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Abstract

We presenta methodfor interactive global illumination computationwhich is embeddedn the framevork of
Quasi-MonteCarlo photontracingand densityestimatiorntechniques Themethodexploitstempoal coheenceof
illumination by tracing photonsselectivelyto the sceneregionsthat require illumination update Sud regionsare
identifiedwith a high probability by a smallnumberof the pilot photons Basedon thepilot photonswhich require
updating the remainingphotonswith similar pathsin the scenecan be foundimmediately This becomepossi-
ble dueto the periodicity propertyinherentto the multi-dimensionaHalton sequencewhich is usedto geneate
photonslf invalid photonscannotall beupdatedduring a singleframe framesare progressivelyrefinedin subse-
quentcycles.Theorderin which the photonsare updateds decidedby inexpensiveenegy- and perception-based
criteria whosegoal is to minimizethe perceivability of outdatedillumination. The methodbudets all photons
on-the-flyin meshelement@anddoesnot require anydatastructuesin thetempoal domain,which malesit suit-
able for interactiverenderingof complex scenesSincemesh-basedeconstructiorof lighting patternswith high
spatialfrequenciess inefficient,weusea hybrid approad in which directillumination andresultingshadowsare

rendeed usinggraphicshardware.

Catagories and SubjectDescriptors(accordingto ACM CCS) 1.3.7 [Computer Graphics]: Three-Dimensional

GraphicsandRealismAnimation;

1. Introduction

Synthesisof realisticimageswhich predictthe appearance
of the real world hasmary importantengineeringapplica-
tionsincluding productdesign,architectureandinterior de-
sign, andillumination engineering One of the major com-
ponentsof suchpredictive imagesynthesigs globalillumi-
nation. Even for lessrigorousapplicationssuchas special
effects,film production,andcomputergamesglobalillumi-
nationgreatlyimprovesthe appearancandbelievability of
renderedmages.

Thevastmajority of existing globalillumination solutions
aredesignedor off-line computationsandfor staticscenes.
The responsetimes required by such solutionsto update
illumination informationin dynamicallychangingerviron-
mentsare prohibitively large even for minor changesn the
scene,becausehe whole computationis usually repeated
from scratch.Somesuccessfubttemptshave beenmadeto
upgradethosealgorithmsto exploit the temporalcoherence
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and reusevalid lighting information computedpreviously.
While interactvity is oftenachieved for somesimplescene
changesthe storagecostsinvolvedin the datastructureex-
tensionsnto the temporaldomainareintractablefor practi-
cal applicationgdealingwith comple scenes.

In this paperwe proposea novel globalillumination tech-
niguedesignedspecificallyfor interactve applications Our
algorithm exploits a periodicity property® of the multi-
dimensionaHaltonsequenceyhich providesimmediaten-
formation on the similarity of photonpathsin the scene.
This enablesselectie photontracinginto the sceneregions
whoseillumination mustbe updateddueto the userinterac-
tion. To improve the progressiity of suchupdateenegy-
and perception-basedriteria are introducedwhose main
goalis to minimize the imageartifactsas perceved by the
obserer. The uniquefeatureof our selectve photontracing
is that while the temporalcoherencen lighting computa-
tionsis strongly exploited, no additionaldatastructuresn-
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volving photonpathsin the dynamicallychangingsceneare
required.Moreover, sincethe photonhit pointsarebucketed
on-the-flydirectly into the corresponding@lementf dense
meshthe photonstorageis completelyavoided.In practice
this meansthatif the meshdatastructuresrequiredfor ef-

ficient ray (photon)tracing fit into the computermemory
the globalillumination computatiorcanbe performedusing
our method.This makesour techniquesuitablefor interac-
tive globalillumination evenfor complex scenesln termsof

hardwarerequiremenga simplePC-classomputerquipped
with a graphicsboardoffers sufiicient performanceor our

techniqgueandexpensve multiprocessocomputersor com-

puterclustersarenotrequired.

Ourrenderingtechniquds optimizedfor interactvity and
someof its designdecisionsclearly trade off image qual-
ity for computationspeed.The most severe limitation of
our techniqueis the useof simple photonbucketing for the
mesh-basetkconstructiorf indirectillumination (directil-
luminationandresultingshadavs arerenderedisinggraph-
ics hardware). Obviously, by storing photonhit pointsand
usingmoreadwanceddensityestimatiortechnique®» 26 41. 18
lessbhiascouldbe obtainedout thentherenderingnteractv-
ity would becompromised.

The paperis organizedasfollows. Section2 reviews the
previous approacheso global illumination in dynamicen-
vironments.In Section3 we introduceour new framework.
We discussthe periodicity propertyof the Halton sequence
which is the foundationfor our selectve photontracingin
Section4. The algorithm of interactve global illumination
computatioris explainedin Section5. In Section6 we pro-
vide someimplementatiordetailsof our interactize system.
We discussthe resultsobtainedby our techniquesn Sec-
tion 7. Finally, we concludethe paperandproposesomefu-
turedirectionsfor this research.

