N

N

Incremental Updates for Rapid Glossy Global
Illumination

Xavier Granier, George Drettakis

» To cite this version:

Xavier Granier, George Drettakis. Incremental Updates for Rapid Glossy Global Illumination. Com-
puter Graphics Forum, 2001, 20 (3), pp.268-277. 10.1111/1467-8659.00519 . inria-00510047

HAL 1d: inria-00510047
https://inria.hal.science/inria-00510047
Submitted on 17 Aug 2010

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://inria.hal.science/inria-00510047
https://hal.archives-ouvertes.fr

EUROGRAPHICS2001/ A. ChalmersandT.-M. Rhyne
(GuestEditors)

\olume20 (2001, Number3

Incr ementalUpdatesfor Rapid GlossyGlobal Illumination

Xavier GranierandGeoge Drettakis

iIMAGIS-GRA/IR/IMA G-INRIA
2004routede Lucioles,Sophia-Antipolis F-06902 Francé

Abstract

e presentan integrated global illumination algorithm including non-difuselight transportwhich can handle
comple scenesand enablesrapid incrementalupdatesWe build on a unifiedalgorithm which useshierarchical

radiositywith clusteringand particle tracingfor diffuseand non-difusetransportrespectively\\e presenta new

algorithmwhich chooseshetweerreconstructingspeculareffectssud as causticson the diffuseradiositymesh,
or specialpurposecaustictextures, whenhigh frequenciesre present.Algorithmsare presentedo choosethe
resolutionof thesetexturesand to reconstructhe high-frequencynon-difuselighting effects.\We usea dynamic
spatial data structuee to restrict the numberof particlesre-emittedduring the local modificationsof the scene
By combiningthis incrementalparticle tracewith a line-spacehierarchy for incrementalupdateof diffuseillumi-

nation, we canlocally modifycomplex scenesapidly. We also developan algorithmwhich, by permittingslight
quality degradationduring motion,achievesquasi-inteactive updates\We presentan implementatiorof our nev
methodandits applicationto indoors and outdoos scenes.

Keywords: Globallllumination, Rapid/Interactie UpdatesRadiosity Particle Tracing, Textures,Reconstruction

1. Intr oduction and Moti vation

Global illumination algorithmswhich include specularef-

fectsarecurrentlyvery computationallyexpensve. Despite
mary recentadwances,it is still very tediousto run such
methodsin a trial-and-errormannerto correctly position
lights and objectsor try out differentlighting designside-

ally, we wantto provide away for a userto modify ascene
with suchglobalandnon-difuseeffectsandrapidly or even

interactizely seethe resultingchangesn lighting (shadavs,

reflectionscausticsetc.).

The efficient treatmentof global speculareffects, such
ascaustics,is still problematicfor sceneswhich are mod-
eratelyor very compl. Most existing approachesre ei-
ther ray-base#, view-dependensolutions,and thus cum-
bersomefor walkthroughand interactve use when modi-
fying the scene,or dependon particle tracing for all light
transpor® including diffuselight, alsomakinginteractvity

T iMAGISis a joint researctprojectof CNRS/INRIA/UJF/INPG.
E-mail:{Xavier.Granier|Geae.Dretakis@soplma.inria.fr
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hardto achieve. For diffuse-onlyglobal illumination, pre-

viously developedsolution$ 7-6.20, allow the userto move

objectsat interactve rates.Also, recentmethodsbasedon

ray-tracingallow alimited amountof interactvity andscene
modificatiori’”- 28, Theseapproachesre however typically

limited in thelighting effectsthey canreproduceijn there-

sultingimageresolution andcansuffer from visualartifacts.
In summaryit is still currentlyalmostimpossibleto move

arounda globally illuminatedscene containingboth global

diffuselighting andglobalspeculaeffects(suchascaustics)
andrapidly move objectsin the sceneo seetheresultingef-

fects.

We presentaninitial solutionto theseshortcomingsWe
build on previous work, which combinedthe advantageof
hierarchicaradiosityfor diffusetransportandlimited parti-
cletracingfor non-difuseinteraction&’, whichwewill refer
to astheunifiedalgorithmfrom now on. We alsoextendthe
line-spacehierarchyapproach (LSH), anduseit for incre-
mentaldiffusetransport.

