use
raytracingto determinghecorrectvisibility (seefigure2.6for anillustration). To
lesseraliasing,onecanchoosethe shootingpoint on surfaceof P stochastically
for eachray.

P;

P; [/

Figure2.6: Shootingradiosityto patchverticeswith patchocclusion

For this to work oneneedspatch—to—pointorm factors. Whenwe discussed
patch—to—patctshooting,we found equation(2.12) for one iteration step with
equation(2.11)for theinfluencethatpatchP hason patchP;. This actuallyis the
influenceof patchP with respecto the point at the centerof patchp;.

A goodapproximatiorof Fj; for smallpatchess

A
Fji ~ y cosB; - cosh; - §jj (2.13)

Ai+
gij is 1if B andP; have “visual contact”,0 if they areoccludedfrom eachother
Sincethe formula in equation(2.13) turns out to be too inaccuratefor larger
patches,one resortsto splitting thosepatchesinto m smaller pieces,which in

turnleadsto
m A
Fji ~ Z 1 —— -c0sH; - cosDj - & (2.14)

&1 +rem
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asanapproximatexpressiorfor theform factor Theway a patchis splitis up to
theuser;evenirregularmeshesrepossible.

2.3.5 Substructuring

Sincethe illumination of an objectcantake ary concevableform, a fixed sub-
division of its surfacesinto patchesunnecessarilgonstrainghe accurag of the
solution. But fixed subdvisionsareall oneis likely to getfrom a meshgenerator
preprocessingtepthatknows nothingabouttheradiositydistributionin ascene.

A way to copewith this could be to generatea very densemeshof all the
surfacesin a scenein the hopethat the increasedaccurag would make further
measuresinnecessaryThis would be wastefulin a numberof ways; the worst
effect is that, sincethe compleity of all radiosity calculationss at leastO(n?),
every additionalpatchcostsdearlyin termsof performance Also, mostof them
areusuallyuselessnsofar asthey contritute little or nothingto the accurag of
thesolution.

element

Figure2.7: Elementform factors

A moresensibleapproachs to retainlarge patchesbut to split theseinto sub-
surfacescalledelementgseefigure 2.8). Thedifferencefrom the “more patches”
approacHiesin thefactthatonesolvestheradiositysystemfor the patchesonly;
theelementsareusedasa betterrepresentatioof theillumination onthe patch.

Initially onecomputegheform factorsFg; for all element®f apatch;qis the
index of the elementin question.For a patchP, with k elementdhe overall form
factorFj is computecaccordingto

Fj= A > Fij-Aq (2.15)

A corventionalradiositycomputatiorthatuseselementgproceedsasfollows:

1. Calculationof the elementform factorskg;
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Figure2.8: Substructuringf anobjectsurface

2. Calculationof the patchform factorsk;

3. Solving of equationsystem(2.5), in otherwords obtainingthe B; on the

basisof the Fjj

4. Calculationof the elementradiositiesaccordingto

1 n
Bij =E+piy > FigjB, (2.16)
A&

2.3.6 Hierarchical Radiosity

This approach proposedby Hanrahanret al. [HSA91], aims at simplifying the
determinatiorof patch—to—patcform factorsandis relatedto (anduses)he sub-
structuringtechniguepresentedn the previous section. It relieson the factthat,
aswith the n—bodyproblemin physics,it doesnot make sensefor radiositycal-
culationsto resohe all interdependencidsetweenpatchesndividually andwith

the highestpossibleaccurag. A sizeableproportionof theseform factorsis, to

all intentsand purposesrrelevant, dueto both the accurag limits of machine

arithmeticandalsodiminutive size.
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At the heartof the algorithmis a hierarchyof subdvided patches. At the
beginning one startswith patchegreferredto as node$ that are comparatrely
large in size, for examplewhole walls and desktops;they are usually already
subdvidedto someshallov depth.

As thealgorithmdeterminesheinterrelationswith therestof theenvironment
for eachpatchby pairwisecomparisorwith eachof theotherpatchesit considers
the error that would be madeby usingthemat their currentmeshingdepthand,
if necessarysplitsthemfurther Oneway of estimatingthis erroris to compare
the form factorsbetweenthe patchesijf it is larger thana certainthreshold,one
shouldprobablyratherusea finer subdvision to accommodateary variationsin
the illumination function. If the link oracle decidesthat one or both nodesin
guestionshouldbe split, the oracleis recursvely calledfor eachcombinationof
the resultingsubnodes.If the two nodesare usablein their presentform they
arelinkedtogether A link represents unidirectionalrelationshipbetweerpatch
elements.

After the form factorshave beendeterminedhis way, a normaltwo-stepra-
diosity solvingalgorithmis appliedto the matrix obtained.HR techniquesepre-
sentthe currentstateof theartfor this kind of solutionprocess.

2.3.7 Galerkin Radiosity

Galerkin radiosity was first proposedin [Zat93. It usesthe Galerkinintegral
equationtechniqgueasa mathematicaloundation;the mainimprovementoverthe
previoustechniquess thatthe surfaceillumination functionsareapproximatedy
polynomials,andnot assumedo be constant.

For a discussiorof this techniqueit is corvenientto formulatethe radiosity
equationin parametridorm, with (s,t) and(u,v) asthe surfaceparametersf P,
andPj, respectiely:

Bi(st) =Ei(s)+ 5 / / Kij(st,uv) - Bj (U,v) dvdu (2.17)
J

In thisequationall thecompleity of surfaceinteraction- thereflectioncoeficient
pi(s,t), theform factor(includingvisibility) Fapda, (S,t, U, v) andtheareaA;(u,v)
- is abstractednto a singlekernelfunctionKjj(s,t, u,v):

Kij(st,u,v) = pi(st) - Faada, (St,u,v) - Aj(u,v) (2.18)

The areafunction Aj(u,v) can be expandedin termsof the surface geometry

Xj(u,v):

o%; (u,v) « 0x%; (u,v)
ou ov

Aj(uv) = H (2.19)
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We now definethe inner product( f|g)w of two functionsf(s;t) andg(s,t) with
respecto somesuitableweightingfunctionW(s,t) as

1

1
(flghw = //f st)-W(s t) dsdt (2.20)
—-1-

1

for parameteri theinterval [—1, 1]. Galerkinradiosityapproximatesheradios-
ity function Bj(s,t) by a weightedsum of orthonormalbasisfunctionsNg(s,t).
Orthonormalin this context meanghattheinnerproductof afunction Ny with it-
selfis always1, andthattheinnerproductof two distinctbasisfunctionsis always
0.

In his work Zatz usedbasisfunctionsdefinedby the productof two one-
dimensionalegendreor Jacobipolynomialsin differentvariables.

Now we canapproximatethe radiosity function of a surfacei usinga setof
orthonormabasisfunctionsNy andanassociateaveightingfunctionW:

Bj(st) ~ ZB'J-‘- Ni(s, t) (2.21)

wherethecoeficientsB}‘ aregivenby theinnerproduct
BY = (Bi|Now (2.22)

The Galerkinmethoddetermineghe optimal approximatiomoeficientsB}‘ for a
setof orthonormalbasisfunctionswith respecto the exact parametricadiosity
equation(2.17)andthe Galerkinerrormetric.

The Bj(s,t) termin equation(2.17) can be expandedin termsof the basis
N (u,v) by usingequation(2.21):

Bi(s,t) =Ei(s,t) + ZZ [B'j / Kij(s,t,u,Vv)-Ni(u,v) dudv] (2.23)
]

Sincethe coeficients B'j donotdependon u andv they canbe movedoutsidethe
integral. Next we calculatetheinnerproductof bothsideswith Ni(s,t). By using
bilinearity andequation(2.22)ve canthenwrite

Ek—i-zz [B' <// Kij(st,u,v) N|(u,v)dudv‘Nk(s,t)>] (2.24)

The inner product dependson known information only: the kernel function
Kij(s,t,u,Vv) is determinedoby the ervironment, Ng(s,t) and N, (u,v) arethe ba-
sisfunctionsof choice.The actualevaluationof theinner productturnsoutto be
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rathercomple, sincefour integrals (two of the explicit, two from the definition
of theinner product)have to be solved. This makesit an obvious candidatefor
numericalmethodsg.g. Monte Carlointegrationor specialquadratureulesthat
areparticularlywell suitedto the basisfunctionsused[Ger95]. Theinnerproduct
KK in equation(2.24)is referredto asthe kernelmatrix

KK = <// Kij (s,t,u,V) - N|(u,v)dudv‘Nk(s,t)> (2.25)

With this notationtheradiositycoeficientsB}‘ canbeobtainedrom thefollowing
setof equations:
BY=Ef+Y Z B -K¥ (2.26)
]

The kernelmatrix putsradiosityfunctionson differentsurfacesnto relation. Ki"j' :
Bk andEK correspondo theform factormatrix, the radiositiesandthe emittance
valuesin “classical”radiosity

Sincethe surfaceindicesi, j andthe functionindicesk,l areindependenof
one anothey equation(2.26) is a two-dimensionaimatrix equationjust like the
cornventionalradiosityequation(2.3). For the sale of concisenesandclarity the
indicesi and j canbereplacedoy new indicesp=k-n+i andg=1-n+ j where
n denoteghenumberof surfacesn thescene Equation(2.26)canthenbewritten
as

q

This setof equationsanbe solvedwith any standardechniqudor large systems
of linearequations.

In the paperwherehe first proposedGalerkinradiosity Zatz investigateda-
sis functionsbasedon Legendreand Jacobipolynomials. The first are easierto
compute,but thereis a problemwith edgesingularitiesnearthe commonedge
of mutually visible, adjacentsurfaces. Therethe form factorFgpqa; approaches
infinity asa pole of ordertwo becausehe distancebetweendA; anddA; in the
denominatogoestowardszero.

Thereare,however, a numberof problemswith this approach.Thefirst and
major problemof the Galerkin methodis that the complexity of calculatingthe
kernel matrix (with its coeficientsKK) goesup with O(k?) if k is the order of
the polynomialswhich areusedto representheradiosityfunction. In additionto
that,higherorderpolynomialstendto exhibit anartifactcalled“ringing” whichis
known from imageprocessinghardbordersbetweerilluminatedandnonillumi-
natedareason the samepatchwill produceghostbordersn thevicinity.
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2.3.8 Deterministic Radiosity Methodsin Practice
Robustness

Dueto thefactthatdeterministicradiositymethodsareby far the oldestexisting
techniquedor solvingthe globalillumination problem,andbecaus®f their usu-
ally comparatrely simple algorithms,their behaiour hasbeenstudiedin great
detail andis very well understood.The resultingrobustnessand — within their
limits — dependabilityhasled to their adoptionasan enhancemenn numerous
commercialsoftware packagesand— apartfrom the Radiancesystemby Greg
Ward-virtually all globalillumination softwarein productionusenowadaysuses
somevariantof theaborementionedpproaches.

Realism

Whenthe visual quality of their resultsis consideredall thetechiquegpresented
in the previous sectionsuffer from the samemain dravback, namelythe initial
assumptiorthat all contributions exceptthe perfectly diffuse term are ignored.
Sceneawhich truly exhibit suchcharactersticarerarein practice;this relegates
radiositymethoddo thoseareasvhereapproximatve solutionsof diffuseversions
of ascenareacceptablsubstitutesin suchareaghey performwell, andarequite
widely used.

A typical exampleof this would be architecturalighting simulationsoftware,
whichis usuallynotconcernedvith thegeneratiorof truly photorealistiamages,
but with the deliveringof anillumination estimationthat— within certainthresh-
olds—canbeconsideredo bereliable.

However, if onewantsto includearbitrarysurfacecharacteristicsransparent
or speculaobjectsandeffectslik e dispersioror polarizationin animage,onehas
to look elsavherefor globalillumination techniqueghat permittheiraccomoda-
tion.

Complexity

Using ary of the of the abovementionedmethodson highly complex sceness
usually problematic,but manageable.A substantiaihumberof techniqueshas
beenpublishedfor improving the characteristicof radiosity methodsfor such
scenes.

Rushmeieetal. [RPV93 suggestetheuseof geometricsimplification(GSII)
in orderto reducecomputatiortime for form—factorbasedadiosity They elimi-
natesmall,isolatedpatchesandreplaceclustersof objectswith simple,optically
equialentboxes,which areusedfor theradiositycalculations.Theirapproachs
an extensionof a progressie multi-passrenderingmethodproposediy Chenet
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Figure 2.9: This famousscene,which at the time it was createdwas the most
comple radiositysolutionobtainedup to then,is intendedasan exampleof how
convincing a “conventional” radiosityimagecanlook if the settingis right. The
factthatno illumination exceptthatbetweemnperfectlydiffusesurfacesanddirect
contributions from lightsourcesare representedis definitely not the first thing
that one noticesaboutthis scene. Imageby the Cornell Programof Computer
Graphics.

al.[CRMT91]. Theauthorgdevelopatheoreticabasisin orderto determinavhen
theuseof GSIll is appropriaten ascene.

2.4 Combined Methods

Standardaytracingandradiositymethodshave complementargtrongandweak
points,andthereforeanumberof combinednethodave beendevelopedn order
to renderimageswith global diffuseillumination andexactreflectionandtrans-
pareng calculations.In a numberof casesghesemethodsusetechniquedrom
bothraytracingandradiositymethodsandthereforethey cannotbe easilysaidto
be eitherof thetwo.

A lot of thesealgorithmsusea two phasestratey: in the first phasethe dif-
fuseinterreflections calculatedandin the secondhasearaytracingalgorithmis
usedto renderthe effectsarisingfrom non—difusereflection. Thusthesemethods
sacrificethe viewpoint—independergolutionfor a morerealisticimagefrom the
choserviewpoint.



CHAPTERZ2. STATE OF THE ART IN RENDERING 23

An extensionof theradiosityalgorithmhasbeenproposedy Immel [ICG86].
The non—difuse light propagationis calculatedwith a rasterizedcube derived
from the hemicubethatis placedaroundthe centerof gravity of eachpolygon.
Eachcell onthesurfaceof this cubeholdsenegy valuesof incomingandoutgoing
light. The outgoinglight enegy is calculatedusing the bidirectionalreflection
function of the polygon. The secondphaseconsistsof gatheringthe valuesfor
outgoingenenpy for all thosedirectionsthatpointto theviewpoint.

A two passmethodbasedon a similar radiosity algorithm which allows
the propagationof diffuse light via perfect mirrors was introducedby Wal-
lace WCG87]. The secondpass,a methodderived from raytracingusesa z-
buffer to integratethe areaaroundthereflectionray or refractionray. This allows
renderingof highlightsarisingfrom arealight sources.

An improved calculationof the form factorswasproposedy Sillion [SP89]:
he usesraytracingandcircumwentsthe aliasing—problemsf the hemicube.This
methodis alsolimited to planarpolygons.

Heckbert{Hec904 usesa two passmethodthat usesa forward ray tracerto
calculatediffuseillumination valuesin the first phaseand storethemin a data
structurederived from texture mapping.A texture coordinatesystemis assigned
to eachsurfaceof eachobjectanda quadtrean this coordinatesystemis usedto
storeillumination values.Anotherquadtreas usedto assigndifferentweightsto
illumination rays,in orderto adaptvely refinethedistribution of light enegy.

Someof thesecombinedmethodanake it possibleto rendereffectslik e caus-
tics: multiple indirectillumination of someobjectsby otherreflectingor trans-
parentobjects(e.g.thelight patternat the shadev sideof anilluminateddrinking
glass). A numberof thesemethodscompletelyseparatehe calculationof ideal
diffuseillumination andexactly reflectedandtransmittedight. Generareflection
functions,which would allow intermediatekinds of light propagationare often
ignored.

Duringthelastfew yearsit hasbecomestandargracticein theradiositycom-
munity to usea raytracingbaclendfor the final imagegeneration.A lot of the
newer radiosity methodscould thereforealso be called combinedmethods,but
in mostof thesemethodghe final raytracingstepjust obtainsthe previously cal-
culatedvaluesfor diffuse illumination and usestheseinsteadof shootingrays
towardseachlight source.



Chapter 3

StochasticGlobal lllumination
Methods

Therearea numberof methodsandalgorithmswhichtogethercomprisethe basis
of therenderingalgorithmsdiscussedh thiswork, andwhichwe eventuallyaimto

applyto morecomplex sceneshanwashithertopossible.Theaim of this chapter
is to provide thereademith abrief overview of theseechniquesndrelatedareas.

3.1 Motivation

As can be inferred from section 2.1, the generationof truly realistic images
amountsto the solving of the complex integro—differentialequationgiventhere.
Attemptsto solve it analyticallyareboundto fail, at first glancemainly because
theequatiorexpandsanto aninfinite cascadeywhichin theorytransformgheprob-
lem into the solution of an equationwith infinite dimensionality The physical
counterparto this mathematicaformalismis the propagatiorof light in a scene
via — potentiallyinifinitely mary —interreflectionandbouncesgachpropagation
stepcorrespond$o arecursionlevel in thecascade.

In practice thefactthatlight is notinterreflectednfinitely mary timesreduces
the problemto an integral of finite dimensionality However, the dimensionof
this integral still remainsextremelyhigh evenfor simplenontriial scenesThis,
togetherwith the usually very complec structureof the integrand, still renders
analyticaltreatmenbf the problemmoreor lesspointless.

3.2 Monte Carlo Integration

As it turnsout, deterministicnumericintegrationtechniques- suchasthe finite
elementapproactusedfor corventionalradiosity— canonly yield crudelyapprox-

24
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imative solutionsto sucha problem.

An inherently more elegant approachare stochasticintegration methods,
which arealsoreferredto asMonte Carlo methods.They areproventechniques
for solving of high—dimensionaintegrals,andactuallypredatethe wholefield of
computegraphics Early applicationdor whichtheseapproachewereusedwere
neutrontransporfproblemgSG69 andthermalheattransfef{SH81].

Sincetheirfirst practicaluseoriginatedin therathersecretve nuclearphysics
researclttommunitiesduringthecold war era,researcherom bothsuperpaers
of thetime independentlydevelopedvery similar techniquesDueto thefactthat
asizeableamountof theresearchhatwasperformedor theseprogrammess still
classifiedthe exacthistory of their developmentis not yet quite clear Also, the
intriguing possibilitythatsubstantiaimprovementsonknown algorithmsstill wait
to bedeclassifieds notentirelyto bediscountedalthoughit is ratherimprobable.

The renderingtechniquesvhich dependon thesestochasticapproachesan
be broadly divided into two main groups,namelythosewhich are usedto gen-
eratesingle imagesfrom a particular viewpoint and thosewhich — similar to
conventionalradiosity computations- yield viewpoint—-independergolutionsof
theilluminationin ascene.