2. Previous Work

The problem of global illumination solutions for dy-
namicervironmentshasattractedsignificantattentionof re-
searcherstesultingin varioussolutionswhich canroughly
becatgyorizedasoff-line orinteractive. In thefollowing sec-
tion we briefly overview representate examplesof off-line
algorithms.Thenwe focuson interactive algorithms,which
aremorerelevantfor this paper

2.1. Off-Line Techniques

Off-line globalillumination algorithmsare usedin the pro-
ductionof high quality animationsn which the accurag of
lighting simulationcannotbe compromisedMany existing
solutionsresultedfrom extendinghierarchicalradiosity al-
gorithmsinto the time domain,however, they involve huge
storagecostswhich makes them impractical for comple
scenes?4. In Global Monte Carlo Radiosity the temporal
coherencef costlyvisibility computationss efficiently and

conseratively exploited, but then the radiosity solution is
performedindependentlyfor eachframe and all radiosity
solutionsare storedsimultaneouslyin the memory In the
range-imageramework®®, direct and indirect lighting are
independenthsampledn time for selectedkeyframes.The
temporafrequeny of samplings adaptve to thechangesn
sceneillumination. Interpolationis performedbetweenthe
obtainedsolutionsto derive lighting for inbetweenframes,
but someimportantlighting eventsbetweenkeyframescan
be overloolked. To avoid this problem, sparsesamplingof
the sceneillumination can be performedfor all animation
frames$’. However, to reconstructighting for agivenframe
Myszkowski et al.2” utilize informationnot only from pre-
cedingbut also from the following frames,which are not
availablein theinteractve scenario.

In general,it is difficult to adapta typical off-line algo-
rithm for interactve applications All discussedlgorithms
requirethatthe completeinformationon all animatedscene
elementds known in adwance.Also, sincethe main goal of
the off-line algorithmsis to reducethe overall computation
time requiredfor renderingof the whole animation the dif-
ferencesn the renderingtime of particularframesare per
fectly acceptableThus,the constanframerateusuallycan-
not be kept, which is not acceptabldor an interactie sce-
nario.

2.2. Interactive Techniques

A numberof techniqueshandlingglobal illumination com-

putation for dynamic ervironmentsat interactve speeds
have beenpresentedThe techniqueshave beendesigned
to tradethe imagequality for the responsespeedandtheir

main objective is to provide a fastresponseor frame-to-
frame changesin the environment. Early solutiong 1125

were embeddednto the progressie radiosity framevork

andrelied on shootingthe corrective enegy (possiblyneg-

ative) to the sceneregions affected by the environment
changes.

Much better performancewas obtained for more re-
cently introducedtechniqueghat are basedon hierarchical
radiosity?® & 33, Thosealgorithmsintroducemechanismsor
controlling the framerate and efficiently identifying which
partof the sceneis modified. However, the hierarchicalra-
diosity framevork poorly supportghelight transfetbetween
glossyand specularsurfaces.This dravback can be elimi-
natedby addingphotontracing? atopof the line-spacehi-
erarchy usedfor diffuse surface§. The photonstraversing
changedsceneregions are identified using a dynamicspa-
tial datastructureandare selectvely updated But still, the
memory requirementsn all thosehierarchicalapproaches
areextremelyhigh dueto the storageof thelink structure.

Kellerintroducedheinstantradiositytechniqué®, which,
althoughoriginally proposedor efficient renderingof static
scenescaneasily be extendedto handledynamicenviron-
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ments Thetechniquautilizesthequasi-randomvalk of pho-
tons basedon Quasi-MonteCarlo integration. Then each
photonhit pointis considere@sapointlight sourcewhichis

processetby graphicshardware.Thefinal imageis obtained
throughthe view-dependenaccumulatiorof partialimages
generatedor eachresultinglight sourceKellerusesheHal-

ton sequenceo generatehe photonhit points.A dravback
hereis thatKeller updateghe photonpathsmerelybasedn

theiragecriterion,ignoringwhetherthey becamenvalid due
to the changesn the sceneor not.

The algorithmsproposedby Pug/o et al.3! and Kellert®
are view-dependenwhich precludesinteractioninvolving
change®f camergparametersThis deficieng is eliminated
by view-independentalgorithmg 33, however, the whole
sceneillumination is always updatedwith equal priority,
without taking into accountthe currentcameraparameters
and other “importance” factors. If a complete update of
the sceneillumination cannotbe performedduring a sin-
gle framerefreshcycle, thenwhatbecomesmportantis the
orderin which the progressie refinementin variousscene
regions mustbe performedfor the subsequenframes.The
maingoalof suchanorderingof computatioris to minimize
thepercevableartifactsattheintermediatestage®f aglobal
illumination update andthis problemhasbasicallynotbeen
addressedn existing solutions.In this paperwe presenta
view-independenapproachin which the priority of update
is basedn the currentview andthepercevability of illumi-
nationartifacts.

Recently variousimagecachingscheme$ave beenpro-
posed,which allow for renderingof non-difuse surfaces
for changingcamergpositionsat interactve speedg/ 35 36,
Ourapproacttouldbenefitsignificantlyfrom suchsolutions
which couldbeincorporatednto our interactve globalillu-
minationsystem.n this paperwe focuson globalillumina-
tion for diffuse ervironmentsdueto the limitations of illu-
mination storagein the mesh.However, during our photon
tracing, arbitrary surfacereflectancdunctionsare properly
processed.

3. Overview

As a framework for global illumination computation,we

chose the Density Estimation Photon Tracing (DEPT)
algorithn#”. The DEPTis similarto othersolutionsin which

photonsaretracedfrom light sourcedowardssurfacesn the
sceneandthelighting enegy carriedby every photonis de-
positedat the hit point locationson thosesurface$® 1. We

extendthe DEPT for handlingdynamicernvironments Also,

we replacestochastigpseudo-randomrsequencesyhich are
usedin the DEPTto generateohotonpaths by deterministic
quasi-randonsequences.