The main problem of the unified algorithm as pre-
sentedpreviouslyl?, wasits limitation to moderatelycom-
plex scenesThis was due to the fact that causticswere
reconstructedn the radiosity-basednesh,resultingin the
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(b)

(d)

Figure 1: (a) Globalillumination solutioncomputedn 35 min. Thee are lights onin thehouseaswell assunlightwhich is comingin through
thewindow hits themirror ontheleft andreflectsonthewall dresserandarmdair ontheright. (b) detailsof causticsn thealcove ontheleft.
(c)-(d) The containeron the dressercan be movedat 20 sec/fame We can also achieve 3 sec/fameupdateswith slightly lower quality (see

Fig. 5).

needfor excessive subdvision leadingin turnto unmanage-
ablememoryandcomputationatequirements.

We presenta solution to this problem by reconstruct-
ing non-difuse effects separatelyon caustictextures,when
needed.Our algorithm can thus either choosefrom the
“spread-out’reconstructioron a relatively coarseradiosity
mesh or fine causticon atexture,whichwe call caustictex-
tures.Caustictexturesarenot partof theglobalillumination
solution, sincethey are part of the final imagereconstruc-
tion; asa resultthe unified algorithm remainsvalid for all
light transfers We presentmethodsto choosethe appropri-
aterepresentatiofmeshor texture),to chooseheresolution
of thetextureandto performappropriateeconstruction.

Next, we presentinovel solutionwhichrestrictshenum-
ber of particlesemitteddue to a local modificationin the
sceneA dynamicallymodifiedoctreeis usedto compactly
storetheinformationof particlestransitingin thesceneFast
insertsanddeletesareachieved with appropriatedatastruc-
turesandupdatealgorithmsWethenintroduceaprogressie
updatealgorithm,which allows quasi-interactie updatesn-
cluding non-difuse effectsby degradingquality during ob-
ject motion. When motion stops,the image quality is re-
stored.

Finally, we have reducedthe memory requirementsof
the original line-spacehierarchy, andimprovedthe perfor
mancein thecaseof clusters.

Wewill presentesultsof ourimplementatiorwhichshav
thatfor moderately}complex scenesontainingmary caustic
effectswe canachieve a good quality solutionwith reason-
able computationtime. Fig. 1 shavs an example of solu-
tion computedn approximately35 mint. Note the detailed
speculareflectionsof morningsunlightoff themirror onthe

T Al imageswere generatedwith standardOpenGL hardvare
renderingusing raytracing with the RenderCacheto fill in the
(L|D)STE paths(suchas the mirror). All timings are on a Pen-
tium Il 733MHzPC(Sgi330with aVR3 (Nvidia Quadro)raphics
card.)

left ontothe wall anddresseion the right aswell ason the

dressergiue to the spotlights(seeFig. 1(b)). We canthen

rapidly modify the scenelocally, achiezing rapid updates.
Thecontaineonthedressecanbemovedat20 secondper

frame (Fig. 1(c)-(d)). If we degradequality slightly during

motion (seeFig. 5) we canachiere quasi-interactie updates
ataround3 secondgerframe.

2. Relatedwork

For diffuse-only transfer radiosity methods(e.g.,84) can
producehigh-qualityimages Combinedwith clustering* 21
(HRC), hierarchicalradiosity? can simulate radiosity for
largeernvironmentgapidly. We usesuchanapproacHor dif-
fuselight transfer

Much work has been done on global illumination in-
cludingnon-difuselight transportln particular several ex-
tensionsto the radiosity algorithm have been developed
(e.g., 142723 22.3) which either use explicit storagefor di-
rectionalinformation and/or a secondpassto incorporate
non-difuse effects. Two methodsare particularly related
to our approach:The PhotonMap approack and density
estimatio® which both use particlesor photonsfor light
transport.The photonmap relies on a relatively expensve
Monte-Carloray-castfor diffuse light gatheringand final
imagegenerationDensity estimationusessophisticatede-
constructiontechniquessimilar to thosewe will use,and
involved meshdecimationtechniquedfor final representa-
tion. However, the computationahndmemoryrequirements
of all theseapproachearequite high, precludinginteractive
or nearinteractie use.

Hardware acceleratiorand multi-passmethodshave also
beeninvestigated(e.g., Diefenbachet al.> and Stiirzlinger
and Basto$®). Theseapproachesendto be limited in the
phenomenghey canhandlehowever, lacking generality

Recentlyresearcherbave turnedto ray-tracingbasecdap-
proacheso achieve interactvity. Examplesncludethe par
allel ray-tracingsystemof Parker et al.1” and the Render
Caché8. As mentionedn theintroduction theseapproaches

(© TheEurographicsAssociationandBlackwell Publisher2001.
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suffer somavhat from limitations in image resolution, vi-
sualartifactsandin the type of lighting simulationthey can
achieve.