Themainadwantagesnddravbacksof thesetwo typesof approactaresome-
whatcomplementarysopracticalimplementationsometimesrehybrid methods
which attemptto take the bestfrom bothworlds.

3.3 Viewpoint DependentRendering Techniques

Sincethey do not have to rely on ary additionaldatastructuresapartfrom the
scenedescription,andthey do notimposeary restrictionson the natureof light
propagatiorandthe objectsinvolved, theseare generallythe mostflexible, and
potentiallythe mostpowerful renderingmethodsknown.

However, while considerableadwanceshare beenmadein this areathe main
dravbacksof this group are very high computationakost(to the extent of ren-
deringthemimpracticabldor this solereason)andthe possibilityof prominently
visible varianceartifactsin theimages.Also, every imagehassimilarly highren-
deringcost,sothesetechniguesrenot well suitedfor animationpurposes.

Althoughthis familiy of techniquess notthefocusof thisthesiswe will give
abrief overview over someimportantrepresentaieshere.

3.3.1 Distribution Raytracing

A naiefirst approacho stochasticenderingasproposedy Cooketal. [CPC9§
castsraysinto the scenein exactly the sameway asnormalraytracing;the key
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extensionis that at eachsurfaceintersection the ray is propagatediccordingto
the probability distribution of the surfaceBRDF at thatpoint. Also, somekind of
stochasti@realightsourcesamplingis usuallyemployed.

While this versionof raytracingsill lacksglobalillumination, it is alreadyca-
pableof renderingsoft shadavs andarbitrary surfacecharacteristicslt canalso
very easilyaccommodateffectssuchasdepthof field andmotionblur. Render
ing timesare generallyhigh, andthe obtainedsolution canstill exhibit variance
problems.

3.3.2 Path Tracing

In the samepaperin which he formulatedthe renderingequation[Kaj86], Kajiya
alsousedwhatwaslatertermeda pathtracerto computehis results.

The basicideabehindthis techniqueis to castraysinto the sceneaccord-
ing to the probability distribution of theinvolved surfacesin a fashionsimilar to
distribution raytracing. The key differenceis that, insteadof normal light and
shadav ray calculationsa givenpathis terminatedafterarandomnumberof sur
faceinteractions,and one attemptsto connectthe last point in the pathdirectly
to a lightsource. The outcomeof this operationcontributesto the pixel in ques-
tion; typically, dozensof suchrays are castfor eachpixel in orderto gathera
useablesstimateof the pixel colour. In this way globalillumination information
is gatheredandall concevabletypesof surfacesandobjectscanberendered.

However, thereare problemsmainly with respecto performancewhile this
methodis unbiasedindeventuallycorvergesto thecorrectsolution,it is alsovery
inefficient, sincemostof the pathswhich are castinto the scenecontrikbute only
very little to thefinal image.Typicalreasongor this canbeif thefinal connection
to thelightsourceis blocked, or the pathinvolvessequencesf surfaceswith low
reflectiity.

Sincethe most expensve operationin ary ray—basedendereris the actual
castingandtracingof rays, very long renderingtimesandvisible noiseartifacts
which arevery hardto remove, aretypical hallmarksof nave pathtracers.

3.3.3 Bidir ectional Path Tracing

A first substantiaimprovementover basic path tracing was bidirectional path
tracing, which wasindependentlydevelopedby Lafortuneand Willems [LW94]
[LW93b]andVeachandGuibas[V G95 [V G944.

Simply put, oneof theworstproblemswith nave pathtracerss thatfor non-
trivial geometricaketupswith alargenumberof occludergespeciallyobjectsnear
or aroundthe lightsourcesg.g.lampshades)t is comparatiely hardto acquire
pathswhich contrikbute significantlyto the pixel estimatevhenall oneis doingis
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to castrayswhich startatthe eyepoint. As mentionedoefore,for eachusefulpath
alargenumberof pathswith blockedlight connectiorarecastin sucha case.

This behaiour canbe significantlyimprovedif the raycastingschemes al-
teredto tracetwo stochasticallydistributed rays into the scene,one startingat
the eyepoint(asin a normal pathtracer),andthe secondone startingat one of
thelightsourcesAt eachintersectionthelightsourcecontritutionsareevaluated.
Thefinal connectiorstepis thenmadebetweerthe endpointof thesetwo paths;
in mosttypical sceneshis greatlyincreaseshe chanceof obtaininga usefulpath.

While this approactdoesnot limit the generalityof the pathtracingconcept,
andsignificantlyreducesenderingimes,bidirectionalpathtracersstill needvery
long renderingtimes,andarealsostill proneto problemsconcerningvisible vari-
anceartifacts.

3.3.4 MetropolisLight Transport

With the introductionof Metropolis light transport[V G97], Veachand Guibas
proposeda highly sophisticatedrariantof pathtracingwhich for certainscenes
offerslarge performanceyainsover normalbidirectionalpathtracing.

Sinceraycastingoperationsarethe mostcomputationallyexpensve partof a
renderingsystemary reductionin thenumberof tracedpathsis a desirablegoal.
More specifically evenwith a bidirectionalpathtracerit is still highly desirable
to further reducethe numberof thosepathswhich do not contrikute to the final
image.

The key ideaof Metropolislight transportis to re—useexisting pathswhich
have alreadyprovento be valid connections.This hasto be donein sucha way
thatthe simulationis still unbiasedwhichis basicallyachiezed by applyingper-
mutationsin path space(alsoreferredto asmutation$ to existing paths. Collo-
quially speakinghis canbe describedastrying to getthe mostout of a paththat
hasalreadyprovento be useful,which is doneby changingit “a little bit” — as
muchasonecangetaway with without breakingthe simulationprocess.

Theartbehinddoingthisin practices thatarny deterministiachoiceof mutated
pathswould introducea biasinto the Monte Carloprocesssothe actualmutation
stratgieshave to be choservery carefully.

Thebasicstratgy arebidirectionalmutations which areresponsibléor mak-
ing largechangego thepath.A givenpathsegmentcanbereplacedy anentirely
differentsubpath;amongsitherthingsthis canalsoalter the lengthof the path.
Perturbations the actof changingthe directionof a pathby smallamountsare
very usefulfor the renderingof caustics. The final examplewhich is given by
VeachandGuibasarelenssubpathmutations which sene to stratify the samples
overtheimageplane;hereonly thelenssubpathof a givenpathis altered.



CHAPTER3. STOCHASTICGLOBAL ILLUMIN ATION METHODS 28

Recently investigationdoy Szirmay—Kaloset al. [SKDP99] have shedmore
light onthegenerapropertieof MLT. Thefactthatonehaslet thesimulationpro-
cesgunfor sometime beforeit has“settleddown” enoughfor mutationstrategies
to be applicableintroducesa start—upbias that can adwerselyaffect the perfor
mancefor sometypesof scenes.

3.4 Viewpoint IndependentRendering Techniques

Techniquedrom this secondgroup are generallycapableof generatingimage
sequencesf a given scene- e.g.for animations— with comparatiely little ad-
ditional effort, but alwaysinclude a — potentially very time—consuming- initial
processingstep,and also have considerableadditionalstoragerequirementde-
yond the spaceneededor the basicscenedescription. Due to the fact that the
obtainedillumination solution hasto be storedin someform, theseapproaches
arealsoproneto ary artifactswhich this storaggprocessmplies.

Sincewe proposeo extendpreciselysuchmethodgor operationon complex
scenesn the remainderof this thesis,we describethemin more detail thanthe
techniquegrom thefirst group.

3.4.1 BasicMonte Carlo Radiosity

Contraryto theinherentlylimited finite elemeniapproactof corventionalradios-
ity methodsdiscussedn section2.3, the term “Monte Carlo radiosity” usually
denotesa physicallyplausiblesimulationof the enegy transferin a scene.Rays
are stochasticallyshotfrom emitting patchesnto the ervironment,andeachray
representenephotonor light ray thatcarriesa portionof thetotal emissionin the
scene.This portionis transferredo the nearespatchhit by theray. Theactual
weightby which the photonis countedat this patchis dependenbn the way the
enepy is furtherpropagatedby the algorithm.

Although the basicideabehindthemis similar, several differentflavours of
Monte Carlo radiosity methodswith sometimesconsiderablydiffering perfor
mancecharacteristicgxist. Thediscriminationcriteriaare:

e thesimulationof photons somealgorithmssimulatethe completepathof a
singlephoton,with reflectionsandrefractions beforegoing on to the next
photon. Otheralgorithmscarry eachphotononly from one surfaceto the
next, storethe enegy at the receving surface,andcontinuethe simulation
from therein the next iterationstep.

¢ the simulationof the photoninteraction with eat surface it is possible
to continuethe path of a photonbasedon the probability given by BRDF
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if the surface,or photonswith partial enegy canbe propagatedfter the
interactionwith a surface.Theformeraresometimeseferredio asRussian
roulettemethodswhile the latterareknown asfractionalphotontracers.

Therearea numberof additionalschemesvhich aretheoreticallypossible;
commonto themall is thatthey needto countthe enegy depositecat each
surfacein adifferentway in orderto obtainanunbiasedestimate.

Themostimportantstochasticgadiosityalgorithmscanall be derivedfrom oneof
thefollowing original algorithms:

3.4.2 Shirley’s Algorithm [Shi9(]

This algorithmis basedn Progressie RefinemenRadiosity but theform factors
for patchesareapproximatedy stochasticshootingof raysbetweerthem.

3.4.3 Particle Tracing

In this methodproposedy PattanaikandMudur [PM92] raysrepresentingparti-
cles(alsoreferredto asphoton3 areemitted(or sho) from thelight sourcesthe
numbershotis proportionako the contribution of the emitterto thetotal emission
in the scene.This ensureghatevery particlecarriesa similar amountof flux en-
ergy ®. Theray originsfor thesephotonsarenormally uniformly distributedover
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Figure 3.1: Relationbetweena non-uniformemissionfunction andthe starting
locationsfor raysshotfrom a patch

thesurfaceof theemittingpatch.It is alsopossibleo modelvaryingbrightnesof

light sourcedy applyingan appropriatenveighting functionto the startingloca-
tions (seeillustration 3.1); areaswheremary photonsoriginatearebrighterthan
thosewith low particle emittance(notethatthis is only possiblewhenparticles
have the sameweight). Onceunderway, the particlestravelling throughthe en-
vironmentmimic thebehaiour of reallight particlesinsofar asthey arediffusely
or specularlyreflectedrefractedandfinally absorbedn interactionwith surfaces.
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The decisionwhich interactionis to be taken is madestochasticallyaccording
to the BRDF of the surfaces. This meansthat particlestravel to their eventual
destinatiorwithouttheir content(i.e. the “eneigy paclet” containingradiosityin-

formation)beingsplit (althoughtheir contentis modifiedto accommodateffects
like colourbleeding).Any changesn directionare modelledthroughthe proba-
bility of the correspondingnteraction.

3.4.4 The StochasticRay Method

In this methodintroducedoy Neumanretal. [NPTT95] aniterationstepconsists
of stochasticallydistributing the enegy of all patchesimultaneouslyhroughthe
ernvironmentby only onereflectionstep. An averageover mary suchiterations
yieldsanalmostcorvergedsolution;however, dueto memoryandefficiency con-
straintsit is virtually impossibleto keeptrack of all steps. Neumanntherefore
proposedanapproactwheretheresultsofarandthe outcomeof thelastshooting
steparecombinedn suchaway thattheimportanceof the latterdecreaseasthe
simulationproceedsExpressedvith B' asthesolutionin stepi, R} astheshooting
resultfor stepn, andt; astheweightingfactorfor stepi ,thisreads

B"=1,B"1+ (1-1,)R (3.1)

A suitablesequencéor theweightingfactort is for instancethe harmonicseries
%. One drawback of this methodis that the illumination enegy spreadsvery
slowly throughthe scene;this canbe overcomeby addinga preprocessingtep
thatscatterdarge portionsof theinitial enegy throughthe scene Shirley [Shi91]
shaws that the numberof rays neededo computea solution of given accurag
with Monte Carlo radiosityis linear to the numberof patchesin the scene,as
long asall patchesn the sceneareof similar size. Theaccurag of Monte Carlo
solutionsis measuredy the varianceof the radiosityin the scene. All Monte
Carlotypealgorithms(not only the onesfor radiosity),sharethe propertythatthe
varianceof a solutionhasthe compleity O(1/4/N), for N beingthe numberof
sampledaken (or in Monte Carloradiosity the numberof raysshot).

3.4.5 StochasticGalerkin Radiosity

In moststochastigadiositymethodspneof the problemshathave to besolvedis
thereconstructiorf theradiosityfunctionoverasurfacebasednasetof random
samplesacrossthis surface. The samplescanbe viewed as particlesor photons
thathave reachedhesurfaceatthecurrentstageof thesimulation,andthe photon
densityfunction encodeghe radiosity function. Thusthe reconstructiorof the
radiosity function canbe viewed asa density-estimatiomproblem. Shirley et al.
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[SWHT95] proposeda solutionwhich is basedon the idea of splatting,i.e. the
photonsleave their enegy not only in the form of delta-spiles, but in the form
of a kernelfunction that describeghe depositionof the photons enegy on the
surface.

A completelydifferentapproachcan be derived from the Galerkin method
[Zat93]. Feda[Fed96] hasshown that the Galerkin methodcan be adaptedto
stochastionethodsusing a Monte Carlo evaluationof the kernelintegral. This
sectionwill give ashortdescriptionof themethod.

TheradiosityfunctionB;(u,v) of asurfacej canbeprojectednto the spaceof
the basisfunctions{Nx} by calculatingthe correspondingoeficients B" which
aregivenby the correspondingnner products.If the baS|sfunct|onsare defined
overthe parametemterval [a,b] x [c,d] theinnerproductsaregivenby:

(BjINi)\w // ) - Nk(u,v) - W(u,v) dvdu (3.2)

This integral canbe solved numericallyusingMonte Carloquadraturen thefol-
lowing way:

(Bj[Niw = b a)r-n(d — i Bj (&) - Nk(&) -W(&i) (3.3)

wherethe &; areuniformly distributedover the parameteinterval. Thisis avery
simple,andthereforevery inefficient type of Monte Carlointegration.

This equationcannotbedirectly usedto calculatethe coeficientsfor thebasis
function,sincetheradiosityfunctionB (&) is notknown in advance.Thedensity
of thesamplingpoints,asprovidedby theradiositysimulation,correspondso the
radiosity function. This fact canbe usedto modify the method: equation(3.3)
is basedon a uniform samplingstrateyy. It is, however, very easily changedo
non-uniformsampling,by introducinga probability densityfunction (PDF) f;.
For non-uniformsamplingwe thereforeget:

1 JBj(&) - Nk(&) - W(E)
BilNOw ~ — § — (3.4)
< J| >W mj £ fj(zi)
wherethesamples; aredistributedaccordingo f;, for short:§; ~ f;. Theenegy
flux functionis transformedo the PDF f;j by normalization:

Bi(uv)-Aj(uy)  Bj(uy)-Aj(uy)
f':fcd Bj(st)-Aj(st)dtds m; - ®

Herem; is the numberof photonsthatarereflectedandemittedon the surfacej,
and @ is the enegy flux carriedby eachphoton. Note that the denominatorof

fi(uv) = (3.5)
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the first formulationof equation(3.5) is the total outgoingenegy, which canbe
written asthe enegy carriedby all outgoingphotons.Combiningequationg3.4)
and(3.5) we find thattheinnerproductcanbe evaluatedoy

<B,-|Nk>ww.z'l%

The stochasticevaluation of the Galerkin integral is thereforereducedto a
weightedsum of the basisfunctionsevaluatedat the points where photonsare
emittedor reflected.

wheregj ~ f; (3.6)

3.4.6 The Global Lines Method

Somethinghatis commonto all previously mentionedechniquess thatthey can
be consideredocal algorithmsinsofar asthe propagatiorof photonsalongtheir
pathsis primarily dependenbn the local geometryencounteredy the particle
duringits travels.

Mateu Sbertet al. [SPNP96]proposedan entirely differentapproachthat—
insteadof tracingphotonpathsfrom the lightsources- castsglobal linesthrough
a scenethesetraversethe scenefrom endto end,andall intersectionsvith ary
objectthey encounteiis recorded.All mutuallight transfersarethenperformed
betweerthe scendntersectiorpointsthatlie on theserandomlychoserpaths.

While the global lines techniqueis quite efficient by itself, it performsbest
whenit is precededyy a shootingstepwherethe lightsourceenenpy is initially
distributedthroughthe scene.

Althoughthe performanceof the algorithmis quite impressve, it doessuffer
from a few dravbacks,suchasthatin its original form it is only applicableto
diffuse scenesandthatthe mostefficient way to castraysin arbitrarysceness
notquiteclear

3.5 Methods of Recording Photon Hits

Apartfrom theexacttypeof Monte Carloradiosityalgorithmused thesecondkey
characteristiof any implementatiorwhichis basedn thetechniquesutlinedin
the previous sectionis how theillumination function of the scenein questionis
stored- andreconstructed from the datagatheredduringthe simulation.
Thereare two basicoptionsfor storing the interactionsthat occur during a
photontracing simulation. The first recordsevery singleinteractionseparately;
this preseresall theinformationgainedduringthe simulation(andhence- when
doneproperly— ensuresnaximalfidelity of theresults) but needdarge amounts
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of storagespaceandhaspotentialperformancgroblemsduringthereconstruction
process.

The secondpossibility is to usea discretizedunctionalrepresentationf the
illumination function on surfacesor in volumes,andto updatethis representa-
tion accordingto the gatheredphotonhits. The main advantageshere are the
controllableamountof storageusedfor the illumination representationandthe
someavhatbetterpredictabilityof whena convergentsolutionhasbeenobtained.
In thefollowing sectionswve describethetwo approaches moredetail.

3.5.1 PhotonMaps

The conceptof photonmaps wherethe incidencesf the individual photonson
surfacesin the sceneare storedin a global datastructurewith all their informa-
tion — suchasincomingdirection,locationandintensity— wasfirst proposedy
JenserjJen96 Jen97].

While theinitial recordingof the photonhits is a conceptuallysimpletask—
albeit one with the minor disadwantageof needinghugeamountsof memoryif
large numbersof photonsare traced— the challengingpart of this techniqueis
the reconstructiorof the illumination functionfrom theserandomlyplacedpoint
samplesof theillumination function.