In our algorithmwe considerthe samebig pool Z of pho-
tons (which are traced at the initialization stage)for the
wholeinteractive sessionWe updatethe photonscomputed
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for previous frames,which becameinvalid for the current
frame due to interactve changesin the scene.The main
problemis to identify eachinvalid photonin Z andto re-

placeit by the correspondingohoton, which is tracedfor

the currentsceneconfiguration Our photontracingis based
on Quasi-MonteCarlo samplingwith the multi-dimensional
HaltonsequenceWe shav how the periodicity property of

thissequenceallowsfor immediatedentificationof photons
that have similar pathsin the scene.Thus, for ary invalid

photon,it is easyto identify indicesof all similar photonsn

Z thatarelikely to beinvalid aswell. Sincethe Halton se-
guencecanbeusedto generatary photonpathbasednits

index, the storagecostsof photondatacanbeeliminated.

Our algorithm of photonupdatingis iterative. The user
decidesuponthe iteration duration,which imposesa limit
on the numberof photonsthat can be tracedper iteration.
The photonupdateiteration consistsof two stagesin the
first stagea subsetof photonsfrom Z aretracedfrom the
light sourcego the whole ernvironmentin orderto identify
invalid photons.n the secondstage basedon the periodic-
ity propertyof the Halton sequenceghoseinvalid photons
areusedto generatesimilar photonsin Z, which arelikely to
traversemodifiedscenesegions.Sinceit mightbeimpossi-
ble to updateall thosepotentiallyinvalid photonsin asingle
iteration,the photonupdatein varioussceneregionsis or-
deredby inexpensve enegy- and perception-basedriteria
accordingto theimportanceof outdatedighting artifactsas
perceved by the user Our algorithmis conserative in the
sensdhatfinally, after Ng iterationssincethelastchangen
the environment,all photonsin Z areupdated.n practice,
when changesn the ervironmentare local, a small num-
ber of iterationsr <« Ng is requiredto remove all percev-
able problemswith the outdatedllumination. The constant
framerefreshrate,which is requiredby mary practicalap-
plications,is achievedby lettingtheusercontroltheiteration
durationandthe numberof suchiterationsperframe.

4. Quasi-Monte Carlo Sampling

The global illumination probleminvolves solving high di-
mensionalntegrals.An efficientway to solve suchintegrals
is to apply Monte Carlo techniqueswhich have an adwan-
tage over other integration methodsbecauseheir conver-
gencespeeddoesnot dependon the dimensionof the in-
tegral.

Monte Carlo (MC) techniguesaretraditionally basedon
pseudo-randorsequencesHowever, it was proven that for
functionswith boundedvariation,fastercorvergencecanbe
achievedusingQuasi-MonteCarlo(QMC) techniquedbased
on quasi-randonsequencés. Although integrandsusually
have unboundedvariationin global illumination tasks,nu-
merical evidence has beenpresentedhat the QMC tech-
niquesstill have advantageoverthe MC techniquesor real-
world scene¥.

In the following sectionwe examinebasicpropertiesof



Dmitriev, Brabec,Myszlowskiand Seidel/ SelectivePhotonTracing

the Halton sequencewhich is an example for the quasi-
randomsequencéhatprovedto beusefulin photontracing®
andstochasticgadiosity?® applications.

4.1. TheHalton Sequence

The Halton sequenc@enerationis basedon the radicalin-

versefunction, appliedto anintegeri. The radicalinverse
®y(i) is the numberobtainedby expressing in the baseb,

thenreversingthe orderof the resultingdigit sequencend
placingthefloating point atthe sequenc®eginning'3:

] . o .

o)=Y a1 tei= T aib Q)

2 &

where aj(i) are subsequentdigits of i. For instance
®10(1234 = 0.4321.

For photon shootingwe needto associatehe index of
eachphotonwith a sequenceof numbers,thus the multi-
dimensionaHaltonsequencenustbeconsideredSuchase-
guencds usuallyobtainedby usingprimenumbersasbases
for differentdimensionsFor example,for integeri the fol-
lowing sequenceanbe considered:

i = @(i), ®3(1), 05(0), Pr(i), Puali),.  (2)

When sampling discreteevents, a single quasi-random
numbercan be re-usedvia the remappingprocedure(refer
to Shirley et al34, Fig. 8). In this way we usethe two first
quasi-randormumbers®,(i) and ®3(i) to choosea light
sourceandthe photonemissiordirection,the next two num-
bers®s(i) anddy(i) to determinghephoton-materiaévent
(photonabsorptioror scatteringndthereflectiondirection
for thefirst photonbounce andsoon.

4.2. Periodicity of the Halton Sequence

The obseration that the Halton sequencehas a highly
periodic natureis hardly nen2°. Note for example how
similar the values of following base-10radical inverses
are:®10(1234 = 0.4321,%9(1234+ 1000 = 0.4322,and
®10(1234+ 2000 = 0.4323. We expressthis periodicity
propertyin aform whichis well suitedfor thetaskof finding
similar photons(paths)in photon(path)tracingalgorithms:

(i) — Dol +mN) < N =16 (3)

wherek, |, and m are integerssuchthatk > 0 and| > O.
Indeed,adding(ml)bk canonly changehigherorderdigits
in the baseb representatiof i. Namely a;j(i) with j > k
canchange.Thus,taking into accountthat the changeof a

single digit cannotbe larger than (b — 1) andthat only a
finite numberof digits changewe write:

oo

901~ @o(i-+ () < 3 (b-1b~" )
=

Computingthe right side of (4) asa sumof infinite geo-
metricalprogressionwe immediatelyobtain(3). We further
generalizanequality (3) to the caseof a multi-dimensional
Haltonsequencen thefull correspondenceith the defini-
tion of Ny above, let usset:

Ng = b bi2... bl (5)

Substitutingsuch Ng into (3), we derive that Ng yields
a good matchingof valuessimultaneouslyin dimensions
by, ...,bn. Accordingto (3), the matchingof valuein each
particulardimensionb is determinecby the corresponding
ky. Note also that choosingthe sample$ numberto be a
multiple of suchdefinedNg alsoresultsin the discrepang
minimizationof the multi-dimensionaHaltonsequence

5. Algorithm

Ourglobalillumination algorithmoperatesvith afixedpool
of photonswhosesizeis decidedby the userasa trade-of
betweerthe desiredaccurag of the lighting simulationand
theacceptabl@lelayof theillumination update.