Aswewill discusdater, wewill useanspatialsubdvision
structurefor dynamicupdatesSuchstructureave beenre-
cently usedto further acceleraténteractve ray-tracingfor
dynamicscene®¥. Wewill alsobeusingtexturesto represent
causticor speculaeffects. The origins of this ideaareactu-
ally quite old, sincesimilar ideashave beendevelopedby
Heckbertin his radiosity texturesapproack, Myszkowski
andKuniil® andBastosetal.l amongothers.

In what follows we use Heckberts!3 regular expression
notationfor light pathsandlight transportL is usedfor the
light, E theeye, Sanon-difusetransfer D adiffusetransfer
while “*” representgeroor morebounces;+” atleastone
bounceand“|” isthe“or” operatorThusfor exampleLD*E
arelight pathsleaving the light, bouncingoff zeroor more
diffuseobjectsandarriving at the eye. Thesepathsarewell
treatedby radiosity All possibldight pathscanbedescribed
by L(D|9)*E.

2.1. HRC, LSH and the unified method

As mentionedabove, we build on the line-spacehierarchy

andthe unified algorithmwe developedpreviouslyt?, which
integrateshierarchicakadiosityfor diffusetransferandpar

ticle tracingfor non-difuse transfers.To facilitate compre-
hensionwe briefly overview the basicstructuresand algo-
rithmsof HRC, aswell asthe salientpointsof thetwo meth-
odswe build on.

For diffusetransport HRC startsby building a complete
hierarchyof elementsfrom input objects to clustess of ob-
jectshierarchicallygroupednto arootclustercontainingthe
entirescenelight transferdbetweersuchelementsarerep-
resenteddy links, which are establishedaccordingto a re-
finementcriterion, thusrepresentindight transferat an ap-
propriatelevel. After this refinementandconsequensubdi-
vision of surfacesasneeded)ight is gatheed acrosslinks
at differentlevels of the hierarchy anda push-pullpassen-
suresthatradiosity valuesremainconsistenover the entire
hierarchy

Thelinks of aradiositysysteminducea subdvision of the
line-spaceof the scenefollowing the flow of light between
sceneelementsDrettakisandSillion® have augmentedinks
with anexplicit representationf all lines passingbetween
two elementsvia a shaft!l. Whenan objectmoves,they ef-
ficiently identify the links affected,andthe partsof the ra-
diosity hierarchywhich are modified, by hierarchicallyde-
scendingin this line-spaceThis traversalpermitsefficient
identificationof the pathsin the hierarchywhich are mod-
ified. Fastresolutionof the modified part of the systemis
achieved, by restrictingpush-pullto the partsof the hierar
chy which have beenmarked as changedWe will usethe
line-spacehierarchyto accelerataliffuselight updates.

(© TheEurographicsAssociationandBlackwell Publisher2001.

In theunifiedlighting algorithmt?, theclusterhierarchyis
built asin HRC. Eachlink is examined,andthe refinement
processdecideswhetherto refine basedon the chosencri-
terion. A “gather” stepfollows, whereeachlink is checled:
for links leaving diffuseobjectsandarriving on speculaob-
jects,diffuseto speculatransfersare performedby particle
tracing.The useof thelink structurerestrictsthe numberof
particlesemittedsinceonly alimited partof spaces treated.
This also substantiallyaccelerateparticle tracingitself by
accuratevisibility classification Particlesare subsequently
propagatednto the ervironmentboth by reflectionandre-
fraction,affecting otherregionsof thescene.

A full iterationof this processs completedby updating
thehierarchyParticlesarefirst placedatanappropriatdevel
in the hierarchy(on objectsor at subdvided elements)The
contrikution of particlesis thenaddedto the diffuselight at
the leavesof the hierarchy;all transfersto diffuse surfaces
arethusrecorded.This canbe also consideredas a recon-
structionstepfor particles.In this mannerall L(D|S)*DE
light transferis accountedor.

Renderingis performedby reconstructingthe radiosity
valueson afine grid or usingthe meshsubdvision to gener
atetriangularelementsSpeculapaths(L|D)S"E to theeye
mustthenbeaddedby ray-tracing.