In orderto computethe radiancel, ata givenpoint x in the scenepnebasi-
cally hasto locatethe n photonsnearesto x andaddup their influences.While
this would be next to impossibleif a bruteforce approachwereused,the search
for thesen photonscanbe doneefficiently if the photonsarestoredin abalanced
kD-tree. The balancingof the kD—tree,which canbe quite computationallyin-
tensve, hasto bedoneonly once— afterthe photontracingpasswhich originally
leavestotally unorderedghotonhitsin agloballist, is over.

Performance Considerations

A key adwvantageof photonmapsoverthelightmapapproactdiscussedh thenext
sectionis that, sincephotonhits are storedin global coordinatesthe methodis
theoreticallytotally independenbf the objectrepresentationgsedfor the scene.
Specifically as pointedout by Jenser{JC98], photon mapsnaturally extend to
cover participatingmedia,andrequireno propertiesof the geometricprimitives
in asceneotherthanthatthey canbeintersectedr traversedby aray.

In practice,photon mapsare not usedalone during the renderingpass;for
specularand highly glossy surfacesMonte Carlo samplingis used,and direct
illuminationis calculatedusingshadaev rays. Active densitycontrolduringphoton
mapacquisitionwasdemonstratetly Suykens[SWO0O].
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Usability in Complex Scenes

Jenser{Jen97 pointsout that his method,while it is (unlike mostotherphoton
tracing methods)not particularly proneto varianceproblemsdueto undersam-
pling, hasthe disadwantagehatit tendsto uselarge amountsof memoryevenfor
comparatrely small sceneqcf. the memoryusagestatisticsgivenin the paper),
makingit alessthanoptimalchoicefor complex scenes.

3.5.2 Photon Tracing using Lightmaps

The secondmajor approachto storingthe sampleggatheredduring the shooting
passs to usephotonlightmapsthatcover thefacesof the geometricprimitivesin
the scengseefigure 3.2) andstorethe enegy depositedy photonhitsthere.

We usetheterm“photonlightmaps’to reflecttheusageof thesedatastructures
in aphotontracingenvironment;the concepwf suchradiositytextureswasintro-
ducedn abidirectionalraytracingcontet underthenameof Rexesby Heckbertin
[Hec90b]. While the datastructureshatwe usefor storingirradiancearesimilar,
we employ a different, more efficient methodof determiningthe actualindirect
illumination. Any kind of functionalrepresentatiosanbe usedfor therecording

Figure3.2: Photonlightmapsappliedto thefacesof basicgeometrigprimitives.

of photonhits on theselightmaps;althoughhigherorderbaseshave beenused
(e.g.by Zatz[Zat93; theproblemis alsodiscussedby BekaerfBek99]),themost
commonlyimplementedsolutionsuseconstantandbilinear representationésee
figure3.3for acomparison)Thisis mainly becaus¢he numberof hitsneededor
a stableestimaterisessharplywith the orderof representationhut alsobecause
issuessuchashow exactly a high—qualityinterpolationof the lightmapelements
canbe performedturn outto be unexpectedlythorny for higherorderrepresenta-
tions. Photonlightmapscanbe appliedto the facesof basicgeometricprimitives
muchin the sameway astexture maps,asshawvn in figure 3.2. While the “tex-
els” on theselightmapsare separatgpatch-like) “buckets” into which photons
fall, therealobjectgeometryis usedduringthe simulationandthefinal rendering
pass.Also, the whole lightmapis considereda coherententity (asopposedo a
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functional epresentation

constant linear

< marks spots of photon incidence

Figure3.3: Constantandlinearrepresentationf the samesetof photonhits ona
surface.Higherorderrepresentationaork in a similar way.

sumof independenpatches)afactthatis highly usefulfor interpolationpurposes
duringthefinal renderingpass.

It hasto be notedthatthe regular subdvision of the lightmapsshown in fig-
ure 3.2is in noway mandatorypnecanuseary meshingand/oranadaptve hier-
archicalapproachasoriginally demonstratethy Heckbert{Hec90b]or (adapted
for photontracing) by Tobler et al. [TWFP97] for this task. The radiosity of a

Figure3.4: Uninterpolatedadiositysolutionsusingconstantandlinearlightmap
texels. The arguably more corvincing appearancef the linear solutionis offset
by thefactthatit requiresmorephotonhits, andis harderto interpolateproperly
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planarlightmaptexel j is (atarny time duringthe simulation)

1
Bj:Kj-mj-(D (3.7)
wherem; is the numberof particlesrecevedby texel j, Aj its surfaceareaand®
theenengy carriedby onephoton.

This shaws the necessitythat during the setupphaseof the simulationthe
surfaceareahasto becomputedor eachlightmaptexel; arequirementhatincurs
aconsiderablexecutiontime penaltyif curvedandarbitrarily transformeabbjects
areused especiallyin the presencef CSGintersectionghatmay clip off partof
the texelsasdiscussedn Wilkie etal. [WTP98]; especiallythe latter problemis
discussedh detailin chapters.

The surfaceareaof a texel is alsothe reasonwhy it is necessaryo usea
“good” surfacetesselatiorwith no singularitiesfor the lightmaps. For example
a normal,single patchglobe—like texture mappingon a spheres not suitablefor
texel storagebecausef the singularitiesat the poles;in our systemwe e.g.use
tesselatiorinto 8 trianglesfor spheresthis configurationavoids singularitiesat
thepatchjoints.

Performance Considerations

Similar to Jensers PhotonMaps, photonlightmapsare normally not usedalone
— their advantagesare bestput to usein the contect of a multipassrendererthat
e.g.usesarealight sourcesamplingto determinethe directillumination ata sur
facepoint, andthe informationin the lightmapsfor all othercontritutions. The
only modificationonehasto make to the photontracingalgorithmto accommo-
datefor thisis, thatin this casethelightmapsstartrecordingphotonhits only after
their first bouncefrom a surface.

Comparedvith Jensers photonmaps lightmapsare— dueto their discretiza-
tion of theilluminationfunctiononasurface- inherentlylesscapableof resolving
fineillumination details,suchasthosewhich onecanfind e.g.in causticpatterns.
Theirmainstrengthiesin thefactthatin normal,mainly diffuseandslowly vary-
ingilluminationconstellation®nlargesurfaceqdi.e. atypicalarchitecturainterior
scene)they usefarlessmemory andarealsoslightly fasterto processluringthe
final renderingpass.

Due to theseproperties,we deemlightmapsto be worthy of further inves-
tigation. Eventhoughthey arein somecases- notably causticsand specular
reflectionpatterns-not capableof generatingesultsof the samehigh quality as
photonmapswith comparableeffort, their significantlylower memoryfootprint
makesthemthe betterchoiceasa startingpoint for adaptationgo complex ervi-
ronments.
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Figure 3.5: Causticpatterns,suchas the bright and dark areascausedby the
reflectionfrom, andrefractionthroughthe transparentbjectsin this scene are
a phenomenorthat is more efficiently traceableby a rendererthat usesphoton
mapsthanwith lightmaps.However, if thelightmapresolutionis sethighenough,
equialentimagesarepossible asthis imagedemonstrates.
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Usability in Complex Scenes

Lightmapsin their original form take badlyto complex scenedor threemainrea-
sons. The datastructureghat recordphotonhits are maintainedocally for each
primitive in the sceneleadingto moreor lessfixed memoryrequirementperge-
ometricprimitive. While this is practicablefor Cornellbox ervironmentsjt does
notwork for e.g.aforestwith a hugenumberof needlesn onetreealone.Also,
in orderto performa meaningfulreconstructiorof theillumination on a surface,
a certainnumberof photonhits hasto berecordedn eachphotonlightmap. This
is clearly impracticalfor complex scenesgspeciallysincethe shootingof pho-
tons becomesmore expensve asthe numberof participatingobjectsincreases.
Finally, the costof performingexact surfaceareacalculationsis prohibitive for
large scenes.

It hasto be notedthatonehasto addressall thesethreeissues(areaestima-
tion, memoryconsumptiorand cornvergencespeed)simultaneouslyf onewants
to make lightmap—baseghotontracingsuitablefor usein complex ervironments;
every singleoneof theseproblemswould renderit impracticablefor the purpose.
In chapter5 we take a first steptowardsthis goal, and expandfurther on this in
thefollowing chapters.



Chapter 4

Modeling complexscenes

In thischaptemwe aimto provide anoverview of thetechniquesisedfor efficiently
specifyingscenedescriptions. Their main goal — to keepmemoryusagewithin
reasonabléounds- impliesthatasfew geometricprimitivesaspossibleshould
be usedin the processandthatimplicit and/orrule—basedlefinitionsof objects
oughtto beemployedwheneer possible.

The currentpreoccupatiorof the computergraphicsindustrywith hardware—
acceleratedenderinghasled to a situationwheretrianglesandpolygons,which
areactuallyinappropriatdor anexactrepresentationf mostscenesareby farthe
mostcommonlyusedgeometrigrimitives.Becaus®f theirlow expressvity, they
usually have to be employedin comparatrely vastquantitiesif visualfidelity is
to bemaintained.Thisinherentlyraisesscenecompleitiesin away whichwould
actuallybe avoidable.

Most of the techniqueutlinedin this chapterare not asfrequentlyusedas
they oughtto be,sincethey attemptto move beyondthisindustrystandarcdanduse
moreadvancedconceptdor representingbjects.This doesnot diminishthe fact
thatthey areimportanttoolsfor reducingscenecompleity, whichin turn greatly
easegheburdenon globalillumination techniques.

4.1 Constructivesolid geometry

Constructve Solid Geometry(CSG)is oneof the mostefficient objectrepresen-
tationsfor ray tracing. All kinds of solidswith a well-definedboundaryandin-
terior/exterior classificationrcanbe combinedby threeBooleanoperatorgo build
up complex scenes.

Eachsceneis definedby a binary expressionconsistingof CSG operators
and primitives. The operatorU createsthe union of two volumes,operatorn
their intersectionandthe operator\ subtractshe volumeof the secondoperand

39
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from thevolumeof thefirst. Transformationgreeitherassociatedvith primitive
objectsor incorporatednto CSGexpressiongsunaryoperators.

A Y |

B B B

Figure4.1: 2D examplesof the three CSG operators.From left to right union,
intersectionandsubtractionare shown, with the resultshavn in dark grey. Note
that, unlike the othertwo, subtractions nota symmetricaloperation.

4.1.1 Raytracing CSG Models

Booleanoperation®f simpleobjects(CSGmodels)wereoriginally introducedo
theray tracingworld by GoldsteinandNagel[GN71].

Duringmodeling,suchexpressionsirerepresentedsbinarytreescalledCSG
treesor scenggraphs andwhicharecapableof beingtraversedoy therayintersec-
tion procedure.The elementf thesetreesarereferredto asnodes andduring
operationswhich involve a traversalof the tree a traveisal stateis maintained.
During atraversal the stateholdsthe currentlyactive propertiessuchasthe cur-
rentmaterial,surfacetype or 3D transformationsthey are put on this stack—like
datastructureasthe correspondingttribute nodesarepasseantheway down in
thegraph,andremovedontheway up.

As a simplifying preparatiorto the actualraytracingof a scenethe transfor
mationmatrices- which arenormallydistributedovertheentirescenggraph— are
usuallypusheddown andstoredin theleavesof a CSGtree,sothataray hasto be
mappedrom world spaceanto primitive objectspaceonly once.Thissignificantly
savescomputatiortime duringrendering.

All intersectionf aray with primitivesin the leavesof a CSGtreearecol-
lectedin alist, whichis usuallyreferredto ashit list in the context of araytracer
The Booleanoperatorscanthen be performeddirectly on the intersectioninter-
vals of this ray hitlist. The three—dimensiongbroblemof combiningprimitive
volumesis therebyreducedo the one—dimensiongbroblemof combininginter-
valsof aray[Rot82].

An alternatve datastructurefor the representatioof CSG expressionss a
directedagyclic graph(DAG), where primitive objectsare storedonly once, a
featurethatwascalledobjectinstancingn [RW80]. Thisimpliesthattransforma-
tionsarestoredasinternalnodesof a CSGDAG, which have only onesuccessor
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This structuresavresmemoryif the descriptionof the primitive is large, but when
usedin aray tracingcontext it hasthe dravbackthataray hasto betransformed
morethanonceon its way throughthe graphto a primitive node.

Figure 4.2: Thesetwo imagesare a good examplesof where CSGis a supe-
rior modelingparadigmcomparedwith polygon—base@pproachesThe highly

detailedtype 310 steamlocomotive modelcontainsonly 3744 geometricprimi-

tives(morethana third of which areparaboloidgor theindividual rivets),while

lessthan 380 suffice for the biplane(the majority are engineparts). Sincethere
is a large numberof curved surfacesin eachmodel one would needordersof

magnitudemore polygonsto adequatelydescribethemin similar quality. (steam
locomotive modelby KatharinaWeisleinandDr. WolfgangFreund)

4.1.2 CSGModelsin Practice

While CSG modelsare a naturalmatchfor ray—basedenderingmethodsother
technigueshave difficulties with them. Direct real-timerendering(e.g. using
OpenGL)of CSGmodelsis impossibledueto the lack of high—level geometric
objectsin mostrenderinghardware and low—level APIs. Although several effi-
cientschemesave beenpublishedthat utilize the informationin the z—buffer of
a graphicsacceleratoto properlydisplay CSGintersectionsnatve CSGis still
veryrare.CSGmodelsalsohave to betesselatetbeforeuse ,whichis bothwaste-
ful with respecto storagespace anddiscardsthe high—level informationabout
theinvolvedprimitives.

Apartfrom thesereal-timerenderingssuesCSGmodelsarealsoplaguedoy
the problemthatdegeneratentersectiorcasesanoccurthroughthroughcareless
modeling. An exampleof this would be coplanarfaceson objects;hit lists from
suchconfigurationsarenot properlyresohable.
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Theseproblems,togetherwith the inherentpreferenceof industry for poly-
gons,have led to a situationwhereCSGis usuallyofferedasanoptionin model-
ing programshut is normallynotusedfor theactualobjectrepresentationduring
renderingwherepolygonaltesselationsf CSGintersectiongrepreferred.

4.2 Nontraditional Object Descriptions

While CSGis a stepin the right directionif one aims at reducingthe number
of geometricprimitivesneededo describea scene the possibilitiesof all con-
ventional,primitive—basedleclaratve modelingparadigmsaresomevhatlimited
whenit comesto representationsf naturalobjects.

Describingthingslik e clouds terrainor plantsrequiregechniquesvhichtran-
scendthe “exactobjectblueprint” approachwhich is normally used. During the
pasttwo decadestwo mainclasse®f suchnon-traditionabbjectmodelingtech-
nigueshave beendeveloped,althoughthe dividing line betweenthemis some-
timesabit blurred.

4.2.1 Fractals

Fractals,the first of thesetwo groups,were actually alreadydiscoveredaround
the turn of the last centuryby mathematiciansvorking in settheory but lack of
computingpower meantthat— apartfrom a few very easyspecimensuchasthe
Kochcurve —they couldnot be properlydisplayedoeforethe adwentof computer
graphics.

The term fractal derivesfrom the fact thatit is possibleto defineobjects—
usually as the corvergent limit of an iterative process- that have a fractional
topologicaldimension.While this characterizatiofs not particularlyintuitive, it
is oneof thefew commondenominatoré awholerangeof techniqueswhichcan
be usedto generateobjectswith appearancethat rangefrom nature—lile things
suchas clouds,to merely strangeshapedike Mengerspongesand downright
bizarreobjectslike 3D quaterniorfractals.

Sincetheactualfractalis usuallyalimit surfaceor shapethatis theendresult
of aninfinite iterationprocessmostpracticalapplicationsuseapproximationgo
them, which are obtainedby terminatingthe iterationsafter a certainnumberof
steps.

A distinguishingfeaturewhich appliesto mosttypesof fractal with varying
degreesof intensity and obviousnesss self-similarity While the famousMan-
delbrotsetcontainsinfinitely mary slightly modified copiesof itself in all sizes,
fractalterrainsrealizethis propertythroughstatisticallysimilar appearancat ar-
bitrary magnifications- no matterhow closeonezoomsin, theviewed portion of
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the surfaceis alwaysaswrinkled asthewholearea.

E

Figure4.3: Representatesof variousfractal types. In clockwiseorder starting
from thetop left: acloseupof the Mandelbrotset,a 3D renderingof a quaternion
fractal, a fractal landscapenda fractal cloud simulation. (Quaternionmageby

GodwinVickers,landscap@mageshy KenMusgrave)

Thetasksfor which fractalsarenowadayscommonlyusedasmodelingtools
in computergraphicsare the descriptionof clouds(througha classof methods
whichis usuallyreferredto asplasmafractalg, andterraingenerationThelatter
are usually iterative andrecursve displacementnethodsthat operateon terrain
grids. For addedrealismit is notuncommorto addpost—processingtepssuchas
erosionmodelsto contourmeshesvhichweregeneratedby suchfractalprocesses.

4.2.2 L-Systems

While fractalmethodsarevery usefultoolsfor efficient generatiorof severalob-
jecttypes,suchascloudsor terrain,they fall seriouslyshortin someotherareas,
particularlythe descriptionof plantsandotherorganizedstructures.

An obviouspropertywhich speaksagainsthe useof fractalsfor plantsis that
— apartfrom somerare exceptionssuchasbroccoli— plantsare not self—similar
acrossscaleranges.They alsoexhibit an orderedgrowth structurewhich makes
the useof rule—basedystemswhich simulatethe underlyingprocesseso some
degreea muchmorefeasibleproposition.
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Similar to fractals,the main techniquewhich hasproven usefulin this con-
text doesnot originatefrom thefield of computergraphics.Aristid Lindenmayer
originally introducedthe conceptof parallel rewriting systemgwhich werelater
renamedL—systemsafter their inventor) to biology as a simulationfor cellular
interactiondLin68].

However, the basicideaof representingtateasa setof symbolswhich are
recursvely modifedby repeatedpplicationof certainruleshasprovento be uni-
versalenoughto beadaptedor usesoutsidebiology. Severaldifferentversionsof
the sameprinciple have beendeveloped;we briefly discusssomeof them.

DOL-Systems

The simplesttype of theseL-systemsare deterministic and are commonlyre-
ferredto asDOL-systemsAs all otherversionsthey arerewriting systemswhich
operateon strings of symbols(which are chosenfrom a predefinedalphabe},

anditeratively generateutputstringsby applicationof their rewriting rules (also
calledproduction$ to thesestrings. The outputstringsarethenrecursvely used
asinputsof the next iteration;the stepwhich generateshis new outputis called
derivation An initial string,the axiom mustalsobe definedasstartingpoint for

theiteration.