In the following sectionwe describethe organizationof
the photonpool into coherentgroupswhich are processed
oneby onein ouriterative approachln Sections.2thealgo-
rithm of illumination updateby selectve photongrouppro-
cessingis presentedThe priority criteria of photongroup
processin@reexplainedin Section5.3.

5.1. Photon Groups

All photonsin thepool aresplitinto Ng groups,whereNy is

selectebasedon Equation(5). Eachgroupof photonscon-
sistsof two subgroupsPhotonindicesin thefirst subgroup,
whichwe call thepilot photonsincreasencrementallyPho-
ton indicesin the secondsubgroupwhich we call the cor-

rectivephotons have theinterval Ng betweerthem.Figurel

illustrateshow photonsaredistributedbetweergroupsfor a

casecorrespondingo Ng = 4.

The basicpropertyof all photonsfrom onegroupis that
they areall shotfor the same(frozen) sceneconfiguration.
For eachgroupwe storethefollowing information:

e thegrouppriority which guidesthe orderingof globalil-
luminationupdate

e astateof dynamicscenepropertiesyalid at the moment
the photongroup was shot, but not valid at the current
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Figure1: Distribution of photonsbetweergroupsfor Ng =

4. Eadh row representsone group. Each group containsa

numberof pilot photons(rectangle)as well asa numberof

correctivephotong(vertical lines)whoseindicesare spaced
with interval Ng.

time moment.We denotesuchscenepropertiesasscene
phantomsThe algorithmcanconsiderdifferentdynamic
sceneproperties.The most olvious are object positions
andsurfaceBSDFs(Bidirectional ScatteringDistribution

Functions).

According to the periodicity property discussedn Sec-
tion 4.2, corrective photonsareconcentratedn atight sub-
spaceof themulti-dimensionaphotonspaceln practicethis
meanghatcorrectve photonsof the samegroupareusually
emittedby thesamdight sourcefracedin similardirections,
have similar probability of beingabsorbedvhenthey hit a
given surface,andso on. IncreasingNg increaseshe num-
ber of groupsand simultaneouslydecreasethe spacespan
occupiedby every group.Note thatwhenchangingNg it is
importantto keepit factorizedaccordingto Equation(5).
The size and spacefilling characteristicef photongroups
canbetunedaccordingo thedesiredpropertieof theglobal
illumination updateusingthefollowing parameters:

o Ny definesthe photongroupsnumberandsimultaneously
the spanbetweertheindicesof correctize photons

¢ Np definesthenumberof the pilot photonsin eachgroup

e Rdefinegtheratio betweerthetotal numberof photonsin
eachgroupandNp.

Giventhoseparametersthe total numberof photonsuti-
lized by the algorithmis equalto NgNpR. All photonswith
indicesi € [0,NgNp) arethe pilot photons,andall photons
with indicesi € [NgNp, NgNpR) arethe corrective photons.

5.2. lllumination Update

Our algorithmis fully interactize, which meanghatit does
notrequireary a priori knovledgeon changesn the scene.
In the following discussionve assumehatuserinteraction
consistsof changingobject positions (the caseof surface
BSDF changesis easierto handleand will be explained
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Figure 2: Theboundingvolumeof correctivephotonsfrom
a singlegroup startsas a pyramid, but thenits shapemight
becomeamore complicatedastheresultof photoninteraction
with sceneobjects.For thefigure clarity we markedjustone
bounceof photons(grey pyramidsreflectedfrom white ob-
jects)but obviouslyall higher bouncesare also consideed
asrequiredfor theglobal illumination computation.

later). Updating illumination after scenechangerequires
that photonsintersectingmoving objects must be reshot.
Reshootingf aphotonconsistof tracingit for theold scene
configuratiorwith negative enegy andthentracingit for the
new sceneconfigurationwith positive enegy. Sinceusually
only a small numberof photonsintersectmaving objects,
suchdoubleeffort is justified comparedto calculatingthe
solutionanaev.

Efficient searchingof invalid photonsis a hard problem.
We attemptto solwe it by subdviding the multi-dimensional
photonspacento relatively smallvolumesandsearchindor
thosevolumes,which intersectthe moving object. Accord-
ing to the periodicity propertydiscussedn Section4.2, the
corrective photonsin a single group which are emitted by
a light sourceare boundedby a pyramid with its ape lo-
catedat this light sourceposition (Figure 2). The pyramid
shapemight becomemoreandmore complicatedasthere-
sult of interactionbetweensceneobjectsandthe corrective
photonsHowever, evenif thepyramidis splitinto anumber
of subgyramids,the resultingbundlesof photonpathsstill
remaincoherentin spacé andarefully boundedby those
subgyramids.