3. Dynamic Caustic Textures

The reconstructionof causticsaccordingto the subdvi-

sion of hierarchicalradiosity as donein the original uni-

fied method? leadsto problemsfor complex scenesThe
representatiorf fine causticscontainingsignificanthigh-

frequeng detail, leadsto mesheswhich are highly subdi-
vided. This implies an unacceptablenemorycost, as well

asa highercomputationatostfor globalillumination solu-
tions for all stepsinvolving hierarchytraversal(refinement
andpush-pull).

To solwe this problemwe decidedto usecaustictextures
whereneededsimilar in spirit to Heckbert3. This ideais
closely relatedto that of causticmapsof Wann Jense#?;
nonethelessye choosea representatiotinkedto the object
asopposedo anindependenspatialdatastructure This al-
lows directuseof graphicstexture hardwarefor display We
alsoprovide automaticsolutionsfor a numberof important
parameterssdescribedbelow. It is importantto also note
that our goal is very different from that of Wann Jensen,
sincewe createsolutionswhich cansubsequentlye viewed
interactively in walkthroughspy integratingthe strengthof
HRC and particle tracing. In addition, our solution is dy-
namic,sincewe will be modifying the texturesduring user
interactionwith the scene.

Thefollowing threeproblemsneedto be solvedfor caus-
tic textures.Thefirst is the choiceof which representatioto
use:for low-frequeny, “spreadout” illumination, therepre-
sentationof the DS*D transferscanbe achieved satishicto-



X. GranierandG. Drettakis/ IncrementalUpdatesfor RapidGlossyGlobal lllumination

Figure 2: A dressemwith caustics (left) constant(flat) reconstruction(middle) reconstructedsmoothlyusingthe radiositymesh (right) the

samesolutionreconstructedby caustictextures.

rily by the HRC meshasin the original unified algorithni©.
We thus develop a criterion to determinewhetherto use
the meshor a texture. Second,if we decidethat a texture
is required,we needto determineits resolution;we usea
variance-base@dpproachto achieve this. Finally, we need
to reconstructhe illumination function beforecreatingthe
texture usedfor display andrestrictit to the partwhich is
useful.

Note that the useof caustictexturesdoesnot affect the
light transportresolutionproblemas performedby the uni-
form algorithm.Particlesarestill storedandintegratedinto
theradiosityhierarchyasin theunifiedalgorithni©, andcon-
tribute normally to the solution. The differenceis that the
surfacesaresubdvided muchmorecoarselyandasa conse-
quenceparticlesareoften placedhigherupin the hierarchy
Theresultis of coursefastercomputation.

Theintegrateduseof texturesin this context enableghe
treatmenbf comple scenesvith involvedsecondarglobal
illumination, which also containmary secondaryspecular
effects such as caustics.The restriction of texturesto the
partwhich is useful(seeSection3.3), further enhanceshis
capacity sincewe only build smalltextureswhereneeded.

3.1. Choiceof representation

Intuitively, we will usetexturesif alargenumberof particles
have arrived on an object,andif they do not have uniform
power values.

After particle tracing, particlesare accumulatecon the
hierarchyelementsWe traversethe hierarchy and at each
top-level object (input polygonetc.), we know the number
of particleswhich have arrived. If this numberis abose a
certainthreshold(typically 10), we createa “pre-texture” or
histogramwhich we useto evaluatewhetherit is appropri-
ateto usea caustictexture. Thedimension®f thehistogram
aredeterminedy themethoddescribedelow (Section3.2),
whichis alsothemethodfor choosinghecausticextureres-
olution.

We accumulatehe particle flux arriving at eachelement

of the histogram.Eachparticle p haspower @p. For a his-
togramof dimensionn x m, the element(i, j) of the his-
togramcontains:

, % gpnm
p(i,j) = T~ = -— (1
pe%i) A/ (Nm) pe%,i) Arex

whereAtex is the areaof the texture, p € (i, j) denoteghat
thepositionof particlep is in thetexel (i, j) andAtex/(n M)
is the areaof a “pixel” of the histogram.For quadrilaterals
Atex, is equalto the areaof the polygon;for all otherobjects
aboundingquadrilaterals used.

We estimateuniformity of particlepower asfollows:

V = (Pmin — Pmax) )
Pmax
where pmax and pmin arethe maximumand minimum val-
uesof thehistogram We usethefollowing testto determine
whetheror notto createa texture:

V <n )

wheren is auserdefinedthresholdrepresentingercentac-
ceptablevariation. If Eq. (3) is true, we do not createthe
texture.