OL—systemsarealsoknown ascontext—free L—systemsThey canformally be
definedby atriplet L :< V,w,P >, whereV is the usedalphabet(a finite setof
symbols),w is the axiom (a string from V), andP is the applicablefinite setof
substitutiorrules,the productions.

As anexamplewe demonstrat¢hesimplesystenl :< {a,b},b,{a— ab,b —
a} > in “action”. In thefirst derivationsteptheaxiomb s replacedy a according
to the secondproduction. In the secondstepthe productiona — ab is applied,
which yields ab. The third stepreplacesboth symbolsof the string in parallel
usingtheappropriatgoroductiongthosewhichtake a andb asinput, respectiely),
which leadsto theresultaba

In generalthederivationof astrings, from astrings; is denotedoy s; = S.
Theresults of thent” derivationstepcanbewritten ass = h"(w). In our example
the derivationsequencés b = a = ab=- aba=- abaab= ..., ande.g.h°(b) =
abaababa

The Turtle Inter pretation

As definedin the previous section, DOL—systemsare not particularly useful
for computergraphicsyet, since they only generatestrings, and not objects.
Prusinkiavicz proposeda graphicalinterpretatiorfor the string symbols[Pru86]
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of suchsystemghatis basedntheturtle graphicsof the LISP—like programming
languagd- OGO, which waspopularon homecomputerof thetime.

Theturtleis a statefuldraving cursorwhich canbe movedaroundthedrawing
areaby a simplecommandset. The commandsareF (move onestepof length
d anddraw aline), f (thesameonly withoutdrawing aline), + (turn clockwise
by anangleof 3, and— (same,only counterclockwise).An exampleof sucha
commandsequences givenin figure4.4.

t v
T

T.
4T<—<—<—

Figure4.4: A simpleshapeencodedwith turtle commands.The steplengthd is
1, andtheturningangled is 90 degrees.The commandsequencéo generatehis
outputwouldbeFFF - FfF —-F —-Ff+F +FF —F —FFF.

[
't

Oneshortcomingpf thecommandsetin thequotedform is thatit isimpossible
to generatebranches.This functionality can be addedto the systemby adding
two new commandsn the form of openingandclosingbraclets([ and]). These
pushandpop the stateof the turtle onto andfrom the stack,respectrely. These
bradketed(D)0L—systemsawereintroducedby Prusinkievicz [Pru87]; figure 4.5
deomstrateanexample.

StochasticL-Systems

Even thoughwe are now able to generatebranchingstructureswith L—system
turtle graphicsthe outputof theseautomatdeavesquite a lot to be desiredwhen
it is comparedvith realplants.Oneobsenationis that, althoughtheir basicplan
is similar, hardlyary two plantsareever quitealike.

Thisleadsusto thepropositionof Eichhorstetal. [ES8( to introducerandom-
nessinto the productionsof a system.In particularthis meansthatwe cannow
specifymultiple productionswith a givenpredecessoandassigna probability to
eachof them(thesumof theseprobabilitieshasto beone).Formally, a stochastic
L—systemis now aquadruplet :< V, w, P,1t>; thenew componentt: P — (0, 1]
containsthe probabilitiesfor eachproduction.
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O branching point

Figure4.5: A simplebranchingshapeencodedwith turtle commands.The step
lengthd is 1, andthe turning angled is 45 degrees. The commandsequenceéo

generatehis structureis F[—F[—F|F]|F[+F[+F]F|F[—F]F, andthe sgments
with thearravs would bethosewherea furtherrecursionwould addelements.

This implies that, during a singlerewriting step,multiple occurrence®f the
samesymbol can— accordingto the probabilitesof the possibleproductions—
be replacedby the resultof differentrules. If only onerule exists for a given
predecessoits probability hasto beone.

Context—Sensitve L-Systems

An evenfinerway of controllingthegrowth of structuress to take the context of a
givensymbol(i.e. its neighbours)nto accountbeforerulesareappliedto it. This
is differentfrom just applyinga rule to the groupformedby the symbolandits
neighbourssincethe context cannotbe modified by the production;it canonly
influencethe selectionof anappropriateule.

The numberof context symbolsleft andright of the main symbolwhich are
usedis arbitraryandcanbe choserby theuser In practice,t is apparentlyrareto
usemorethanoneor two context symbols;suchL—systemsarereferredto as1L
and2L—systemsrespecitiely (this alsoexplainsthe notationOL for context—free
systems).

Parametric L-Systems

However, the possibilitesoffered by 2L—systemsare still limited insofar asthe
rulesethasno way of influencingthe behaiour of the turtle beyond the simple
draving commanddisted earliet which correspondo the insertionof geomet-
ric primitivesin 3D. While this sufficesfor the creationof fractalsandartificial

branchingstructuresthe large numberof factorswhich governthe development
of real plantsmakes sucha restrictedsysteman unlikely contenderfor a good
simulation.
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A major improvementcanbe realizedby allowing the systemto modify the
parameter®f turtle movementaccordingto the currentstate. Theseparameter
ized L—systemswhich wereintroducedby Prusinkievicz et al. [PLH88], arefar
moregeneralandsophisticatedsthey finally enablethe userto describevarious
repetitve objectslik e fractal terrain, linear fractals,plantsor seashells Further
more,they potentiallyallow mutualinfluencesof the visual appearancef these
objects,andinterdependencof theirgeometry

Thesesystemsperateon stringsof moduleswhich consistof asymbolanda
finite setof associategharametersif V is thealphabebf the systemthenV x R*
definesamodule;R* is thesetof all finite setsof parametevalues.A modulecan
bewrittenasM(ay,...,an), with M € V anday, ...,an € R".

Formally, a stochasticpL—systemcan be written as a quadrupletL :<
V,Ew,P >. The differencedo the previous definitionsare the inclusionof E —
the formal set of parameters- and changesin scope— w € (V x R*)™, andP
€ (VxE*)xL(E) x (VxAE))* (VxR)" is the setof non—emptymodule
strings,L(E) is the setof all valid logical expressionsandA(E) is the setof all
valid arithmeticexpressionshatcanbe specifiedusingparameterérom E.

Productionsare now written in the form of predecessor. condtion —
successqrasin e.g.F(t) :t > 0 — F(t —1)F(4). A productionp canonly be
appliedto amodulemif thesymbolof m andthe predecessaymbolof p match,
the numberof parameteresf the predecesscaindm matchandthe conditionin p
evaluatedo true.

As definedhere,pL—systemsaredeterministic,but they canalsoexpressthe
samestructuressstochastit.—systemsf callsto arandomfunctionarepermitted
in productionrules(bothin the conditionandsuccesoparts). This moreflexible
approachobviatesthe needfor explicit choosingprobabilitesrt for the individual
rules.

w: X(6) (4.1)
pr:X(l) :1=0 — genemteTetrahedon()
ngX(|) 1>0 —>T1X(|—l)+T2X(|—l)+T3X(|—l)+T4X(|—l)

Therulesetshavn above is a simpleexampleto illustratetheseconceptslt is
the pL—systentor the generatiorof a Sierpinskitetrahedronthe DCSGcounter
partfor this systemis shavn in figure 4.7. By specifyingX(6) asthe axiom w,
we determinghatthis systemwill generatea Sierpinskitetrahedrorof recursion
level 6. Productionsp; and p, represent conditionalbranch:if | > 0, thenl
is decrementedby oneandthe transformationdl,, areappliedto the four recur
sively emittedX. The T, areresponsibldor the shrinkingandtranslatingof the
sub—tetrahedratthecorners..
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4.3 DirectedCyclic SceneGraphs

GenautzandTraxler[GT96] proposedo useDirectedCyclic SceneGraphgDC-
SGs)basedon pL—systems.Theresultis an objectinstancingtechniquefor pro-
cedurallydefinedcomplex sceneshatis well suitedfor representationf complex
naturalscenes.

Figure 4.6: DCGswere usedto model (throughautomatictree placementjand
representhis scene.lt wasrenderecon a machinewith 64 MB of RAM, which
was not enoughto keepthe entire scenein memory Image by Dr. Christoph
Traxler.

PL-DCSGsare a powerful extensionto the DCSGsusedby Hart and de-
Fanti [HD91] for ray tracingof linearfractals. TraxlerandGenautz[TG97] also
demonstratedhe combinationandcooperatiorof differentpL—systemgo simu-
late the spreadof faunaon a fractal terrainaccordingto naturalconstraintgi.e.
consideringsealevel, timberline andsouthslopes).This allows the renderingof
hugescenegonsistingof a vastamountof primitivesrepresentedy only asmall
setof interlinked DCSGs;anexampleof theirwork canbe seenin figure 4.6.

4.3.1 PL-systemsfor CSG Expressions

BecauseCSG expressionsan be seenas strings, it is possibleto derive them
from a pL—system.lIt is an essentiabspeciof pL—systemghat the geometryof
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the generateabjectsevolvesfrom the derivation sequenceFor this reasonit is
advantageous$o specifytransformationgsparameterizednaryoperatorswithin
the CSGexpressions.

As pointedoutin detailby Genautzetal. [GT96], onehasto be carefulwhen
designinga pL—systenthatis supposedo generatevalid CSGobject. Themain
problemis that the derivation sequencecannotbe stoppedarbitrarily aswhen
usingpL—systemswheretheturtle ignoresmoduleghatdo not belongto its com-
mandset;the resultof the derivation processhasto be a setof well-formedCSG
expressions.

This hastwo consequencedirst, rulescanonly be appliedto modules(gen-
eratingrules),andsecondat leastonerule which finally substitutesll variables
with a stringof terminals(terminatingrules)mustexist for every module.

4.3.2 Translation of pL-systemsinto Cyclic CSG Graphs

Thefirststepis to interprettheright handsideof eachrule (thestringfollowing the
derivationsymbol—) asanormalCSGexpressionandto instanceary modulesn
theseexpressiongasspecialscenggraphnodeswhichfit into theschemelescribed
in sectiord.1.1.In thisway we canbuild anormalCSGtreewith cyclic elements
— which correspondo branchingrules— out of eachright handside. After that,
therulesareencodedn anotherspecialtypeof node.Wewill discusgsheworking
of thesenodesin turn.

For the following explanationsit is necessaryo recall thatin our rendering
system,the currentstateof a pL—systemis storedby the raytracingscenegraph
traversalstate which normally holdssuchinformationasthe currenttransforma-
tion matrix; this information hasto be extendedto include the currently active
rulesandthe currentvariablebindings.

4.3.3 Value Nodes

Transformationsand other scenegraphnodeswhich are dependenbn numeric
valueshave to have the capabilityto optionally evaluatevalue nodesinsteadof
hardcodechumericvalues. In the caseof pL—systenrules,valuenodesthatare
capableof performingtheneedecdalculations- suchasincrementanddecrement
of branchinganglesandindices,andperforminglogical evaluationsofconditions
—areused.

It is worth notingthatvaluenodesarealsodesirablan arenderingsystemfor
reasontherthansupportfor pL—systemsg.g.shadinglanguageconstructsare
alsodependenbn similar featuresandalsorequirespecialvaluenodes(suchas
colourinterpolation)thatnormally have little relevanceto pL—systems.
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4.3.4 ReferenceNodes

Referencenodesprovide the equivalentto pointerswithin a cyclic graphin our
system. However, they are not actual pointers, but rather simply provide the
uniquestring which identifiestheir targets. This string is thenusedto obtaina
referencdrom the namebindingsin thetraversalstate.

In this way our implementationof cyclic scenegraphsis technicallystill a
DAG, while providing full DCG functionality;this madetheimplementatioreas-
ier, sincewe couldrely onthetestedDAG code.

4.3.5 AssignmentNodes

Thesenodesstoretherelationshipsbetweenparametergor variableg andactual
values.Thevaluescanbeeithernumeric,or theresultof valuenodes.Parameters
areidentifiedby theirnamesj.e. auniquestring,andthetaskof thesenodess to
pushtheir contentontothetraversalstackwhenthey arepasseantheway down,
andto popit off againontheway up.

4.3.6 Rule Nodes

Thesenodescontainthe actualruleswhich governthe behaiour of a pL—system.
They alsopushtheir contentsonto the rule stackwhenpassedandremove their
contribution againwhenit is nolongerneeded.

In orderto provide a compactyetinstructive, exampleof theseconceptswe
show the sectionof a cyclic scenegraphthat generates classicalstrictly self—
similarfractal,the Sierpinskitetrahedronin Figure4.7. DCSGsfor actualnatural
objectdlike e.g.treesoperateon exactly the sameprinciples,but aremorecompli-
catedandlesssuitedasdemonstratiommbjects.If oneweree.g.to includethede-
tailedfindingsof WeberandPenn[WP95] aboutrealistictreemodelsin aDCSG,
theresultwould beaveryrealistictree,but thescenegraphwould be muchharder
to decipher

4.4 Raytracing of Cyclic CSG Graphs

Raytracings doneaswith any normalsceneby traversingthe CSG—graplin are-
cursve way. As in cornventionalraytracingwith CSG—treestheray s intersected
with all primitive objectsthat are found to be within the possiblerangeof the
ray (e.g.throughboundingboxtests),andthe gatheredntersectiorinformationis
combinedafterwardsby Booleanoperationsn the operatomodes.
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level = 6
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if level > 0
select subode 1
else subnode 2
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Figure4.7: Representationf a Sierpinskitetrahedrorof recursionlevel 6 asa
cyclic CSGgraph. The level of recursionis determinedby the variableassign-
mentlevel = 6 at the beaginning of the DCSG. The triangle symbol denotesa
tetrahederomprimitive, while the circlesare CSGOR operatorsTheactualcyclic
referencesrenot madethroughpointers but ratherthroughsymbolnamestrings
like start

If DCSGelementsarepresentthe only differencedo the standardDAG ray-
castingalgorithmlie in theway thesespecialnodeswork; mostof this hasalready
beenexplainedin the previoussection.

Oneareawhichrequiresspecialattentionis boundingboxesandtheefficiency
of intersectiontests. In the beginning, all DCGs are unfoldedonce during the
scenesetupphasein orderto determinetheir boundingboxes. The generated
objectsare not retained,and only the obtainedboundinginformationis stored.
During the actualraycastingonly thoseobjectsareinstantiatedvhosebounding
volumesareintersectedoy the ray; in this way, only a small percentagef the
scenehasto bekeptin memeoryata giventime.

However, this constantdiscardingof justinstantiatedbjectsis usuallywaste-
ful, becausaneighbouringraystendto intersectthe sameobjects. It is therefore
advisableto maintaina cacheof recentlyexpandedDCG objects,andto replace
theleastrecentlyusedinstancen thecacheonceanew instancehasto becreated.
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This schemecanyield considerablgerformancegains,but it hasto be tuned
well in orderto beeffective. A too smallcacheactuallyperformsworsethannone
atall dueto theadministratve overheadncurred,while large cachesarewasteful
on memoryandyield only small performanceyainsbecausehereis usuallyonly
a limited amountof ray—to—raycoherencavhichis exploitablein ascene.



Chapter 5
Photon Tracing for CSG Solids

5.1 Motivation

After having presentedhe necessarypackgroundn the precedingchapterswe
now presentn thisandthenext two chaptershreesuccessieimprovementgo the
basicphotontracingalgorithmwhich greatlyimprove their usability on complex
scenes.

As canbe seenfrom section2.3, a major stumbling—blockfor usingcorven-
tional viewpoint—independerglobal illumination algorithmson complex scenes
is the fact that thesetechniquesequirethe sceneto be discretizedinto planar
patchedeforeary light transportsimulationis performed.

Evenfor sceneghatdo not containcurvedsurfacesthis discretizatiorgreatly
increaseshe numberof objectsthat participatein the calculations.This in turn
greatlyreduceghe sizeand compleity of the scenedor which it is possibleto
computea solution, sincethe limits of the usedalgorithms— in this casewith
respectto the numberof objectsthat can be processed- naturally remainthe
same.

5.1.1 Avoiding SceneTesselation

An obviouspointfor improvementereis to ensurghatnotesselatiorof thescene
is necessaryn thefirst place— this solvestheissuescorventionalalgorithmsface
concerningoothcompleity andapplicabilityto scenesvith nonplanarwbjects.

Becausethey break the one—to—onecorrespondencéetweeengeometrical
primitivesin a sceneandthe datastructuresisedto computeandstoretheillumi-
nationsolution,bothlightmapsandphotonmapsoffer themselesassolutionsin
this contet; in both caseghereis no longera needfor anexplicit discretization
of theinvolvedobijects.

53



CHAPTERS5. PHOTON TRACING FORCSGSOLIDS 54

Thisof coursameanghatit is possibleo retaintheoriginal, untesselatescene
descriptionduringthe entireprocesf imagesynthesiswhich for typical scenes
amountgo ahugedecrease scenecompleity. Thisin turnmakesglobalillumi-
nationcalculationgeasiblefor sceneghatwould be well beyondthe capabilities
of theinvolvedalgorithms,if they hadto betreatedn tesselatedorm.

This led us to the conclusionthat the useof photonmapsand lightmapsin
sceneswhich are modelledusing comparatiely few high—orderprimitives by
methodologiesuchas CSG,is a feasiblefirst steptowardsobtainingglobal il-
luminationsolutionsfor morecomplex scenes.

Sinceboth arejust differentstoragemethoddor theillumination information
gatheredluringaphotontracingsimulation(asdescribedn thepreviouschapter),
themainquestions how well they canbe usedon modelsthatarespecifiedusing
CSG.

5.2 CSG Objectsand Photon Tracing

Sincephotontracersmodelthe propagatiorof photonsthrougha sceneby using
ray intersectiormethodshattake the exactgeometryof ary involved CSGsolid

into accountwe are—asaby—producbf theraycastingprocess-alreadyprovided
with photonhits on the surfacesof the primitivesthatthe CSG solidsconsistof.

This enableausto correctlyreconstructhe illumination function on the exposed
surfacepartsof theseprimitives.

5.2.1 Lightmaps and CSG

Sincethey arein effectaspeciakind of “texture” appliedto theobjectsJightmaps
that are attachedo the facesof geometricprimitivesremainin placeandfunc-
tional whenCSGoperationsareappliedto theseprimitives. The partswhich are
not totally coveredor removed by otherobjectstake partin the simulationasre-
cipientsof photonenegiesin just the way they would if no CSGoperationshad
beenappliedto the primitive to which they areattached.This is a fundamental
advantageof photon—tracinglgorithmsover form—factorbasedapproaches.