The computationof intersectionbetweenboundingvol-
umesof complex shapgasdepictedn Figure2) andmoving

T This requiresa simplifying assumptiorthat eachsceneobject
hasroughly uniform light scatteringpropertiesacrossits surface.
We believe thatthis assumptions justified for interactve globalil-
lumination solutionswhich are the main focus of this paper Ob-
viously this assumptiordoesnot hold in generale.g.,for surfaces
with a fine patternof displacemenor bump mapping,for surfaces
with shift-variantBSDF, andothersimilar cases.
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objectsis requiredto identify invalid photons Additionally

it isimportantto estimateheimpactof thoseinvalid photons
on the correctnes®f renderedmages.Suchan estimateis

requiredto find outthe orderin which to reshoothe photon
groups,which reducesmage artifactsas perceved by the
humanobserer. We addresshoseproblemsby shootingthe
pilot photons.

In contrasto the correctize photonsthe pilot photonsare
not coherentanduniformly samplethe spaceof vectorsde-
fined in Equation(2). The shootingof pilot photonsis in-
terleavedwith the shootingof correctve photonsby placing
themin the samegroup (seeFigure 1). Let i be the pilot
photon,which intersectedhe moving object.We thenclaim
thattheboundingvolumeof correctie photonshelongingto
groupig with

ig = | mOd Ng (6)

intersectghis objectaswell. Indeed,all correctve photons
of thatgrouparegivenby indicesNgNp + ig + cNy, wherec

is anon-n@ative integer Theindex i given by Equation(6)

differsfrom theindex of ary correctie photonof groupig by

somemultiple of Ng. Thus,accordingto Equation(3), this

photonis inside of the multi-dimensionalpyramid, which

boundsall correctie photonsof thatgroup.This meanghat
it alsois inside of the boundingvolume, createdwhenthis

pyramid intersectssceneobjects. Since the pilot photons
samplehemulti-dimensionalectorspacgdefinedn Equa-
tion (2)) uniformly, thenumberof their hits with moving ob-

jects provides an approximatemeasurehow importantit is

to updatethe group (in Section5.3 we discussin detail the
correspondingproblemof photonupdatesordering).

Our approacthto identify moving objectsis not consera-
tive (referto Briere and Poulir? andBalaet al.! for discus-
sion of the conserative solutions).Evenif no pilot photon
detectgheintersectiorof agroupof correctve photonswith
amoving object,it is neverthelespossiblethatsuchaninter-
sectiontakesplace However, thistypically happensf thein-
tersectedrolumeis very smallanddoesnot contritutemuch
to the change®f globalillumination. Also, whensceneob-
jects stop their motion, all Ng groupsare finally updated,
which meansghatall invalid photonswill be correctedand
thenthe only negative consequencef suchundetectedn-
tersectionss a non-optimalorderingof the groupupdate.

Onemayad\wcatethatit is easyto conseratively find the
intersectionbetweenmaving objectsand the first sgment
of apyramidwith the apex atthelight sourceposition(e.g.,
suchan approachis usedto reinforcethe causticphotons
in thephotonmappingtechniquég), however, we areaiming
for agenerabkolutionthathassomepotentialto detectinvalid
photonsbouncinganarbitrarynumberof timesin thescene.
Also, the densityand coherenceof the pilot photonsin the
first pyramid segmentis very good,which usuallyresultsin
the high probability of detectingmoving objects.

The pseudo-cod@ Algorithm 1 summarizeshe process
of illumination update.

Algorithm 1 Globallllumination UpdateAlgorithm.
while therearegroupscontainingscenephantomsio
amongaall suchphotongroupsfind theonewith highest
priority;
placescenephantomsof that groupinto BSPgrid and
forbid scenechanges;
for all photons in the photongroupdo
performMonte Carlo tracing of photoni according
to Equation(2) without updatingthe global illumi-
nation;
if photoni hit dynamicobjector scengophantonthen
if photoni is pilot then
if photoni hit dynamicobjectthen
increasdhe priority of correspondingyroup;
elseif photoni hit scengphantomthen
increasethe priority of correspondinggroup
only if it containsintersectegphantom;
end if
end if
duplicatethe photonandtracetwo resultingpho-
tons:
- photon,which ignoresscenephantomsand has
positive enepy;
- photonphantomwhich ignoresdynamicobjects
andhasnegative enegy;
end if
end for
displaypartially updatedsolutionvia OpenGL;
remove all scengphantomdgrom theBSPgrid andfrom
justreshotphotongroup,allow scenechanges;
setthegrouppriority to 0;
end while

Sincethe conceptof scenephantomss essentiafor un-
derstandin@Algorithm 1, we provide anexampleto explain
it in an intuitive way. For simplicity let us assumethat a
scenecontainsonly one dynamicobjectandits motion is
specifiedoy matricesM1, My, andM3, which describethree
differentpositionsof theobjectatthemomentsf timety, to,
andts. At t, theobjectpositionchangegrom M; to My, and
a new scenephantomis createdwith the old position M.
This scenephantomis assignedo all photongroups,and
theillumination update which is requireddueto the object
motion,is performedasspecifiedn Algorithm 1.

For reshootingphotondrom agivengroupatt,, thescene
phantomis placedinto the BSPgrid, whichis usedto accel-
eratethe photontracing computation.This meansthat the
BSPgrid containstwo distinctinstanceof the moving ob-
jectatits respectre positionsM; andM,. Thenthreetypes
of raysasrequiredby Algorithm 1 aretraced:rayswhich
canhit both instanceof the moving object,rayswhich ig-
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norethe phantomobjectat positionM;, andraysthatignore
theactualobjectat positionMs.