Theadwantageof usingcaustidexturescanbeseenmme-
diately ConsiderFig. 2, whereon theleft we shav a caustic
reconstructedn the meshof the draver andontheright we
shav the sameresultusinga caustictexture. For the same
numberof particlesand the samequality unified solution,
we shawv acleargainin visual quality.

3.2. Finding the caustictextureresolution

The choiceof caustictexture resolutionis critical, sinceit
hasdirectimpacton memoryandcomputationcost,aswell
asondisplayspeedandvisualquality. Choiceof caustictex-
ture resolutioncanbe consideredas part of the reconstruc-
tion processin essencealargetextureresolutionrequiresa
large numberof particlesto obtain a low-noiseresult. Al-
ternatively, we can considera low-resolutiontexture as a
smoothingfilter, thusdiminishingnoise butincreasingias.

(© TheEurographicsAssociationandBlackwell Publisher2001.



X. GranierandG. Drettakis/ IncrementalUpdatesfor RapidGlossyGlobal lllumination

Figure 3: (Left) Causticshownwithoutrestriction(right) therestrictedcaustic. Therestrictedregionsare outlinedin white

Building onthisidea,we decideon caustidextureresolution
usingvariancen densityestimatiorcontext, asdevelopedby
Walteretal 2°.

If thefunctionwe areestimatings f, varianceis givenas
follows:

2 2
v x, Var(f(x)) < %f(x) < {,% “

whereK is the normalizedkernel,n is the numberof parti-
clesandh is thesizeof thekernel.

Sincewe are on a finite texture, we take the size of the
kernelto be half thesizeof atexel:

1/1
h =5\ 5 (5)

whered is the resolutionof the texture. We will choosethe
resolutionsothatvarianceis lessthana giventhresholce:

2d
“Z < ®)

Thustheresolutiond is choserasfollows:
In(%)

— 1 7

- 2n2 )

Thevalueof K is aconstar®®, dependingnthechoserker
nel. We usea box filter in our examples.The thresholde
is definedby the user andcanbethoughtof asa “variance

threshold”.We typically usea valueof 1. This processcan
beappliedto bothdimensionf thetexture.

3.3. Reconstructionand Restriction

If we decideto createa caustictexture, we first chooseits
resolutionasdescribedabore. We thenapply a reconstruc-
tion procesgo createa caustictexturewhichwill beusedfor
display Again, we arein the context of a trade-of between
noiseandbias.

We usea smoothingkernelsimilar to thatusedin photon
map$°. We first find the maximumvalue of the histogram
Pmax For eachtexel we spiral out, accumulatingarticlesin
anauxiliary buffer p’ asfollows:

p(i,j) = 2<nPl) ®

(© TheEurographicsAssociationandBlackwell Publisher2001.

where R is a maximum permitted radius, r is the cur
rent radius,and N is the numberof texels underthe ker
nel used.However, this accumulationis terminatedif the

p'(i,j) > Pmax

Constructinga texture on an entireinput surfacesuchas
a polygoncanoften be wasteful. Considerfor examplethe
caseshavn in Fig. 3, whereonly smallregionsof the wall
andthedressetop arelit by thereflectionfrom the caustics
and specularreflectionsdue the spotlight off the specular
ring. Instead,we canrestrictthe texture to the part of the
surfacewhichis actuallyaffectedby the caustic.

To do this, we use the maximum texture value as ex-
plainedabore. We starttraversingthetexture until we find a
valuewhich s at leastaslarge asa percentag®f the maxi-
mumdefinedby the user(typically betweenl-5%).We then
floodfill thetexturefor aslong aswe areabaove this value.
This procesgyives us the maximumand minimum 2D tex-
ture coordinatesn which “valid” causticvaluesexist. We
usetheseto construcia boundingbox, andthenrecreatehe
texture usingthe sameresolution but limited to this region.
If multiple regionsexist on a surface,we restartthe process
atthepointwe previously startedaccumulationaftersetting
all pixelsalreadycollectedto zero.

The result of the restrictionis evidently higher quality
causticsfor the sametexture resolution.This can be seen
in Fig. 3(right) on thewall.