Thetexels on theselightmapsfall into two cateyories: thosewhich areinter-
sectedby an objectboundaryof somesort, and thosewhich arenot. The illu-
minationrepresentatioon the latteris correctwithout furthermodificationg(this
includestexels which are completelyremoved by CSG operations;they simply
remaininert). Properlytreatingthe former caserequiressomeextra measure$o
betaken.

The artifactspossibledueto comple« CSGintersectiongeometrycanbe su-
pressedoy splitting the texel in question. Figure 5.1 shavs someof the cases
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0) d)
e) f) 0) h)

Figure5.1: Casef CSGintersectionseenfrom the viewpoint of lightmaptex-

els: a) andb) Oneor moreopaqueobjectscover partof thetexel surface.c) Part

of the surfaceis coveredby a non—opaqu®bject. d) An opaqueobjectdivides
thetexel into two disjointregions. e) Thin objectssuchaspolygonsdo not cover

ary texel spacebut causea split. f) Very irregular dividing lines betweentexel

split regionscanleadto problemswith the accurag of the shadev—maskedges
and(in this case)Xheaffiliation quad—tregseethe sectionon texel splitting for an

explanation).g) andh) Both requiresomekind of triangulationto be performed
if low—orderbasesareusedto representheillumination.

thatcanoccurwherea texel hasto be split into severalindependentllumination
representation@hatwe referto assub—teelg in orderto avoid shadav andlight
leaks.

Sincethereis no limit to the compleity of the CSGoperationghataffectthe
areaof onepatrticulartexel, any practicalsolutionhasto be suitedto handlingan
unlimited numberof arbitrarily shapedsplits, with the possibility of emplgying
someheuristicin orderto cull unnecessargplitsthatwould notimpair the accu-
ragy of the solutionbeyond somegiven degree(as suggestedy Rossignaand
Voelcker [RV89]).

For split texels both area estimationand updatingthe functionalrepresenta-
tions becomesnore complex dueto the fact that thosepartsof a texel that are
coveredor subtractedy otherprimitiveshave to beignored.Fortunately the ad-
ditional information neededs alreadycomputedduring the splitting phaseand
only hasto besuitablyevaluated.

5.2.2 Splitting of Texels

In orderto determinevhetheratexel hasto besplitatall (andif so,into how mary
pieces)we needanalgorithmthatis ableto detectandoutline any geometrically
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Figure 5.2: Texel split detectionand managementa) For eachsamplinggrid
squareraysare castalongthe edgesto detectobjectintersections.b) Sub—teel
affiliation informationusedfor areacomputationss storedon a per-grid—element
basis.c) A casewherea quad—trealatastructurehasto be maintainedo disam-
biguateaffiliation of ray intersectionsvith respecto boththelight anddarkgrey
texel areaswhich bothbelongto only oneobjecteach(seethe sectionon identi-
fying texelsfor an explanation). Note thatthe quad-treesubdvision hasonly to
goto alevel whereanunambiguousraversalaffiliation list canbe maintained.

disjointregionswithin somegivensurfaceareaon a CSGprimitive.

Thesolutionto finding geometridntersectionss to castsamplingraysonthe
surface of the texel. We assumethat the meshingof the lightmap provides us
with reasonablyplanartexels; this is no additionalmeshingconstraintsinceary
significanttexel curvaturewould (in mostcases)mpair theefficiengy andvalidity
of theillumination representatiorgndthereforehasto beavoidedby thelightmap
meshemnyway.

Gathering the Data Neededto Decide

In orderto supply the dataneededto identify coherentregions we proposeto
usea marchingalgorithmfor 2D samplinggrid elementganalogoudo Lorensen
and Cline’s marching cubes[LC87] in 3D) on the surfaceof a texel. Sinceall
informationaboutthe objectsis available,onecanresole the 2D equivalentsof
the edge—tracingambiguitiesmentioned(for instance)by Nielsonand Hamann
in [NH91]. Boththelocationinformation(where,thatis within which primitive,
thesamplinggrid elementdie with respecto the CSGoperationgperformed)and
thecoordinate®f ary intersectiorpointson grid elementordersareretainedor
processindy theactualsplitting algorithm.

While this approachin its simplestincarnationcan miss intersectionswith
verythin or oddly shapedbijects(e.g.if they lie totally within meshelements)it
canbemadeverythoroughby usinganadaptve extensionin thespirit of ACSGM
[TGP96]andothers.
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a) b)

Figure5.3: Detectingcaseghatrequiretriangulation(in this caseof thelight gray
areas)y examiningthetopologyof the sub—teel borders:a) Closedloop inside
the sub—texel. b) Large negative angle(marked by a dashectircle).

Identifying and Creating Sub—Texels

The informationgatheredduring the marchingstepis first usedto determinethe
numberof sub—teels neededy countingthe numberof disjoint regions. If ary
objectintersectionsvere found within the texel we usea sweep-linealgorithm
thatidentifiescoherentegionson the basisof samplinggrid vertex andintersec-
tion point data. During this sweepwe alsoconstructa polygonalapproximation
of the sub—texel bordersasa by—product.

Casedike Figure5.1f) and5.1g) cannow bedetectedy scanningor closed
loopsinsidethe sub—teelsor hardcornersin the bordersof thosesub—texelsthat
would warrantsplitting asshavn in Figure 5.3 (the definition of “hard corner”
depend®on the desiredquality of the representation)lf ary indicatorsarefound
the offendingsub—teel is split usingsomefitting triangulation.

After having determinedhe numberof sub—teelswe thenmake useof thelo-
cationinformationatthe samplinggrid vertices.It is usedto computethefraction
of the texel surfacecoveredby the individual sub—teels. The grid information
is alsousedto defineshadowmasks(as suggestedby Zatz in [Zat93]) for each
sub—teel; all partsof the texel thata sub—teel is not responsibldor addto the
mask. Sinceeachsub—tecel maintainsanillumination representatiothat would
normally cover the entiretexel, this maskingis necessaryo remove hiddenareas
correctly andto avoid interpolationerrorsat renderingtime (seeFigure 5.4 for
anillustration). Due to the arbitrary shapeof the sub—teel boundariest is not
feasibleto representhemdirectly asunclippedpatcheswithout masking.

For instance,n Figure5.2 b) the black samplingdotsare usedto definethe
shadev maskfor thelight grey area.To improve accuray the objectintersection
points on the grid lines can be usedin addition. It hasto be notedthat, given
a correctly split texel, imperfectshadev masksare the only possiblesourceof
artifactsin theillumination representatiowithin thelimits definedby theimplicit
meshingandthefunctionalrepresentation.
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" sub-teel B

. sub-teel A

‘ “parent” texel

Figure5.4: Sumof sub—teelsthattogethercoversthe whole areaof their parent
texel. Eachsub—teel usesa functional representatiornio storethe illumination
thatrangesover the entiretexel space Only the shadedareasarevalid; therestis
removed by shadaev masks. The shadev maskswould ideally coincidewith the
hatchedareas.

Wethenproceedo construcia mappingdatastructurethatstoreshetraversal
affiliations for the variousregionsof the texel. Sincea texel typically hasa very
smallnumberof sub—teels,alinearlist usuallysufficesfor thistask. Thetraversal
affiliation determinesvhich sub—teel to choosebasedon the materialand geo-
metric primitive lasttraversedby a photonor ray and, if thisis not unambiguous
by itself, thecoordinate®f thehit onthetexel. Themostrecentlytraversedmnate-
rial andprimitive areinformationprovidedasa by—producbf theray intersection
computationsnvolvedin bothphotontracing(i.e. duringtheradiositysimulation)
andray-tracing(i.e. at renderingtime). Relying on this information makesthe
decisionwhich sub—teel to choosemmuneagainstrtifactsresultingfrom object
boundaryaliasing.

For the exampleshavn in Figure5.4the affiliation mappingwould consistof
two entries:if the lasttraversedmaterialof a ray was“dark grey”, choosesub—
texel A, otherwisechoosesub—texel B.

Only for texels that have ambiguousintersectiongeometrieqthat is, where
the materiallast traversedis not a sufficient criterion for sub—texel selectionby
itself) we have to constructa quad—treedatastructureasshowvn in Figure5.2 c)
thatallows usto selectthe appropriatesub—texel by usingadditionalinformation
aboutthe coordinatesvhich interestus on thetexel. As canbe seenfrom Figure
5.2 ¢), the splitting of the quad—treenly hasto go to a level whereeachleaf of
thetreehasanunambiguousraversalaffiliation list. Notethatuseof aquad—tree
for this purposes not essentialpthersimilar datastructuresould alsobe used.
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Memory and Performance Considerations

Unsplittexels(whichin “normal” scenegonstitutethevastmajority) donotcause
ary splitting overheadandonly their functionalrepresentationare stored. Nor-
mally, mostsplit texels requirethe maintenancef a shortlist of traversalaffil-
iationsin additionto their possiblynumeroussub—teel illumination representa-
tions. For the (normally few) remaining“hard cases”an additionaloverheads
causedy the quad—treaisedto disambiguatéexel references.

For sceneswith an averagegeometriccompleity, the memoryfootprint of
CSG-enabletightmapsis notsignificantlyhigherthanthatof ordinaryfunctional
radiositylightmaps.

Most additionalcomputationgthe classificatiorandsplitting of texels)occur
during the set—upphaseof the simulation. The run—time penaltyis limited to
the additionalstepsneededo choosea sub—teel whenaray intersectswith split
texels. No run—timepenaltyis incurredfor ray intersectionswith unsplit texels,
sothatthe performancdossof boththe radiosity simulationandthe ray—tracing
remainswithin acceptabldimits.
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Figure 5.5: Interpolatedand noninterpolatedenderingof a simpletestcase:a
cylinder anda spherecombinedwith thethreebasicCSGoperators.



Chapter 6

Approximative Lightmaps

In chapter5 we took a first steptowardsbeingableto usemorecomplex models
in a global illumination environment. This is achiezed by no longer having to
tesselatéhescenealescriptiorevenfor lightmap—baseghotontracingalgorithms,
which useconsiderabljfessmemorythantheir photonmapcounterpartsandare
therefore-in spiteof their higheralgorithmiccompleity — bettersuitedfor large
ernvironments.

While this certainlyconstitutes big improvementbver prior techniguesvhere
photontracingwas performedon a tesselatedcene the gainspossiblefrom this
approacharestill adropin anoceanif oneconsidergruly complex scenessuch
ase.g.forests.

Onthecontrary theuntesselate€ SGapproachliscussedn chapters canin
certaincasesurnoutto behae considerablyvorsethanacornventionaltechnique.
For instance a workabletesselatiorof a tree modelmightimplicitly reducethe
compleity of themodelby e.g.substitutingndividualintricatelymodelledeaves
with singlepolygonsfor thedurationof thesimulation whereashe CSGapproach
would be stuck with the much more (and probablyunnecessarilyfomplicated
original model.

6.1 Approximative lllumination Solutions

This obsenationleadsusto our working hypothesidor the secondmprovement
we wantto introduce:thatthe key to obtainingusableglobalillumination algo-
rithms for complex scenedies in the useof suitableapproximatve techniques,
bothfrom the perspectie of memoryrequirementsandcalculationtimes.

A qualitatve argumentto furtherthis view is that,asa generakule, it is fairly
safeto assumehatthe morecomplex a scenegets,the lesslikely anobsenrer is
to noticeindividual errorsin its illumination.
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This, of course,only holdstrue aslong astheseerrorsdo not leadto indi-
vidual prominentartifacts,or systematicallydistortthe appearancef the scene.
The compleity of perceptually—driverrenderingmethods- the scienceof trad-
ing accuray for performancegains,while preferablykeepingthe errorsincurred
to imperceptiblelevels — is testimotry to the fact that decidingwhich tradeofs
onecansafely make is a questionwhich often posesa worse problemthanthe
illumination situationthey areappliedto.

However, whenfacedwith the problemof getting global illumination algo-
rithms to work on highly complex sceneswe do not follow the goal of percep-
tually driven methods althoughthe settingis very similar. Our focusis slightly
shifted insofar as certainimplicit errorscanbe deemedan acceptableprice for
gettingary resultsatall for large sceneswhereagerceptuallydrivenapproaches
usually try to maximize performancewithout compromisingthe quality of the
results.

6.1.1 Approximative Photon Tracing

In a photontracing ervironment, the obvious point to addressvhen one wants
to tradeaccurag for lower memoryusageand higherspeed arethe datastruc-
turesusedfor storagenf thegatheredlluminationinformation,andnotthe photon
tracingprocesstself.

Photonmapsoffer little possibilitiesin this respectbut alreadyhave the in-
herentadwvantagethat, sincethey areto a high degreeindependenbf the scene
descriptionthey areusedon, they alwaysat leastfail asgracefullyaspossiblein
the eventof too having receved too few photonhits for a meaningfulresulton
complex geometryanddo not distortthe overall simulation.

In the caseof lightmaps,the one—to—one&orrespondencketweernobjectsur
facesandlightmapsis wastefulin all thosecircumstancesvherethe exactillu-
minationon thesesurfacesis not of particularimportanceaslong asthe overall
appearancef the sceneremainsintact. Typical exampleswould be treeswhen
obsenred from a distance wherethe exact illumination on individual leavesis
usuallynotimportant,aslong asthe wholetreehascorrectbrightness.

This leadsus to the conclusionthat an approximatve versionof lightmaps
would be a key improvementto photontracingalgorithms[WTPQOOa].

6.2 Orientation Lightmaps

Thelogical steptowardssuchanapproximatve typeof illumination storagestruc-
tureis to disassociat¢he lightmapsfrom actualobjects,andto modify themso
thatthey simultaneouslyoverwholegroupsof objects.
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In orderto achieve this, we proposea lightmap—like datastructurethat aver-
agesall incomingirradiancefor comple objectsbasedon the surfacenormal of
the photonhit point. We call this an orientationlightmap (OL for short)dueto
the surfacenormaldependentvay it storestheillumination of the objectit “cov-
ers”. Theproposals in away akin to thework of RushmeiefRPV93 in that,in
respecbf photonstoragejt performsanimplicit geometricsimplificationfor the
objectit is assignedo. However, dueto the markedly differentnatureof photon
tracing,thisis alsowherethe similarity ends.

We averagethe photonhits basedon normaldirection, ratherthanthe more
obvious direction of incidence, becausethe latter is not possiblefor simple
lightmaps. The reconstructionof the illumination at a given surface point ac-
cordingto equation3.7 requiresknowledgeof the surfaceareaassociateavith a
given lightmaptexel. Thereis unfortunatelyno meaningfulway to averagethe
surfaceareaof an objectbasedon the directionsof photonincidence.However,
sinceit is possibleto averagethe areaof anobjectaccordingto surfacenormals,
we choseto usethis approachnstead.

Topologically an orientation lightmap can be thought of as a spherical
lightmapthat surroundghe objectof interest. As shavn in figure 6.1, the place
whereincoming irradianceis storeddependson the photon hit normal. Con-
sequently evaluationof the irradiancefor any surface point during subsequent
renderingpassess basedon its surfacenormalonly; all pointson the underlying
objectwith thesamesurfacenormalhave the sameirradiance.

They canbeseenasalocal, directionallydependentermwhichis determined
throughthe photontracingsimulation.Orientationlightmapssene the samepur-
poseastheervironmentmapsproposedy Reinhardetal. [RTJ94]; the maindif-
ferenceis thatthe “content” of OLs is generatedluringthe photontracingphase
of renderinganddoesnot have to be acquiredmanually

While this techniqueobviously canleadto potentiallyhugeerrorsin theillu-
minationof anobject(in thatlight enegy is “spread”acrossoncoivex objects),
we contendhatthisis still ausefulapproactor awide varietyof casesThelimit
casefor which orientationlightmapsyield the sameresultsasnormallightmapsis
whenbothareappliedto spheresthe effect of applyingOLs to a simplenoncon-
vex object(atorus)canbeseenfrom figure6.2.

6.2.1 Properties

Orientationlightmapsdo not lose or generateenegy during the photontracing
pass.They maintainthe overall appearancef the objectthey “cover” well if the
objectis reasonablysotropic,andareveryfastto insertin ascenegraph— much
fasterthan normal lightmaps,sincethey do not have to perform an exact area
calculationfor eachcomponenbf the objectin question(seesubsectior6.3 for
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Figure6.1: How anorientationlightmap,appliedto a genericnoncoivex object,
storesphotonhits. The photonsl, 2 and3 all hit differentpointsof the surface,
but 1 and3 aresubsumedn the lightmapentry B sincetheir surfacenormalsare
thesame.

details). Dueto the factthatthey areusuallyresponsibldor larger objects,they
gatherlarge numbersof photonhits, which in turn yields anirradianceestimate
with lower variance.

Also, orientationlightmapscanbe freely mixedwith normallightmapsin one
photontracingsimulation,meaninghatsomeobjectscancarrynormalandothers
orientationlightmaps justasthe desiredaccurag of the solutionrequires.lt is at
thediscretionof theuseror renderingapplicationto insertsuchlightmapsinstead
of normaloneswhereverit is deemedappropriatedo do so.

If the objectsin questionaresuitable,it is alsopossibleto useOLs hierarchi-
cally (seefigure 6.3 for an example). It is even possibleto useOLs above the
“genuine’lightmapsin asceneln this casethey sere asabackup:they areused
to reconstructheilluminationfor thoseobjectsthatthey coverwherethevariance
of thenormallightmapsis too high.

6.2.2 Applicability

The mainareaof applicationfor our methodis the renderingof complex objects
thateitherwill not comeunderclosescrutiry by the obserer, or thataresimply
too complex for the normallightmap—pefprimitive approacto work on a given
setup.

Generallythey arenotatechniquehatonewould useif it canbeavoided,but
areratherintendedfor thosecircumstancesherephotontracingwould notwork
in its original form. In suchcaseghey canmake arenderingpossiblethatwould
otherwisefail, sometimegvenwithout a noticeabledegradationin quality.
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Figure6.2: Comparisorof normalandorientationlightmaps: Normal (left) and
orientation(middle andright) lightmapsappliedto atilted torus. Thetwo images
on the left wererenderedusingthe two—passendererdescribedn the text; the
imageon theright is similar to the middle image,exceptthata photon—tracing—
only setupwasusedto betterdemonstrat¢he artifactsof OL averaging.Overall,
the imagesshow the errorincurredby direction-dependeraveragingof theillu-
minationon a simplenoncorvex objectto berathersmall.

They arealsousefulif onewantsto save onrenderingtime by actively reduc-
ing the accuray of the solutionin thosepartsof the scenewhich areguaranteed
to beviewedonly atgreaterdistancespr notatall.