At themomenbf timets whentheobjectchangedts posi-
tionto M3, thelastupdateof somephotongroupscouldhave
beenperformedat tp, but thereis alsoa chancethat some
groupshave beenupdatedonly att;. The latter groupsstill
containtheobjectphantomat positionM; . Sinceary photon
groupcorrespondso a frozensceneconfigurationat a par
ticular momentin the past,it cannotcontaintwo phantoms
of the sameobject. This is why the newly createdphantom
at positionM, mustbe placedonly in thosephotongroups,
which do not containthe phantomat positionM.

User interactionwith surface BSDFsis processedn a
similarway asdescribedn Algorithm 1. However, thisdoes
not involve ary updateof the ray tracing acceleratiordata
structures.The scenephantomsstore the surface BSDFs
from the last iteration in which photonsfrom the current
groupwereupdated.

In our currentimplementatioruserinteractionwith light
sourcess notsupportedalthoughit is relatively easyto ex-
tend our algorithm for this purpose.A numberof special
casedor changingthelight sourceposition,emittedenegy,
goniometriadiagramandsoonshouldbeconsideredror ex-
ample,userinteractionchanginghepositionof light sources
shouldresultin increasinghe updatepriority for all groups
for which photonsare emittedby dislocatedlight sources.
The old positionof the light sourceshouldbe storedasthe
scenegphantom.

5.3. Priority of Photon Groups Processing

An importantissueis settingpriorities of photongrouppro-
cessingn orderto minimize the percevability of illumina-
tion artifactsby the user For this purposewe considerthree
factorswhich affecttheimageappearance:

e Changesn thescenaletectedy thepilot photons.
e Visualmaskingof lighting patternsby textures.
e Currentcameraview frustum.

The pilot photonsareusedto computethe importanceof
photongroups.If pilot photoni hits a dynamicobject, the
importanceP of the groupig is increasedy incrementAp.
Also, if a scenephantomis hit by i andbelongsto the list
of phantomsfor ig, P is increasedby the sameincrement
Ap (somearbitraryvalueis chosenge.g,Ap = 1). Theim-
portanceincrementAp can be reducedfor a given photon
hitting atexture astheresultof visualmasking.

Visual maskingof lighting patternsby texturesmay sig-
nificantly reducethe obserer sensitvity to artifactsin the
sceneillumination. For surfaceswith strong masking,the
priority of illumination updatecanbe reducedwith respect
to non-tectured surfaces.We follow the approachby Du-
mont et al.1% in which the VDP proposedby Ramasub-
ramanianet al.3? is usedto estimatethe visibility thresh-
old elevation Te for texturesat the preprocessingtage We
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a) b)

Figure 3: Visual maskingprocessinga) sampletexture and
b) visibility thresholdelevationmap (brighter regionsin the
mapcorrespondo highermasking).

introduce one modificationto this procedurewhich is in-

spired by Lueble et al.23. For a given meshdensity and
texture mappingparameterdor this meshit is possibleto
estimatethe relation betweenthe highestspatialfrequeng

of indirect illumination reconstructedising this meshand
the spatial frequenciesn the texture. The visual masking
can be obsered mostly betweenstimuli of similar spatial
frequencie& Therefore,prior to the VDP processingwe
eliminate from the texture all frequencieshigher thanthe
meshimposedmaximumfrequeny of indirectillumination.
This modification makes our approachmore conserative
andexcessie valuesof Te canbeavoided.As aresultof the
VDP processingve obtaina setof the averageTe valuesfor
a giventexture at eachMipMap level. In Figure3 (seeAp-

pendix/Colorsection)we shav an exampleof the visibility

thresholdelevation mapobtainedusingour VDP.

During photon tracing we accesstextures assignedto
scenesurfacesin orderto estimatethe probability of photon
absorptionandto determinethe color of scattereghotons.
While the texture is sampledat its original resolution,we
needto accessle at the properMipMap level. For this pur
posewe usea simpleheuristicwhich takesinto accounthe
surfacedistanceto the obserer andits spatialorientation.
We usethe Te valuefor the photonhit texture to modify the
importanceP of the groupig by incrementAp/Te. This is
anapplicationexamplein which the perception-basedrror
metric is usedto steerthe global illumination computation
with negligible overheadcosts Also, the potentialinaccura-
ciesof suchperceptuatteeringarefully recoverablein our
algorithmbecausenly thecomputatiororderingis affected.

Although our algorithmis view-independentbettereffi-
cieng of illumination updatecanbe achieved by assigning
higherprioritiesto the visible regionsof the scene We effi-
ciently combinevisibility informationwith thegroupimpor-
tanceP by controllingthevisibility statusv for everyphoton
group.This visibility statusis updatedfor every frameasa
by-productof the pilot photonstracing.It is costlyto deter
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minethevisibility of thephotonhit exactly, thuswe only use
view frustumculling here.Photonhits inside of view frus-

tum can affect the image quality, so we increaseV of the
correspondinggroup. In contrastto the value P, V is view

dependenandwe have to resetit aftereachcamerachange.
Thus,V istakeninto accounbnly if thenumberof pilot pho-
tons, shot after the last camerachange,is suficient for its

robust estimate Otherwise we assumehatV = 1 for each
group.

After the pilot photonsof the currentgroupareshot,and
V andP areupdatedthe next group of corrective photons
with the highestpriority measure@sV - P is selected.