4. IncrementalParticle Tracing

An importantgoalof ournew approactis torestrictthenum-
ber of particlestracedwhen moving an object, to achieve
rapid updatesln the original unified algorithni?, all parti-
cleswerere-shotduringobjectmotion. While thisis afeasi-
ble solutionfor smallscenesit quickly becomesmpractical
for even moderatelycomplex environments.To achieve fast
or eveninteractve updatesyve first usethe line-spacehier
archyfor incrementalupdatesof the diffuse transport,and
thenrestrictthenumberof particleswhicharere-senduring
objectmotion.

As with diffusetransfer thedirecteffect of objectmotion
on speculartransfercan be limited in space(althoughless
sothanfor diffuse). Theideais to find all the particle paths
which areaffectedby objectmotion,andonly re-emitthese
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particles We have choserto achieve this efficiently usingan
adaptve spatialdatastructure,i.e., an octree.We will store
referencedo links in the octree, from which we canrecon-
structthe particlepaths.

4.1. Dynamic Octreeand Initialization

Initially, the octreeis empty Whenan objectis selectedor

motion (“dynamic object”), we subdvide the octreecells

aroundit upto amaximumdepth.Theoctreeis thusadapted
to themotionandthe positionof the dynamicobject.Thisis

illustratedin Fig. 4.

|

Figure 4: (Left) TheOctreein initial position(Right) Octreeafter
movementNoticesimplificationfor the previousobjectposition.

During particletracing,links areinsertedinto the octree.
For eachoctreecell, we maintaina hashtable,indexed by
recever elementr on which thelink is stored,andthe link
|. For theinitial particledirection,andevery subsequente-
flectedor refractedparticle, we find the cells of the octree
affected. The link in questionis theninsertedin the hash
tablesof the correspondingells. Evidently we only con-
siderlinks which involve a diffuseto specular(DS*) trans-
fer. Whenaccessinghe hashtablesto identify links affected
by movement,the additionalelementkey permitsimmedi-
ateidentificationof the elementaffected,which is required
to remove the previous particleinformationandperformre-
emissionlt alsosavesmemorysincewe donothave to store
theelementexplicitly.

4.2. IncrementalUpdate

For a given movementof an object, we know the previous
and new positions.The dynamicobjectis re-insertedinto
the octreein the new position. The octreeis traversedto
perform this insertion,and eachcell is marked either un-
affected, changedto containthe object, or changedto no
longercontainthe object.If a cell containedthe objectpre-
viously, but no longercontainsit, its childrenaresimplified
(seeFig. 4(right)).

For changectellswe collectthelinks in the correspond-
ing hashtables.For eachsuchlink, we remove the parti-
clesandtheir contribution onthe elementsaffected.A chain
of elementss maintainedwith eachparticle,andthe parti-
clesareremoved from all following elementswhich were

affectedby reflection(s)and/orrefraction(s)of this particle.
The particlesassociatedvith this link arethenre-emitted,
andthe elementsnarked aschangedAs is the casefor the

diffuseline-spacenierarchy(seeSection2.1and5), we mark
the partof the line-spacehierarchyaffectedaschangedAs

a result,during push-pullradiosity valuesare updatedcon-

sistently Recallthat only part of the hierarchyis updated.
To obtainsecondaneffectsdueto DS*D transfer multiple

gather/push-pubtepsmustbeapplied.

4.3. Interacti ve Update with Quality Degradation

Despitean order of magnitudespeedupcomparedto re-
runningthe entiresolution,the updateratesfor the solution
presentedabore arestill quite high (around20 seconddor
theindoor scene).To achieve quasi-interactie rateswe can
limit thenumberof particlesre-emittedduringmotion,with
somelossin quality.

During motion, we keeptrack of all links which should
be updated put only re-emita small, usercontrollableper
centageof them.Whenmotion stops,we simply re-emitall
particleswhich were collectedduring the motion, but not
emitted.Theresultsof anexampleareshavn in Fig. 5.

5. Impr oved Incr emental Diffuse Solution

As mentioned in Section 2.1, we use the line-space
hierarchy to perform rapid incrementalupdatesfor dif-

fuseillumination. We have nonethelesmtroduceda few im-

provementgo thatapproach.

One problemwith the original methodwas the require-
mentthat shaftsbe computedand storedfor the entirelink
hierarchy This problemwasalsoidentifiedby Schoefel and
Pomil9, whousedapredictionapproacho limit theprecom-
putation.