However, they arenot anoptimal choicefor certaintypesof objects,suchas
thosewith only asmallnumberof surfacenormaldirections(suchase.g.acubeor
similar polygonalobjects). While OLs still function correctlywithin their limits
in suchcasesthey causea very strongaveragingeffect which is normally not
desirable.

6.2.3 Photon Tracing with OLs

When performingphotontracingcalculationsfor a sceneg(which in this casewe
assumdo berepresentelly adirectedgraph) thefirst stepis to insertthelightmap
datastructureswvhich will hold the receved photonsamplesnto the graph. As
shavn in figure 6.4, this canbe donevirtually arywherein the sceneggraph.

At this time the necessaryneshingof the lightmapsinto texelsis determined
andthe appropriatedatastructuresareallocated.During this phasethe lightmap
alsocomputeghe areaof the underlyingobject(s);for orientationlightmapswe
usethe stochasticalgorithm that we presentin subsectior6.3 in orderto gain
acceptableperformance. The areavalue computedfor a lightmap texel on an
orientationlightmapis an estimateof that part of the surfaceareaof the under
lying object,which hassurfacenormalsthatpointin the directionthe orientation
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Figure6.3: An exampleof the hierarchicalapplicationof orientationlightmaps,
in this caseon the branchof a tree. In sucha setupthe lowestlevel of the hier-
archywhich hasreceved a significantamountof photonhits is usedfor display
purposes.

lightmap texel covers. Oncethe lightmapsarein place,the actualphotontrac-
ing passis performed. It is importantto notethatin the caseof objectsthatare
coveredby an OL the real objectgeometryis still usedfor photon—objectnter-
sectionspnly the storageof illuminationis doneonthe OLs. In thisway theOLs
do notaltertheflux of photonsn the scendn ary way.

Oncethetracingis complete the gatheredrradiancevalueson the lightmaps
(normalandorientation)areinterpolated.Thefinal stepin the renderingprocess
is a raytracingpassthat usesthe informationin the lightmapsto determinethe
illumination of the objectsin thescene.

6.3 StochasticAreaEstimation

For the conceptof orientationlightmapsto be feasibleit is essentiathat an effi-
cientareaestimatiormethod thatdoesnot usethe bruteforceapproactof explic-
itly calculatingthe surfaceareaof all geometrigorimitivesin acomplex object,is
used.

We usea stochasti@areaestimatiormethodthatdetermineshe surfaceareaof
anobjectby evaluatinga certainnumberof samplingpointsonits surface.There
is no restrictionon the geometryof the object, otherthanthatit hasto be made
up of partsthat have (u,v)—parameterisablfacesor consistof patcheswith this
property— for objectsmodeledusingCSGor B—rep,thisis typically the case.

We first discussthe proposedmnethodfor the caseof a single patch,andthen
shaw its extensionfor compoundobjects.
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° = possible insertion point

Figure 6.4: Possibleinsertionpointsfor orientationlightmapsin a scenegraph.
They canbeplacedvirtually anywhereabove geometricmbjectswherethestochas
tic areaestimationwould work.

6.3.1 Areaof aSinglePatch

On a surfacepatchwith (u,v)—parameterisatiothe areafunction A(u,v) canbe
expandedn termsof the surfacegeometryX(u, v) asfollows:

_[]0R(u,v) _ 0%(u,v)
A(u,v) = H U < oy (6.1)
This meanghatevaluationof theintegral
Apach = //A(u,v) dudv (6.2)

yieldsthe surfaceareaof patchwhenthedoubleintegrationis performedoverthe
entire (u,v) parameterange. This evaluationcanbe carriedout numericallyby
generatingh randompointspg (k= 1...n) onthesurfaceof the patchandnumer
ically differentiatingthe surfaceat thesepoints (seefigure 6.5 for a schematic).
The areaof eachof thesesampless

B ||du x dv/|
[ul[ - [Iv]|

Ax (6.3)

whereu andv arethe“dif ferential’tangenwectorsin u andv direction— in effect
the e for the numericdifferentiation.If the samplesaredistributedevenly across
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Figure6.5: A possibilityfor numericdifferentiationat a samplepointon a patch:
In the vicinity of a randomlychosensamplingpoint, four additionalpoints are
selectechndusedto constructfour crossproductdhe averageof whichis usedas
thenormalvectorandareasample.

the (u,v) parametespaceof the patch,an approximatiorof the entirepatcharea
canbecomputedising

1 n
Apatch ~ A= Z Ay (6.4)
N &

whereA,y is theareaof the (u,Vv) region over which the patchis definedn is the
numberof samplegperpatchandAy aretheareavaluesof theindividual samples.
The crossproductlu x dv, which hasto be calculatedduring this processijs the
normalvectorneededo determinewhich texel of the OL the sampleis addedo.

Eachsamplingpoint contributesto the surfaceareaof the normaldirectionit
representsthe samplesareaddedto the areaestimateof the OL texel that“con-
tains” their direction (the areaestimates inititalised to zerofor all directionsat
the startof the estimationprocess).This eventuallyyields a valid areaestimate
for eachtexel in the OL. After the areaestimation,OL texelsthat cover normal
directionsthatarenotpresentn the objectwill still have anareaof zero,but since
they arenever usedduringthe simulation,this doesnot constitutea problem.

6.3.2 Areaofa CompoundObject

For determiningheareaof acompoundbjectconsistingof mpartsonegenerates
s samples,which are distributed evenly over the m parts(irrespectve of their
relative sizes,sincethis propertyis not known at this time). It hasto be noted
thats canbe (evenconsiderablysmallerthanmin somecasesfor objectswhich
aremadeup of large numbersof similar parts,we typically do not have to sample
every singleoneof them.

This yields n; samplingpoints(whereS ", nj = s) for eachpart of the com-
poundobject, wherethe processoutlinedfor single patcheds applied. All one
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hasto dois to incorporatehe informationgatheredrom thesesampleson all the
objectpartsinto the OL that“surrounds’the complec objectin the sameway as
if thesamplesverefrom asinglepatch.



Chapter 7

Lightmaps for Cyclic SceneGraphs

Theintroductionof orientationlightmapsin chaptei6 enablesisto useanapprox-
imative versionof the lightmap approachto photontracingon highly comple
objects.

While this is alreadya large steptowardsmakingphotontracing possiblefor
large scenesthe fact that orientationlightmapsstill have an explicit link to the
objectswhich they cover — by having to be placedin the scenegraphdirectly
abovethemasshown in figure 6.4 — hinderstheir usageon objectsmodelledwith
one of the mostmemory—sging modelingtechniquesknown, namelythe rule—
basedbjectdefinitionswhich we outlinedin section4.3.

This deniesusthe useof orientationlightmapson exactly the kinds of object
which would benefitthe mostfrom their availability. This is the problemwhich
we addressn thefollowing sections.

7.1 Rule—-DefinedObjects and Global lllumination

Raytracingandinteractve display usinga z—buffer arethe renderingtechniques
which aresofar normally usedin conjunctionwith DCSGs.However, for high—
guality realisticimage synthesighesemethodsare obviously not sufficient. As
typical examples,the resultspublishedin the paperof Traxler and Genautz
[TG97] shaw thatthe forestcanopiesarefar too dark, becauseghe mutualillu-
minationandtransluceng of plantmembersareignoredwith plain raytracing(to
saynothingof z-buffer renderings).

Ontheotherhand,certainview—dependerfeaturedik e specularityandreflec-
tionsarenotoverly importantfor suchsceneswhichagainsuggestshe possibility
of usingapproximatve methods.

Fromtheseobsenationswe derived our motivationto apply our approxima-
tive photon—tracindasedylobalillumination renderingtechniqueso DCSGsfor
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pL—systemsvithoutlosingtheirkey property—theirunmatchedow memorycon-
sumption.

7.2 Lightmaps and DCSGs

Thenon—eplicit natureof ascenegraphthatcontaind CSGsmakesthestraight-
forward attachmenbf lightmaps(or similar global illumination datastructures)
to the objectsthey have to cover impossible.Doing this would requireunrolling
of thecyclic graphsanddestry thelow memoryfootprint propertyof rule—based
objectdescriptions.

Also, even if one useda referenceindexing scheme- like e.g.the onewe
describefor orientationlightmapsin section7.4— for theinclusionof “ordinary”
lightmapsin DCSGs,the usually hugenumberof primitive objectsin a DCSG
objectwould rendersuchanapproachimpracticable.

Whathasto bedoneis to reducethe numberof globalillumination datastruc-
turesusedin therenderingprocesswithoutreducingthe complexity of theDCSG
object. Thisis whereorientationlightmapscomeinto play.

7.2.1 Combining Orientation Lightmaps and DCSGs

Dueto thefactthatthey cancover multiple objects,andthatthey do not rely on
individual propertiesof theseobjects,orientationlightmapsarean excellentpos-
sibilty to let DCSGobjectsbe usedin photontracingrenderingjf oneis content
with only anapproximatve solutionfor theirillumination.

It hasto be notedthatthe following techniqueappliesto theuseof OLsin the
context of anyrule basednodelingervironmentthatis basedn cyclic extensions
to ascengyraph(suchasOpenL—systemgMP96] or context—sensitve L—systems
[PIM94]); we justusedgenericpL—systemsgor our referencemplementationbut
theapproachs generalenoughto be of commonuse.

7.3 Orientation Lightmaps for Entire DCSGs

The insertionof OLs over DCSG objectsis in no way differentfrom lightmap
insertionover“normal” geometricobjects.Sincethe dataneededo instantiatean
orientationlightmap canbe gatheredrom traversalsof the DCSG, no flattening
of the scenggraphhasto be performed.The only distinctionfrom insertionover
anormalsectionof the scenegraphis the slight executiontime penaltyfor cyclic
graphtraversalwith its slower symbolicreferences.
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However, for mostapplicationsa singleorientationlightmaparoundtheentire
objectgeneratedy a DCSGwill be atoo coarseapproximationsoit would be
highly desirablef onewereableto insertOLs above partsof suchan object,but
without having to unroll thecyclic graph.

7.4 Orientation Lightmaps for Parts of aDCSG

InsertingOLs insidea DCSG objectis actually quite easy Sincethe individual
objectsgeneratedy a DCSG are non—pertinentpne hasto separatehe OL in-
stancedrom their point of usage. The key ideahereis to usea storagenode
directly above the DCSGthat maintainsall OLs thatbelongin the cyclic partof
the graph,andthatthe cyclic partof the graphonly containsstubsat appropriate
locationsthatreferto instancesn this OL list. An illustrationof this principlecan
beseenn Figure7.1.

The main questionsin this context are where one oughtto place suchOL
insertionstubsin the DCSG,andhow the correspondencef OL instancesn the
storagenodeandOL stubscanbeestablishecfficiently.

7.4.1 Choiceof Insertion Points

In our system,the userdeterminegossibleinsertionpointsfor OLs within the
DCSGstructuremanuallyduringthemodelingphase Sincetheuseof OLswithin
a DCSG entailsboth the dangersof excessmemoryconsumption(if too mary
OLs areinserted)or of an overly inaccuratesolution (if too few areused),and
modelingwith L—systemss avery intricatetaskto begin with, theinsertionis left
atthediscretionof thescenedesigner

Normally, one usesratherfew, stratgically placedOLs in a DCSG at spots
thataremoreor lesspredefinedoy the natureof the modelledobject, so the ad-
ditional work for the scenedesignerstayswithin bounds.In the caseof trees,it
is e.g.intuitively advisableto have separat€Ls for the interior of the plant(i.e.
the trunk andthe main branchespndfor sectionsof the foliage. However, it is
alsoconcevablethat appropriateheuristicsfor an automatednsertioncould be
devisede.g.alongthelinesof theaborementionedjenericrulesfor trees but that
problemis beyondthe scopeof thisthesis.

A potentialproblemwheninsertingOL stubsinto a repetitve DCSG (manu-
ally or otherwise)s thatonenormallydoesnotwantto insertOLs abose a symbol
at everyrecursionof a DCSG,andthatsuitableinsertionpointsareinitally lack-
ing. An exampleof this would be OL insertionin the Sierpinskitetrahedron;
inspectionof the scenegraphin Figure4.7 revealsthatin the unmodifiedgraph
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therearenoinsertionpointsexceptfor theterminalsymbol(thetetrahedrormprim-
itive),theselectiomnodeat every level of recursionpr theentireDCSGavailable.
The solutionis to usea selectve, recursion—lgel dependeninsertionthrougha
simpleconditionalmechanisnasshavn in Figure7.1.

7.4.2 CorrespondencdetweenOLs and their Stubs

During traversalsof thecyclic partof thescengyraph,areferenceo thelightmap
storagenodeabovethe DCSGis storedin thetraversalstate . Any operation®onor
beneathanorientationlightmapstubin theDCSGthatneedto accesshecurrently
relevantOL instancgsuchasphotonhits duringthetracingphasepr illumination
computationgluring raytracing)have to querythe storagenodefor areferenceo
“their” lightmap.

The key usedfor searchandretrieval is the uniqgueaddressof the OL stub
within the traversalof the cyclic graphsection. This addresss easilygenerated
by notingwhich branchwastaken at all nodesin the DCSGthathave morethan
onesubnode.This string of decisions(in our case,the numbersof the selected
subnodes)hatleadsto a particularnodeis uniquewithin the DCSG,andis auto-
matically concatenatedsa by—productof graphtraversal.
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if level > 0
select subode 1
else subnode 2
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Figure7.1: Insertingorientationlightmapsinto a DCSGat a specificlevel of re-
cursion:in this example,an OL stubnode(symbolizedby a hexagon)is inserted
only atrecursionlevel 4 into the Sierpinskitetrahedrorexamplefrom Figure4.7.
The scenegraphtraversalstatemaintainsa referenceo the OL storenodeit en-
counteredbeforeenteringthe cyclic graph,andthe approporiateOL instanceis

selectedy thestubatrenderingtime.



Chapter 8

Results

In this chaptemve presenin aunifiedform theresultsof usingthetechniquesve

introducedin chapterss, 6 and7. We implementedall proposednethodsasan

extensionto the StochasticGalerkinRadiositysystemin the AdvancedRendering
Toolkit ART underdevelopmentat the linstitute of ComputerGraphicsof the

ViennaUniversityof Technology

8.1 PhotonTracing for CSG Models

In accordancevith our assumptionsthe only tangibleexecution—timepenalties
for using the CSG—avare lightmapswe implementedn ART accordingto the

descriptiongivenin chapters wereincurredat start—uptime. Apart from that,we

experiencedo significantslowdowns during the simulationsthemseles. Also,

the memoryfootprint of the lightmapswasnotincreasedignificantly As avery

simplespecimenfigure8.1shovsthethreeCSGoperationgrom figure5.5in one
picture,while theleft partof figure 8.2demonstratea morecomplex example.

8.2 Orientation Lightmaps

We implementedthe orientationlightmapsclassesas deriatives of the normal
photonlightmapsalreadyin use. The main differencesof the OL classesarein
the setupmethods(i.e. the areaestimationcode outlined in section6.3). The
rendererusesa two—passmethodwhich utilises arealight sourcesamplingfor
the calculationof directillumination, andtheinformationin thelightmapsfor all
othercontributions.

Theresultswe have obtainedarepromising.For comparisonsywe useda CSG
model of a toy locomotie asa casewhereit is still easily possibleto compute
both an exact solutionandan OL approximationithe resultsare shavn in figure

75
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Figure8.1: ThethreebasicCSGoperatorglemonstrateth aradiositysetting.

8.2. The adwantageof the OL approachwith respectto areacomputationtime
is evident (600vs. 5 second®n a PPro/200) andthe artifactsincurredby their
applicationare, while noticeablein comparisonwith the exact solution, subtle
enoughto demonstrateéhe usefulnes®f the methodon comple, noncowvex ob-
jects. Differencesare mostnoticeableon the wheels,especiallyon the large one
beneaththe “driverscabin”: asto be expected this part of the engine,which is
only illuminatedby indirectlight, exhibits a lack of self—shadwing.

Thetwo othertestcaseswne presentarea sphereflak andatreemodel. The
sphereflak is modeledto recursionlevel 4 — it consistsof 7381 randomly
colouredspheres.Figure 8.3 shows the differencebetweencovering the entire
objectby a singleOL, or coveringthefirst—generatiorichildren” with their own
OLs. Theoverallappearancef bothsolutionsis corvincing, which indicateshat
in somecasesa singleOL canbe sufficient evenfor objectsthat consistof mary
differentcomponentsgspeciallyin non—criticalillumination situations.

Thetreein figure 8.4 wasmanuallymodelledalongthe lines of a L—system;
the entire objectconsistsof roughly 120,000CSG primitives. It is coveredby a
hierarchyof OLs; eachmajor partof the tree (suchasthe brancheshasits own
OL. Area estimationfor this objecttook about180 secondsof CPU time on a
Pentiumll/450 with 20000areasamplesper OL. The visual appearancef the
treeis reasonablygood, sincethe overal brightnesss correct,andthe spreading
of illumination acrosghe entiretreeis preventedby the useof multiple OLs.
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Figure 8.2: Comparisonof normal and orientationlightmaps: a CSG model
of a locomotve renderedusing corventionalphotonmaps(left) and orientation
lightmaps(right).

8.3 Orientation Lightmaps for Cyclic Graphs

Thefirst objectswe renderedn orderto testour implementatiorof DCSGswere
classicalDCSG shapesthe Mengerspongeand Sierpinskitetrahedron.In what
was,afterinitial consternationaperfectlyunderstandableesult,bothobjectspro-
videdratherunsatisactoryresultswhenviewedin aradiositysetting,but not be-
causeourimplementatiorwasto blame.Both objectsareself—similarfractalsand
assuchexhibit aninner structurethat“swallows” considerablemountsof light,
which in turn is disadwantageouso the useof orientationlightmaps. However,
asour experimentswith otherobjectssuggestthis effectis really only a problem
with self—similarobjects.