6. Implementation

We implementedour algorithm as a hybrid renderingsys-
tem wheregraphicshardwareis responsiblefor computing
directillumination, the correspondindnardshadavs, andvi-
sualizingtheindirectillumination. The software part of our
engineis mostlydedicatedo calculatingtheindirectillumi-
nation.Both partsrunin parallelusingmulti-threadingand
aresynchronizedy theimportantevents(updateof indirect
illumination, userinteractionetc.).

For scenesvith multiple light sourceswhoseprocessing
would requiremary renderingpasse®f graphicshardware,
anotherstratgy of directlighting computationcanbe con-
sidered.The usermay selectthe mostimportantfor his ap-
plicationlight sourcego be processedy graphicshardware
to obtainthe good quality of shadevs. The remaininglight
sourcescan be processedn the photonbasiswithout ary
extra cost since photonsare tracedfrom the light sources
aryway. The problemwith suchan approachs thatthe di-
rectilluminationis thenreconstructedn themeshbasisand
theresultingshadev boundariesarefuzzy with somepossi-
ble artifacts.

Shootingphotonsrequiresefficient ray tracingaccelera-
tion datastructuredor dynamicernvironments.Initially we
relied on multi-level voxel grids. Recently we switched
to the axis-alignedBSP-treewith a costfunction4, which
allowed us to improve the computationperformancesig-
nificantly (up to 3 times). At presentwe do not use
ary hardware-dependerptimizationsof ray tracing (e.g.,
SIMD, prefetchingandsoon) assuggestety Wald etal 2.
Olwviously by addingsuchoptimizationstheray tracingper
formancecouldbefurtherimproved.

6.1. Direct lllumination

For computingthe effect of direct illumination we chose
to useOpenGL-compliangraphicshardware.Insteadof re-
stricting ourselesto thefixed function pipelineof standard
OpenGLwe utilize programmableertex andpixel hardware
to gain the highestqualitative and mostefficient rendering
possible.Our currentimplementationis customizedo run

onNVIDIA GeForce3graphicscards,but canof coursealso
beimplementedn ary othercardwith similarfeatureqe.g.
ATI'sRadeorseries).

6.1.1. Shadows

Oneof themainaspect®f imagequality is anaccurateep-
resentatiorof shadavs. Although shadev mapping? is di-
rectly supporteddy the graphicshardwareit is problematic
dueto its samplingproblems.Anotherdisadwantageis that
for dynamicervironmentsshada mapschangevery often
which would leadto a hugeamountof regeneratiorpasses.
We thereforepreferthe shadev volumealgorithmproposed
by Crow? sinceit

e generates/ery preciseshadavs by performing calcula-
tionsin objectspace,

e canbe efficiently implementedusinggraphicshardvare,
and

e is appropriatdor dynamicervironments.

For complex sceneghe generationof shadav volumes,
which requiresfinding the silhouetteedgesof all objects
with respectto the light source,is quite expensve. By ex-
ploiting temporakoherenyg of shadav volumeswe canlimit
theregeneratiorof shadw volumesto thoseobjectsthatare
moving andreusethe volumesof all staticobjectsfrom the
previousframe.

Ourshadav volumeimplementations basedn thehard-
ware stencil buffer schemepresentett, which solves the
problematiccasesof shadaw volumesintersectingthe near
clipping plane.

With normal OpenGL the shadav volume algorithm
would requireN + 1 renderingpassesvhereN is the num-
ber of shadav castinglight sources.However using pro-
grammabldeaturesavailableon recentgraphicshardware?
we areableto collapseupto 4 passeito asingleone.This
is doneby first renderingthe scenes geometryas seenby
thecamerayesultingin having the depthvaluesof the front
mostpixelsin the depthbuffer. After this we loop over the
first four light sourcesvherein eachstepwe first initialize
the stencilbuffer anddrav shada volumeswith the corre-
spondingstenciloperation(increment/decrementfhecon-
tent of the stencil buffer, which correspondso the shadav
testresult,is thencopiedto oneof the color buffer channels
(red channelfor first light, greenchannelfor second etc.)
andthe stencilbuffer is initialized for the next light source.
After this loop we obtaina RGBA shadowmaskcontaining
theshadev informationfor upto four light sources.

In thefinal renderingpasswe thenrenderthe sceneonce
again but this time using a customizedvertex prograni?
which insteadof summingup all lighting contrikutions for
a given vertex usesadditional output attributesthat hands
out theillumination for light sourcelLq 3 separatelyThese
valueswill thenbe linearly interpolatedover the primitive
(triangle)andpassedo thetexture blendingstage.

(© TheEurographic#ssociation2002.
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Having the shadev maskasan projectve RGBA texture
we canapply the shadav result separatelyfor eachof the
four light sourcesand outputthe total illumination as the
pixel value.

ou = indired +illum(Lg) - maslg+illum(Ls)-maslg +. ..

(7
For morelight sourceghisapproacttanbeextendedy sim-
ple multi-passrendering.Sofor N light sourcesve have to
generatelN/4] shadw masks.Another [N/4] passesre
neededo computethe illumination. Thesepassecanthen
be summedup usingadditive blendingor the accumulation
buffer.

This shadev maskschemeis not only very efficient but
alsoenhancefmagequality. Usingthenormalloop scheme,
the contributionsof all light sourcesneedto be summedup
using either the accumulationbuffer or additive blending.
Sinceboth operationsare performedat the endof the pixel
pipeline precisionis limited to (normally) 8 bits per color
channelwhereasour approachsumsup at an earlier stage
in the pipeline where precisionis much higher Accuray
is alsoincreasedor N > 4 sincewe usethe accumulation
buffer (or additive blending)for groupsof four light sources
ratherthansummingup the contritution of individual lights.
Anotheradwantageis that our methoddoesnot suffer from
z-fightingartifactswhichnormallyoccurwhenrenderinghe
sceneseveraltimes.