We simply do not storeshafts We usetheline-spacecod-
ing usedin®, which doesnot requirethe numberingscheme
of theoriginalapproach, andtraversethehierarchyby keep-
ing track of the recever and senderelementsof the links.
During this traversalwe maintaina list of potentialblock-
erscreateddy the shaft-cullingprocessShaftsarethusbuilt
incrementallyonly on the list of currentpotentialblockers,
making the operationmuch cheaperThe memory savings
arevery significant,sincethe storageof all shaftsresultsin
a prohibitive memory overhead,and rendersthe approach
inappropriatefor complex scenegseé? for analysisof the
memoryrequirementsf LSH).

Anotherdravbackof theoriginalline-spacepproactwas
that when treating clusters,irradiancehad to be “immedi-
ately pushed"down to the surfaces.This resultsin multiple
hierarchytraversalswith consequentomputatioroverhead.
Instead we maintaina list of theaddandremove irradiance
operationsat the level of the link being modified. During
push-pullwe accumulateheselists which arepusheddown

(© TheEurographicsAssociationandBlackwell Publisher2001.
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Figure 5: (Left) Initial position with good quality shadow (Middle) two intermediatepositionsduring degraded quality motion at 3-4
sec/fame (Right) Motion hasended 20 secondsater we obtainthe quality shown equivalento normalupdates.

Figure 6: Indoors scene(a) Bedioom,with causticsover the two chestof draweis dueto spotlights(lower right), andthe causticsdueto the
reflectionof sunlightfrom window (top) throughthe mirror (right) onto thewall and dresser(bottom).(b) Living room, reflectionof sunlight
off themirror (unseerat thelower left). (c) Bathmom,causticsdueto the mirror above the sinkon theleft wall. All imageshardware rendeed

with the RenderCace?8 for speculareye path pixels.

the hierarchy andthe add/remwee operationsare performed
in place,avoiding multiple hierarchytraversals.

6. Implementation issues
6.1. Caustic Texture Rendering

To renderthe caustictextureswith the illumination repre-
sentedin the mesh,we usetwo passesThe texturesare
mappedon the input level object,for examplethe unsubdi-
videdinputpolygon.For agiveninput polygon,we first dis-
ablethedepthwriting andrenderatexturedpolygonfor each
caustictexture. We thenrenderthe subdvided sub-polygons
with thecorrectilluminationvaluesin astandardashion by
blendingthe values.The blend function usedis GL_ADD,
giving the desiredresult. This allows us to renderan un-
limited numberof causticsor a polygon.

For restrictedtextures,we usethe GL_CLAMP texture
parameteandsetthe bordercolor to zeroto avoid therepe-
tition of thelastpixel color.

6.2. Caustic texture parameterization

To createcausticstextures, we transformthe 3D particle
impactto a 2D texture coordinate We usean implicit 2D
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[0..1]x][0..1] parameterizatiofor eachobjecttypein oursys-
tem(polygon,spherecone,cylinder).

For restrictedtextures we use a matrix transformation,
mappingthe new positionsof therestrictedtexture limits to
theintenal [0..1], thusallowing direct mappingfrom parti-
cle 3D coordinateso therestricted2D texture coordinates.

7. Results

We have testedour approacton two scenespneof aninte-
rior includingartificial lights andreceving sunlightthrough
thewindows, andoneof anoutdoorsscendn whichindirect
non-difusereflectionsprovide dominantillumination.

The interior sceneis a cabinwith threerooms,the bed-
room, the bathroomandtheliving room (Fig. 6). Whentes-
sellatedby a traditional radiosity program,the scenecon-
tainsapproximatelyl80,000polygons We usethe approach
describedn??, which recognizesigh-level primitives,such
asspheresandcylinders. Thereareabout4,000suchinitial
objects,while after subdvision thereare about60,000sub-
divided elementsThe globalillumination solutionincludes
several causticsdueto lights in the roomsandearly morn-
ing sunlight from the window. Imagesof the threerooms
of thehouseareshawvn in Fig. 6, wherewe canseethatsev-
eralspeculareflectionsandcausticexistin differentrooms.
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Scene ITTC TNP OoM
Cabin 35mn44s 1,600,000 370KB
Outdoors 1h19mn 800,000 2.3MB
Scene uT PT PPT
Cabin 14.5s 0-97,000 0-6%
Outdoors 96s 5,700-41,000 0.8-17%

Table 1: ITTC: initial timeto corvergence TNP: total numberof
particles,OM: memoryusedby octree UT: average updatetimeto
move an object(container/car).PT: particlestracedduring an up-
date PPT: percentaye of total particles.