The sympoidaltree shovn in Figure 8.5 proved to be a morerewardingtest
case. We appliedorientationlightmapsto eachof the brancheswhich yielded
about20 OLs for anobjectthat, whenflattened would consistof roughly 40000
primitives. The cyclic CSGgraph,including all transformationcolour andma-
terial nodesthatarenot essentiafor the structureof the plant,is madeup of just
roughly 200 nodes. We obsened raycastingoperationson the DCSGtreeto be
about20-30%slower thanon equialentinstantiatecdbjects.With 100k photons
shotand2000areasamplegerOL taken,therenderingat a resolutionof 640 by
640 pixels took 700 seconds.Memory usageof the 20 OLs andthe raycasting
DCSGunrolling cachewasminimal comparedvith whatan unrolledversionof
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Figure 8.3: Comparisonof orientationlightmap usage: a sphereflak rendered
usingone OL for the entire object (left) andone OL for eachlevel of the sub-

flake (right). The overall appearancef the two solutionsis similar, althoughthe

solutionwith severalOLs s naturallymoreaccurate.

thegraphwould have used.
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Figure8.4: Making complex modelsusablefor photontracing: anexplicitly mod-
eledtree,which consistsof roughly 120000CSG primitivesandis coveredby a
hierarchyof orientationlightmaps.
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Figure 8.5: Orientationlightmapson rule—definedobjects. A simple tree gen-
eratedby two rulesets: one for growing the main stem, the other for growing
branchesat the appropriatdocationsandfitting shapewith twigs andleavesat-
tached. The tree generatorulesetis, apartfrom the more realistic translucent
maple-lile leaves, similar to one of the examplesusedby Traxlerand Genautz
[TG97]. Note thatthe multitude of differentleaf orientationstogetherwith the
factthatmultiple OLswereused(onefor eachbranch) leadsto avisualsensation
thatis free of discernibleOL-inducedartifacts.



Chapter 9

Conclusion

We presentedhreeimprovementsthat enableus to usea particular physically
plausible and viewpoint—independenglobal illumination algorithm — namely
lightmap—basedtochastigphotonradiosity — on far more complex sceneghan
waspossiblebeforehand.

1. In chaptels, we introducedanapproactthatenabledightmap—basedeth-
odsto operatedirectly on objectsmodelledthroughCSG operationsand
to maintainillumination representationsn themthat offer a high degree
of accurag dueto the exactray—CSGobjectintersectionsisedto classify
photonhits.

2. In chapter6, we presentedan approximatve versionof lightmapscalled
orientationlightmaps They breakthe problematicone—to—one&orrespon-
dencebetweerobjectsandlightmapsin complex scenesandcanbe simul-
taneouslyusedon multiple objects. They averagethe photonhits on these
objects,but do not alterthe enegy flow in the sceneduring the simulation
processn ary way.

3. Basedon theseorientationlightmaps,we presented straightforvard way
of combiningrule—base@bjectgeneratiorandphotontracingin away that
appropriatelyexploits the advantagesf bothin orderto make viewpoint—
independenglobalilumination possiblefor procedurallydefinedobjectsin
chapter7.

In additionto makingtheuseof DCSGsin conjunctionwith photonradiositypos-

siblefor thefirsttime, our extensiongefficiently addresshe problemswith respect
to complex sceneghatwe identifiedwith the original photontracingalgorithmat

theendof section3.5.2:
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1. MemoryconsumptionBy comparisorwith the bestphotontracingmethod
for normal scenesso far, the photonmapsof Jenser{Jen96,Jen97],our
combinedmethodsoffer the advantageof usingfar lessmemory;with in-
creasingscenecompleity this differenceevenincreasesn favour of our
method.

2. Variance of the solution: By averagingall hits on a complex object ori-
entationlightmapsmanageto obtain a sufficiently stablesolutionfrom a
reasonablenumberof photonhits, irrespectve of the numberof geomet-
ric primitivesin the object,while incurring artifactsthatarein mostcases
apparentlynot particularlyprominent.

3. Area estimation: We presented stochasticareasamplingalgorithm that
is optimally suitedfor usein conjunctionwith orientationlightmaps,and
thathasexcellentperformancecharacteristicevenfor complex compound
objects.

Thedownsideto the orientationlightmappartof our approachs thatthe solution
oneobtainsby their useis practicallyalwayslocally inaccurateo somedegree.
However, sinceit is anadd—onto the conventionallightmapmethod,it leavesthe
controlof to which extentit is beingemployed,andhencewhaterroris incurred,
to thescenedesigner

When seenin contet, we deemthe artifactsincurredto be a fair price for
beingableto renderighly complex scenesvith aphysicallybasedylobalillumi-
nationmodelwithout needinghugesystenresourcesgspeciallysinceonehasthe
possibility of usingthe proposedorientationlightmapsonly in perceptuallyless
importantpartsof a scenef extremelyhighaccurag is desired.



Appendix A

SelectedPhysical Aspectsof
Rendering

In orderto underlinethe importanceof the stochastioglobal illumination tech-
niqueswe aimto extendin this thesisespeciallywhencomparedvith thevarious
deterministicapproacheg$rom chapter2, this appendixgives a brief overvien
of threeaspectof photorealistiaqgraphicswhich areimpossibleto integrateinto
a viewpoint—independenglobal illumination calculationby meansother than
Monte Carlorendering.Thesearedispersionof light in transparenobjects,and
the inclusion of polarizationinformation and fluorescencesffectsin the image
synthesigrocess.

A.1 Dispersionin Dielectric Materials

Dispersionoccurswherepolychromatidight is split into its spectralcomponents
on a refractve materialboundary dueto the factthat the index of refractionin
transparenmmaterialsis dependenbn the wavelengthof the incidentlight. To
complicatematters,this dependeng on wavelengthis non-linearand relatedto
materialconstantshathave to be measuredn experiments.

A.1.1 SellmeierCoefficients

The mostwidely usedmethodof specifyingthe dispersioncurve for materialsin

thevisualrangeis to usetheso—calledSellmeiempproximation Severalbasically
similar forms exist thatdiffer only in the numberof empiricalconstantsn struc-
turally similar equations.The numberof theseconstantsisuallydependon the
measuremergrocesdy which the datafor theapproximatioris obtained.
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Figure A.1: Refractve indicesfor several materials. From top: diamond,lead
crystalandseveralotherglasstypes.Noticethevaryingamountof dispersiorand
non-linearityfor differentmaterials.

A typical exampleis the glasscatalogof the compaly Schott Glaswerle,
which is one of the worldwide leadingsuppliersof technicalglass. In the cat-
alog the technicaldataof the several hundredtypesof glassthat the compaly
sellsis listed,andfor specifyingdispersiortheform

BiA2 BoA? B3A?
+ +
AM—Ci AN—-Cp, MN—-C3

is used,wheren is theindex of refractionat wavelengthA. The cataloglists
coeficientvaluesof B, andC,, for thedifferentglasstypes(rangingfrom normal
window glassto highly dispersve lead crystal). In this particularcaseone can
computethe index of refractionfor wavelengthsfrom ultraviolet to far infrared
with a relative error of lessthan 1.0E-5from just six coeficientsper glasstype.
This makesthe cataloga valuablesourcefor accuratadispersiondata,especially
sinceit canbedownloadedrom thecompary websitefree of chaggeandcontains
specimen®f all themainbasicglasstypes(i.e. flints, crowns,leadcrystalaso.).

There are also numerousother sourcesof similar freely available material
measurementwhere one can obtain measurementsf genuinematerialsother
than glass(e.g. diamondsand other gemstones)both on the web andin book
form. @BookMinnaert:1954:LCOauthor= "M. Minnaert”, title = "Light and
Colorin the OpenAir”, year="1954", publisher="Dover”,

(A.1)

n?(\)—1=
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A.1.2 Photon Tracing Dispersion

The inclusion of dispersionin a renderingsystembrings aboutan effect which
“standard”deterministicraycastingcannothandle:that a previously sharplyde-
fined primary ray suddenlyfansout acrossa solid angle[WTPO0Ob]. However,
suchan effect is readily traceableby spectralversionsof Monte Carlo photon
tracingmethods.

If spectraare representecdy n non—overlappingspectralbands,a photon
tracer on encounteringa refractionwith dispersionshootsn newv photons,each
with only thecolourcontritution of channeh differentfrom zero,in thedirection
correspondingo the averagewavelengthof the band,andadditionallyjitters this
averagewavelengthby asmuchashalf the width of the spectralbandin orderto
uniformly coverthe entirespectrum.

Due to the spreadingof eachcontribution acrossone neigbouringband,the
maximumfan—outin thiscases 2, whichin conjunctionwith multiple interreflec-
tionscouldleadto a considerablslowdown comparedvith the deterministicver-
sion, especiallywhennestednterreflectionsareviewed. However, in practicewe
foundtherenderingtimesto beonly up to two timesslower thanin the determin-
istic casejndicatingthattheincreasan fan—outaffectsonly thefirst refraction.

If nojittering is performedtheresultingreductionto n frequenciesandhence
n discreteanglesof refraction,leadsto geometricaliasing,which canposea se-
rious problemwhendispersioneffects are closely viewed, and when noticeable
dispersioncausticsare present.However, for imagesthat exhibit only smalldis-
persioneffects,like e.g.colouredfringesin glassesthe deterministicapproach,
which usesslightly lessCPUtime, is perfectlyvalid.

The fan—outon subsequentefractionsis 1 in this case,sincefor eachband
a monochromatighoton,which cannotbe split ary further, is propagated.The
maximumincreasen computationtime is n—fold for eachphotonthat entersa
dispersve medium.

A.2 Polarization Effects

Polarizationhasreceved particularlylittle attentionin the renderingcommunity
because- while of coursebeingessentiafor speciallycontrived setupsthate.g.
containpolarizingfilters—it seeminglydoesnot contritutevery prominenteffects
to the appearancef anaveragescene.This misconceptions in partfosteredby
the fact that the humaneye is normally not capableof distinguishingpolarized
from unpolarizedight?.

1Contraryto commonbelieftrainedobsenerscandistinguishpolarizedfrom unpolarizedight
with the naked eye. Namedatfter its discoverer, the effectis known asHaidinger’'s brushandis
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Figure A.2: Dispersioneffects on a double prism, calculatedwith a stochastic
raytracer

Oneof themainareaswhereit in factdoesmake a substantiatlifferenceare
outdoorscenesthis is dueto the usuallyquite strongpolarizationof skylight, as
onecanfind documentedn G. P. Kdnnens book [K6n89 aboutpolarizedlight
in nature.But sincesuchscenesarecurrentlystill problematicafor photorealis-
tic rendererdor a numberof other moreobviousreasonge.g.scenecompleity
andrelatedglobalillumination issues)this hasnot beengivena lot of attention
yet. Otherknown effectswhich dependon polarizationsupportarecertaindark-
eningor discolourizationpatternsin metal objectsandtheir reflections,andthe
darkeningof certainfacetsn transparentbjectssuchascrystals.

describedy Minnaertin his bookaboutlight in outdoorsurroundinggMin54].
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A.2.1 Polarized Light

While for a large numberof purposest is sufficient to describdight asanelec-
tromagnetiovave of a certainfrequeng thattravels linearly throughspaceasa
discreteray (or a setof suchrays), closerexperimentalexaminationrevealsthat
sucha wavetrainalsooscillatesin a planeperpendiculato its propagation.The
exactdescriptionof this phenomenomequiresmorethatjustthe notionof radiant
intensity which the corventionalrepresentatioof light provides.

The natureof this oscillationcanbe seenfrom the microscopicdescriptionof
polarizationwhich closelyfollowsthatgivenby Shumaler [Shu77].We consider
a single steadily radiating oscillator (the light source)at a distantpoint of the
negative Z—axis,andimaginethatwe canrecordthe electricfield® presentat the
origin dueto this oscillator Exceptat distancedrom the light sourceof a few
wavelengthsor less,the Z componenof the electricfield will be negligible and
thefield will lie in the X=Y plane.The X andY field componentsvill be of the
form

Ex =V (21-v-t+8) [V-m Y
Ey=Vy-(2m-v-t+9y)

whereVy andV, arethe amplitudes)V - m~1], v is the frequeny [Hz], 8« andd,
arethe phasesrad of theelectromagnetigvavetrain,andt is thetime [s|. Figure
A.3 illustrateshow this electricfield vectorE changesver time for four typical
configurations.

(A.2)

Causesof Light Polarization

Apart from skylight, it is comparatiely rarefor light to be emittedin polarized
form. In mostcasespolarizedlight is the resultof interactionwith transmitting
mediaor surfaces. The correctsimulation of suchprocessess at the core of
predictve renderingsoa shortoverview of this topic recommendgself.

Thesimplestcaseis thatof light interactingwith anoptically smoothsurface.
This scenariocan be adequatelydescribedoy the Fresnelequations which are
solutionsto Maxwell’'swave equationdor light wavefronts.They have beenused
in computergraphicsat leastsince Cook and Torranceproposedtheir famous
reflectancemodel [CT81], and mostapplicationsusethemin a form which is
simplifiedin oneway or another

2Theelectricandmagnetidield vectorsareperpendiculato eachotherandto the propagation
of theradiation. The discussiorcould equallywell be basedon the magneticfield; which of the
two is usedis notimportant.
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FigureA.3: Left: Fourexamplesof the patterngracedout by thetip of the elec-
tric field vectorin the X-Y plane: a) shows light which is linearly polarizedin
the vertical direction; the horizontalcomponengy is alwayszero. b) is a more
generalversionof linear polarizationwherethe axis of polarizationis tilted by
an angleof a from horizontal,and c) shaws right circular polarizedlight. The
fourth exampled) shows elliptically polarizedlight, which is the generalcaseof
equation(A.2). (Imageredravn from Shumaler [Shu77]) Right: Geometryof
aray—suraceintersectionwith anoptically smoothphaseboundarybetweenwo
substancesasdescribedoy the equationset(A.3). A transmittedray T only oc-
cursin whentwo dielectric mediainterface;in this case,all enegy thatis not
reflecteds refractedj.e. T =1 — R. TheE—\vectorsfor thetransmitteday Et” and
E¢, have beenomittedfor betterpictureclarity. The (E||,EL) componentsere
correspondo the (x,y) componentsn thedrawing on theleft.

FresnelTerms

In their full form (thederwvationof which cane.g.befoundin [SH92]), they con-
sistof two pairsof equationsAccordingto thereflectiongeometryin figure A.3,
the first pair determineghe proportionof incidentlight which is reflectedsepa-
rately for the x andy component®f the incidentwavetrain. This relationshipis
commonlyknown, andcanbe foundin numerousomputergraphicstextbooks.

Thesecondoair, whichis muchharderto find in computemgraphicditerature,
descibesheretardancethattheincidentlight is subjectedo, whichis therelative
phaseshift thatthe vertical andhorizontalcomponent®f the wavetrainundego
duringreflection.In figure A.4 we show theresultsfor two typical materials:one
conductoy a classof materialswhich hasa complec index of refractionandis
alwaysopaqueandonedielectric,whichin pureform is usuallytransparentand
hasareal—\aluedindex of refraction.

We quotethe Fresnelequationdor adielectric—complg interface. Thisis the
generalcase sinceonly oneof two mediaat aninterfacecanbe conductve (and
henceopaque)anda dielectric—dielectrianterfacewith two real—-aluedindices
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of refractioncanalsobe describedy this formalism.

_ a?+b?—2acos0+cosH

FLO.n) = a2+ b2+ 2acosB + cog o
a2+ b? — 2asindtand + sirfOtar’
F||(evn) ) 2 - - Fl(ear])
a2+ b2 + 2asindtand + sirfOtark 0
2cosd
tano, = cog0—a?2—b?
2bcost[(n? — k2)b — 2nkal (A-3)
AN = e 1) 2coR0— @ — 17
with

282 = | (1? — K2 — ST B)2 + 4n?K2 4 1P — I — sirP 6

262 = |/ (12 — K2 — SR O)2 + 4n?K2 — 1P 41 + sirP 6

F, is the reflectancecomponentparallelto the planeof incidence,andF, that
normalto it. Underthe assumptiorthatoneis only interestedn the radiantin-

tensityof thereflectedight, this canbe simplified to the commonlyusedaverage
reflectancéaverge = (F1 + FH) /2.0, andd aretheretardancéactorsof thetwo

wavetraincomponents.
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FigureA.4: Fresnereflectvities Fi, FL andFyerage(dashedines),aswell aspar

allel andperpendicularetardancevaluesfor copper(red) andleadcrystal(blue)
at 560nm. As a conductoy copperhasa complex index of refraction,doesnot
polarizeincidentlight very strongly at Brewsters angle and exhibits a gradual
shift of retardancever the entirerangeof incidentangles.For leadcrystal,with

its real—aluedindex of refractionof aboutl.9, total polarizationof incidentlight

occursatabout62°. Above this angle,no changen thephaserelationof incident
light occurs(both retardancecomponentsare at —90°), while belov Brewsters
anglea phasdifferenceof 180’ is introduced.
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A.3 Fluorescence

While thepolarizationof light ataphaseésoundaryis acomparatrely macroscopic
phenomenonfluorescenceas causedy processesvithin the pigmentmolecules
that areresponsibldor the colour of an object. Due to both lack of spaceand
thefactthatan actualexplanationof theseprocessess not necessaryo properly
implementsupportfor it in arenderingsystemwe will notgo into detailsabout
its causes.

Theresultsof thephenomenor which arewhatwe try to simulate— arequite
straightforvard to describe:the characteristiqoroperty of fluorescentmaterials
is that they re—emitportionsof the incidentlight at different,lower wavelengths
within anextremelyshorttime (typically 10-8 seconds).

Insteadof the reflectancespectrausedfor normal pigments,describingsuch
a materialrequiresknowledgeof its re—radiation matrix, which encodeghe en-
ergy transferbetweendifferent wavelengths. Suchbispectal reflectancemea-
surementsare ratherhard to comeby; while “normal” spectrophotometerare
becomingmore and more common,the bispectralversionsof suchdevicesare
by comparisonvery rare andin an experimentalstage. Figure A.5 shaws three
visualizationsof a samplebispectralreflectancedataset.Manualdesignof such

300 380 500 600 700 780 700

700 H 700

'Y B

< |
400 - /

500 7
380 380 600 ’ 4

300 380 500 600 700 780 700~ |/

500 600 700

Figure A.5: Bispectralreflectvity measurementsf pink fluorescent3M Post-
It® notes.There—radiatiormatrix is shovn for excitationwavelengthdetween
300nmand780nm,andemissionwavelengthdrom 380nmto 780nm,as2D den-
sity plot and 3D graph. In the 3D view the off—axis contritution hadto be ex-

aggeratedn orderto be properlyvisible, andin both plots measurementoiseis

evident. The rightmostgraphshaws the nonfluorescenteflectionspectrum(the
maindiagonalof there—radiatiomrmatrix, shovn in green) theenegy absorbedt

higherwavelegths (blue), the enegy re—radiatecht lower wavelengthg(red) and
the resulting“reflection” spectrum(black). Note that the resultingspectrumis

well over 1.0in someareas Datacourtesyof Labspherdnc.

re—radiatiormatricess muchharderthanexplicit derivationof reflectionspectra;



APPENDIXA. SELECTEDPHYSICAL ASPECTSOF RENDERING 91

while the latteris alreadynot particularlyeasy their effect is by comparisorstill
quite predictable Also, it is easyto maintaintheenegy balanceof normalreflec-
tion spectraby ensuringthatno components greaterthanone;for are—radiation
matrix this translatego the moredifficult conditionthattheintegral overthe area
mustnotexceedone.