Thesespeculareflectionsarecreatedhroughtheunifiedhi-
erarchicaradiosity/particlgracingapproach.

To achieve corvergence(i.e., whenthelevel of enegy no
longerchanges)our systenrequired6 iterations for atotal
of 35 minutesand 44 secondsThe total numberof parti-
clestracedto createthis solutionwas1.6 million. We use25
causticgexturesfor speculaeffectswith anaveragesizeof
85x85pixels.

Wetranslatehecylindrical containeiontop of thedresser
in thebedroomgsothatit will move into thereflectionof the
sun dueto the mirror. Four positionsof the containerare
shavn in Fig. 7. The updatetimesand numberof particles
retracedareshavn in thefigure.

As we cansee the numberof particlesretraceds around
3-4%of thetotalnumberin thesceneresultingin morethan
an order of magnitudespeedupcomparedto the complete
solution.As aconsequencere canmovetheobjectataround
20 secondyer frame, comparedo the 35 min. neededo
completelyrecomputehesolution.

Detailedresultsareshavnin tablel. Theadditionalmem-
ory usedby the octreeis 370Kh Notethat on averageonly
3% of the particlesarere-emitted andthatwe usea modest
amountof memoryfor the octreestorage.

Thesecondexampleis anoutdoorssceneshavn in Fig. 8.
The sunis on the left, shineson the metal building on the
right, which createghebright shape®on theleft-handbuild-
ing andon the street.A car drives betweenthe two build-
ing, castingthe shadav seenon theleft. The scenecontains
47,000initial polygons,and 118,000subdvided polygons
afterthe globalillumination solution.

Convergenceof the initial solution took 1h19mn,with
800,000particlesat eachiteration.In Fig. 9 we seefour po-

sitionsof the carandthe moving shadev asa consequence.

Updatetimesandnumberof particlesareshawvn in this fig-
ure.Notethatin this case the diffuseupdateis dominantin
theupdatetime, dueto the large numberof links createdby
ourrefiner

It is important to note that all the images presented

here are renderedusing hardware accelerationfor view-
independentlightning part, combined with the Render
Cachefor the view-dependanpart, andthusonecaninter-
actively walkthroughthe results.When moving objects, it
is necessaryo carefully handlethe costof re-creatingdis-
play lists and reconstructingllumination. Interactvity can
be maintainedfor the most part if the changesare local
enough.

8. Conclusions

We have presenteda new approachfor rapid updatesof
globalilluminationin comple scenesincludingcausticand
speculaeffects.

We first shawved how to separatethe reconstructionof
high-frequeng speculamphenomenauchas causticsfrom
thereconstructiorf theslowly varyingdiffuseillumination,
usingcaustictextures. Automaticmethodsverepresentedo
determinewhento preferthe texturesover the mesh-based
reconstructionto choosethe resolutionof the texturesand
to performappropriateeconstruction.

We next presentec novel approactto restricttherecast-
ing of particlesduringincrementalipdatesn thesceneWe
usean efficient octreestructurewith referencedo the links
which generatethe particlesto identify thosewhich move
efficiently. It is thuspossibleto updatethe global illumina-
tion solutionvery rapidly (for examplein 20 seconddor a
solutionrequiring35 minutesto solve the entiresystem).

Finally, we developedan quasi-interactie methodwhich
degradesquality, but achiezes muchfasterupdatespermit-
ting rapidpositioningof objectsncludingspeculaandcaus-
tic effects(3-4 secondperframe,againfor asolutionwhich
initially required35 minutes).

Onedravbackof ourapproachs thatwe have introduced
anumberof usercontrolledthresholdsyhich shouldbe au-
tomaticallychoserby the system Althoughthe default val-
uesof thesethresholdswork well for the scenegested,a
more consistentapproachwhich adaptsto different input
sceness clearly desirable The abundanceof texture mem-
ory andmultitexturing hardwareon PCplatformsclearlyar
guesin favour of alsorepresentingshadavs by texturesin
thespirit of Myszkowski andKuniil8, eitherwith the convo-
lution approactof SolerandSillion2> or someothershadav
generationmethod Again, aconsistentmethodologyfor do-
ing this shouldbe developed.

Finally, we areinvestigatinga moresophisticatedlisplay
approacho consistenthjhandletheuseof polygonsandtex-
tures,and the book-keepingrequiredto keeptrack of the
partsof the hierarchywhich aremodifiedor not.
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