FigureA.6: A typical photontracingradiositybox, lit by D65andUV blacklight.

The objectsandthe walls are partly colouredwith empirically modelledfluores-
centpigments.It hasto be notedthat thesepigmentsweretailoredfor maximal

fluorescenceeffect, and not physical plausibility. While pigmentswith sucha

bright and markedly monochromatidluorescenceffect exist, someof thesedo

not look realisticunderdaylight. The aubegine-colouredorusandcylinder are
the mostproblematidn this respectsincesuchextremecolour changedetween
blacklightandnormalillumination arenot commonin reallife.



Bibliography

[App68]

[Bek99]

Arthur Appel. Sometechniquedor shadingmachinerenderingsof
solids. In AFIPS 1968 Spring Joint ComputerConf, volume 32,
pages37-45,1968.

Philippe Bekaert. Hierarchical and Stodastic Algorithmsfor Ra-
diosity. PhD thesis,Departmeniof ComputerScience Katholieke
UniversiteitLeuven,Leuven,Belgium,1999.

[CCWG88] MichaelF. Cohen Shenchangric Chen,JohnR. Wallace,andDon-

[CG85]

[CPC84]

[CPCO8]

[CRMTO1]

[CT81]

aldP. Greenbeg. A progressierefinementpproacho fastradiosity
image generation. In JohnDill, editor, ComputerGraphics (SIG-
GRAPH’88 Proceedings)volume22, pages’5-84,August1988.

Michael F. Cohenand Donald P. Greenbey. The Hemi-Cube: A
radiosity solution for complex environments. ComputerGraphics
(SIGGRAPHS85 Proceedings)19(3):31-40August1985.

RobertL. Cook, ThomasPorter and Loren Carpenter Distributed
ray tracing. In ComputerGraphics(SIGGRAPH84 Proceedings)
volumel18, pagesl37—-45,July 1984.

R. Cook,T. Porter andL. CarpenterDistributedraytracing.In Ros-
aleeWolfe, editor, SignificantSeminalPapers of ComputerGraph-
ics: PioneeringEfforts that shapedthe Field, pages77-86,N.Y.,
1998.ACM Press.

Shenchandgeric Chen,Holly E. RushmeierGavin Miller, andDou-
glasTurner A progressie multi-passmethodfor globalillumination.
In ThomasW. Sederbay, editor, ComputerGraphics(SIGGRAPH
'91 Proceedings)volume25, pagesl65-174 July 1991.

R. L. CookandK. E. Torrance. A reflectancemodelfor computer
graphics.Computergraphics,Aug 1981, 15(3):307-3161981.

92



BIBLIOGRAPHY 93

[ES80]

[Fed96]

[Ger95]

[GN71]

[GT96]

[HDO1]

[Hec90a]

[Hec90b]

[HSA91]

[ICG86]

[JC98]

PeterEichhorstandWalter J. Savitch. Growth functionsof stochas-
tic Lindenmayeisystems.Informationand Control, 45(3):217-228,
Junel980.

Martin Feda. A Monte Carlo approachfor Galerkinradiosity to
appeain TheVisual Computer12,1996.

R. Gershbein. A study of integration methodsfor couplings of
galerkin radiosity systems. In Eurographics RenderingWorkshop
1995 EurographicsJunel995.

RobertA. GoldsteinandRogerNagel. 3-D visual simulation. Simu-
lation, 16(1):25-31Januaryl971.

Michael Genautzand ChristophTraxler Representatioandreal-
istic renderingof naturalphenomenavith cyclic CSGgraphs. The
Visual Computer12(2):62—71,1996.ISSN0178-2789.

JohnC.HartandThomasA. DeFanti. Efficientanti-aliasedendering
of 3D linear fractals. In ThomasW. Sederbag, edito, Computer
Graphics(SIGGRAPH91 Proceedings)volume25, pages91-100,
July 1991.

Paul S. Heckbert. Adaptive radiosity texturesfor bidirectionalray
tracing. In ForestBaslett, editor, ComputerGraphics(SIGGRAPH
'90 Proceedings)volume24, pagesl45-154 August1990.

Paul S. Heckbert. Adaptive radiosity texturesfor bidirectionalray
tracing.volume?24, pagesl45-154 August1990.

Pat Hanrahan David Salzman,and Larry Aupperle. A rapid hier
archicalradiosity algorithm. ComputerGraphics(SIGGRAPH91
Proceedings)25(4):197-206July 1991.

David S. Immel, Michael F. Cohen,and Donald P. Greenbeg. A
radiosity methodfor non-difuse ervironments. In David C. Evans
andRussellJ. Athay, editors,ComputerGraphics(SIGGRAPH86
Proceedings)volume20, pagesl33-142 August1986.

Henrik WannJenserandPerH. ChristensenEfficient simulationof
light transporin scenesvith participatingmediausingphotonmaps.
In Michael Cohen,editor, SIGGRAPHI8 ConfeenceProceedings
Annual ConferenceSeries pages311-320ACM SIGGRAPH,Ad-
disonWeslgy, July 1998.ISBN 0-89791-999-8.



BIBLIOGRAPHY 94

[Jen96]

[Jen97]

[Kaj86]

[K6n85]

[LC87]

[Lin68]

[LW93a]

[LW93b]

[LWO4]

[Min54]
[MP96]

Henrik Wann Jensen. Global illumination using photonmaps. In

Xavier Pug/o and PeterSchibder editors,EurographicsRendering
Workshop1996 pages21-30,New York City, NY, Junel996.Euro-
graphicsSpringerWien. ISBN 3-211-82883-4.

Henrik WannJensenRenderingausticonnon-lambertiarsurfaces.
ComputerGraphicsForum, 16(1):57-641997.ISSN0167-7055.

JamedT. Kajiya. Therenderingequation.ComputerGraphics(SIG-
GRAPH'86 Proceedings)20(4):143-150August1986.

G. P Konnen. Polarized Light in Nature. CambridgeUniversity
Press1985.

William E. Lorensenand Harwey E. Cline. Marching cubes: A
high resolution3D surface constructionalgorithm. In MaureenC.
Stone, editor, ComputerGraphics (SIGGRAPH'87 Proceedings)
volume?21, pagesl63—-169,July 1987.

A. Lindenmayer Mathematicalmodelsfor cellular interactionsin
development,| & II. Journal of Theoetical Biology, 18:280-315,
1968.

Lindenmayess original articleson L-Systems.

Eric Lafortuneand YvesD. Willems. Bi-directional path tracing.
pagesl45-153 Alvor, Portugal Decemberl993.

Eric P. LafortuneandYvesD. Willems. Bi-directionalPath Tracing.
In H. P. Santoeditor, Proceeding®f Third InternationalConfeence
on ComputationalGraphicsand Visualization Techniques(Compu-
graphics’93), pagesl45-153 Alvor, Portugal Decemberl 993.

E.P LafortuneandY. D. Willems. A theoreticaframework for phys-
ically basedrendering. ComputerGraphicsForum, 13(2):97-107,
Junel994.

M. Minnaert. Light and Color in the OpenAir. Dover, 1954.

Radonir Mé&ch and Przemyslas Prusinkievicz. Visual modelsof
plantsinteractingwith theirervironment.In Holly Rushmeiereditor,
SIGGRAPHD6 ConfeenceProceedingsAnnual Conferenceseries,
pages397-410ACM SIGGRAPH,AddisonWesle/, August1996.
heldin New OrleansLouisiana,04-09August1996.



BIBLIOGRAPHY 95

[NHO1]

[NPT+95]

[PIMO4]

[PLH88]

[PM92]

[Pru86]

[Pru87]

[Rot82]

[RPV93]

Greggory M. Nielsonand BerndHamann. The asymptoticdecider:
Remaing the ambiguityin marchingcubes. In Visualization’91,
pages83-91,1991.

Laszb NeumannWernerPugathofer RobertF. Tobler, Attila Neu-

mann,Pavol Eli&s, Martin Feda,and Xavier Pug/o. The stochastic
ray methodfor radiosity In P. HanraharandW. Puigathofer editors,
RenderingTechniques'95, pages206—218 EurographicsSpringer

Verlag,Junel995.

Przemyslav Prusinkiavicz, Mark JamesandRadomi"Méch. Syn-
thetic topiary. In Andrenv Glassner editor, Proceedingsof SIG-
GRAPH'94 (Orlando,Florida, July 24—29,1994) ComputeiGraph-
ics ProceedingsAnnual ConferenceSeries,pages351-358.ACM
SIGGRAPH,ACM Press,July 1994.1SBN 0-89791-667-0.

Przemysla Prusinkiavicz, Aristid LindenmayerandJamedHanan.
Developmentalmodelsof herbaceouplantsfor computerimagery
purposesin JohnDill, editor, ComputerGraphics(SIGGRAPHS88
Proceedings)volume22, pagesl41-150 August1988.

S. N. Pattanaikand S. P. Mudur. Computationof global illumina-
tion by montecarlo simulationof the particlemodelof light. Third
EurographicsWorkshopon Renderingpages/1-83,May 1992.

Przemysla Prusinkiavicz. Graphicalapplicationsof L-systems.In
M. Green editor, Proceeding®f Graphicsinterface’86, page247—
253,May 1986.

Przemysla Prusinkiavicz. Applicationsof L-Systemgo Computer
Imagery In Hartmut Ehrig, Manfred Nagl, Grzegorz Rozenbay,
and Azriel Rosenfeld,editors, Proc. 3rd Int. Workshopon Graph-
Grammas and Their Applicationto ComputerSciencevolume291
of Lectue Notesin ComputerScience pages534-548.Springer
Verlag,1987.

S. D. Roth. Ray castingfor modellingsolids. ComputerGraphics
andImage Processing18:109-144Februaryl982.

Holly RushmeierCharlesPattersonandAravindanVeerasamyGe-
ometric simplificationsfor indirect illumination calculations. In

GraphicsInterface'93. CanadianHuman—Compute€ommunica-
tion Society May 1993.



BIBLIOGRAPHY 96

[RTJ94]

[RV89]

[RWSO]

[SG69]

[SH81]

[SHO2]

[Shioo]

[Shig1]

[Shu77]

[SKDP99]

Erik Reinhard,LucasU. Tijssen,andFrederikW. Jansen.Environ-
ment mappingfor efficient samplingof the diffuse interreflection.
In Photorealistic RenderingTechniques pages410—422.Springef
Verlag,Junel994.

Jaroslav R. Rossignacand HerbertB. Voelcker. Active zonesin
CSGfor acceleratingpoundaryevaluation,redundang elimination,
interferencedetection,and shadingalgorithms. ACM Transactions
on Graphics 8(1):51-87,1989.

Steven M. Rubinand TurnerWhitted. A 3-dimensionalepresenta-
tion for fastrenderingof complex scenesvolumel4,pagesl10-116,
July 1980.

J. Spanierand E. Gelbard. Monte Carlo Principles and Neution
TransportProblems AddisonWesley PublishingCompaly, 1969.

RobertSiegelandJohnR. Howell. ThermalRadiationHeatTransfer
Hemispherd?ublishingCorp.,WashingtonDC, 1981.

RobertSiegelandJohnR. Howell. ThermalRadiationHeatTransfer,
3rd Edition. HemispherePublishingCorporation,New York, NY,
1992.

PeterShirley. A ray tracingmethodfor illumination calculationin
diffuse-speculascenes.In Proceedingof Graphicsinterface’90,
page205-212May 1990.

P. Shirley. Time compleity of montecarloradiosity In WernerPur
gathofer editor, Eurographics’91, pages459-465.North-Holland,
Septembel991.

JohnB. Shumaler. Distribution of optical radiationwith respecto
polarization. In Fred E. Nicodemus,editor, Self-StudyManual on
Optical RadiationMeasuementsPart 1. ConceptsOptical Physics
Division, Institute for Basic StandardsNational Bureauof Stan-
dards,WashingtonD.C.,Junel977.

L. Szirmay-Kalos,P. Dornbach,andW. Puigathofer On the start-
up bias problemof metropolisrendering. In WSCG’99 (Seventh
InternationalConfeencein Central Europeon ComputerGraphics,
VisualizationandInteractiveDigital Media), pages273-280Plzen-
Borey, CzechRepublic,Februaryl999.Universityof WestBohemia.



BIBLIOGRAPHY 97

[SP89]

[SPNP96]

[SW993]

[SWO9b]

[SWO0O]

[SWHT95]

[TG97]

[TGP96]

[TWFP97]

FrancoisX. Sillion andClaudePuech. A generaltwo-passmethod
integrating specularand diffuse reflection. In Jefrey Lane, edi-
tor, ComputerGraphics(SIGGRAPH89 Proceedings)volume23,
pages335-344July 1989.

Mateu Sbert, Xavier Pug/o, Lazlo Neumann,and WernerPuigath-
ofer. Global multipath monte carlo algorithmsfor radiosity The
Visual Computey12(2):47-61,1996.ISSN0178-2789.

F. SuykensandY. D. Willems. Combiningbidirectionalpathtrac-
ing and multipassrendering. In WSCG’99 (SeventhInternational
Confeencein Central Europeon ComputerGraphics,Visualization
and InteractiveDigital Media), page265-272 Plzen-Borg, Czech
Republic,Februaryl999.University of WestBohemia.

Frank Suykensand Yves D. Willems. Weightedmultipassmeth-
odsfor globalillumination. In P. BrunetandR. Scopigno,editors,
ComputerGraphicsForum (Eurographics’99), volume18(3),pages
209-220.The EurographicsAssociationand Blackwell Publishers,
1999.

Frank Suykensand YvesD. Willems. Density control for photon
maps. In B. Perocheand H. Rushmeiereditors, RenderingTech-
niques2000 (Proceedingsf the Eleventh EurographicsWorkshop
on Rendering)page23—-34,New York, NY, 2000.SpringerWien.

PeterShirley, BrettonWade,Philip Hubbard,David Zareski,Bruce
Walter, and Donald P. Greenbay. Globalillumination via density
estimation. In P HanraharandW. Pugathofer editors,Rendering
Tedhniques95, pagef19-230EurographicsSpringerVerlag,June
1995.

ChristophTraxler and Michael Genautz. Efficient ray tracing of
comple naturalscenesWorld ScientificPublishers1997.

RobertF. Tobler, ThomasM. Galla,andWernerPuigathofer Acsgm
— an adaptve csg meshingalgorithm. In CSG96 —Set-theaatic
Solid Modelling Techniquesand Applications pagesl7-31.Infor-
mationGeometers]1996.

RobertF. Tobler, AlexanderWilkie, Martin Feda,and WernerPur
gathofer A hierarchicalubdvision algorithmfor stochastiagadios-
ity methods. In Julie Dorsey and Philipp Slusallek,editors, Euro-



BIBLIOGRAPHY 98

[VG94a]

[VG94b]

[VGI5]

[VG97]

[WCG87]

[Whig0]

[WP95]

[WRCS8S]

[WTP98]

graphicsRenderinghorkshopl997, pagesl93—-204 New York City,
NY, Junel997.EurographicsSpringerWien. ISBN 3-211-83001-4.

Eric VeachandLeonidasGuibas. Bidirectionalestimatordor light
transportIn Fifth EurographicsWorkshopon Renderingpagesl47—
162,DarmstadtGermaly, Junel994.

Eric VeachandLeonidasGuibas.BidirectionalEstimatorgor Light
Transport. In Fifth Eurographics Workshopon Rendering pages
147-162DarmstadtGermary, Junel994.

Eric VeachandLeonidasl]. Guibas. Optimally combiningsampling
techniquedor Monte Carlorendering. ComputerGraphics 29(An-
nual Conferenceseries):419-428\Jovemberl995.

Eric Veachand LeonidasJ. Guibas. Metropolislight transport. In
TurnerWhitted,editor, SIGGRAPH7 ConfeenceProceedingsAn-
nual ConferenceSeries,pages65-76.ACM SIGGRAPH,Addison
Wesley, August1997.1SBN 0-89791-896-7.

JohnR. Wallace,Michael F. Cohen,and Donald P. Greenbeg. A
two-passsolutionto therenderingequation:A synthesiof ray trac-
ing andradiositymethods. In MaureenC. Stone,editor, Computer
Graphics (SIGGRAPH'87 Proceedings) volume 21, pages311—
320,July 1987.

TurnerWhitted. An improvedillumination modelfor shadedlisplay
Communicationsf the ACM, 23(6):343—-349Junel980.

JasonWeberand JosephPenn. Creationand renderingof realistic
trees. In RobertCook, editor, SIGGRAPHI5 ConfeenceProceed-
ings, AnnualConferenceSeriespagesl19-128 ACM SIGGRAPH,
AddisonWesleg/, August1995. heldin Los Angeles,California, 06-
11 August1995.

Gregory J. Ward, FrancisM. Rubinstein,and RobertD. Clear A
ray tracing solution for diffuse interreflection. In JohnDill, edi-
tor, ComputerGraphics(SIGGRAPH88 Proceedings)volume22,
pages85-92,August1988.

AlexanderWilkie, RobertF. Tobler, andWernerPuigathofer Pho-
ton radiosity lightmapsfor CSG solids. In CSG98 - Set-theoetic
Solid Modelling: Tedhniquesand Applications Ammerdavn, Eng-
land,April 1998.InformationGeometers.



BIBLIOGRAPHY 99

[WTPOOa] A. Wilkie, R. F. Tobler, andW. Pugathofer Orientationlightmaps
for photontracingin complex ervironments. In Proceeding®f the
Confeenceon ComputerGraphics International (CGI-00), pages
279-286 L os Alamitos,CA, June 19-242000.1EEE.

[WTPOOb] A. Wilkie, R.F. Tobler, andW. Puigathofer Raytracingof dispersion
effectsin transpareniaterials.In Proceeding®f the Winter School
of ComputerGraphics(WSCGO0Q)Plzen,CzechRepublic,February
2000.

[Zat93] Harold R. Zatz. Galerkinradiosity: A higherordersolutionmethod
for globalillumination. In ComputerGraphicsProceedingsAnnual
ConfeenceSeries, 1993 pages213-220,1993.