6.1.2. Goniometric Diagrams

In orderto achie/e realisticimage quality we also choose
to supportcomple pointlight sourceswith non-uniformdi-

rectionalpower distribution. Descriptionof thesegoniomet-
ric diagramsare availablein standardizedormatsandare
essentiafor accuratdighting computations.

We include thesedistributions by re-samplingfrom the
standardformat to a cube map texture3, which can effi-
ciently storethe complete36@ view of a point light source
andwhichis supporteddy the graphicshardware.

Restrictingoursehesto monochromatigoniometricdia-
gramswe canincludetheseas an additionalscalingfactor
for the local illumination of a given light source.Referring
to Equation7 themaskscalingfactor whichwasconsidered
to be either1.0 for lit and0.0 for shadaved pixels, canbe
usedto performthis additionalscaling.In thefirst rendering
passwe renderusingthe appropriatecubemaptexturesand
storethe scalingfactorsin oneof the color channelsUsing
four texture unitsandRGBA maskingwe areableto gener
atethesefor 4 light sourcessimultaneouslyWhencopying
the resultof the shadav testbackto the color buffer we set
all pixelsto 0.0 wherethe shadav testsucceededAlthough
the dynamicrangeof thesetexturesis limited to 0.0 to 1.0
this methodstill improvesimagequality significantlywhile
introducingonly a minimal overhead.
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7. Results

We presentresultsthat we obtainedfor the ROOM scene
(about 12,400 mesh elements)and for the HOUSE scene
(about377,900meshelements)The ROOM sceneis illumi-
natedby four, the HOUSE sceneby two light sourceswith
goniometricdiagrams Figures4 (seeAppendix/Colorsec-
tion) shav snapshot®f the two scenesbtainedduring an
interactive session.

All timings were measuredn 1.7 GHz Dual P4 Xeon
computemwith anNVIDIA GeForce364 MB videocardThe
framerateis governedby the speedof OpenGLrendering.
For the RoOM scenes fps andfor the HOUSE scenel.1fps
areachieved,whichincludesthedisplayof indirectlighting,
anddirectlighting with shadev computationperformecdby
thegraphicshardware.Our currentimplementatiordoesnot
supporttriangle strip generationwhich affects the refresh
rate. This however is not a limiting factor for the perfor
manceof indirectlighting updatebecausaet is refinedat an
evenslower pace.

As we mentionedin Section5.1, our algorithm perfor
mancecan be tunedby the parameterdNg, Np andR. The
parameteNy controlsthe numberof the Halton sequence
dimensionsfor which correctve photonsof the samegroup
remaincoherent\We chosetheinitial factorizationof Ng for
two dimensiongo be2332. Thissplitsthefirstandsecondi-
mensiondo 8 and9 spansrespectiely. Theremappingpro-
cedure(referto Section4.1), appliedafter the light source
selectionstep, effectively reducesthe spatial coherencean
the first dimension.To compensatdor this, we increase
thecorrespondingower k, proportionallyto the numberof
light sourcegresentin the sceneThis resultsin factoriza-
tions 2°32 and 2*3? for the RoOM and HOUSE scenesre-
spectvely.

The graphsin Figure5 demonstratehe influenceof Ng
parameteon the speedof the globalillumination updateas
the resultof an objectmovementfrom one positionto an-
other The efficiency of the updateis measuredy the num-
berof reshotrelevant photonsasa function of time. We call
thosephotonsrelevant, whosehit pointsaredislocatedasa
resultof scenechangesAll relevantphotonsmustbereshot
to completethe illumination update.The algorithm perfor
manceis comparedor Ng = 288 (factorization:2532) and
Ng = 10080 (factorization:2°3?5' 7). For Ng = 288 only
direct photonsbelongingto a group are spatially coherent,
while for Ng = 10080alsothefirst bounceof scatteregpho-
tonsis coherentTwo casesireconsideredor eachof theNg
values:the moving objectis illuminated 1) directly and 2)
indirectly. In thefirst casethe numberof groupshasa small
impacton the performancef illumination update This can
be explainedby thefactthatthe moving objectis mostly hit
by thedirectphotonswhich arecoherenevenfor smallNg.
If themoving objectis illuminatedindirectly, amuchbetter
performancés obtainedor largerNg becaus¢hecoherence
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Figure 5: The numberof found relevant photonsas a function of time The moving objectis illuminated by a) both direct
andindirectlighting, b) only indirectlighting. Thehorizontalline showsthe total numberof relevant photonswhich mustbe

updated.

of the first bounceof reflectedphotonsbecomesmportant.
Suchcoherencés notensuredor Ny = 288.

Figure 6 (seeAppendix/Colorsection)shaws the ability
of thealgorithmto find thecoherenphotonsafterthefirstin-
directbouncefrom the surface.Photonsrom bothdepicted
groupsreflectdiffuselyfrom thefloor in thedirectionof the
moving objects.

The speedof the global illumination update depends
strongly on the pilot photons ratio in the pool, which de-
finesthe precisionof the grouppriority computationlf this
ratio is too small, importantphotongroupscan be missed
andthenreshottoo late. Conversely if the numberof pilot
photongs toolarge,theupdateefficiency is reducedecause
the pilot photonsareshotessentiallyin arandomorder Fig-
ure7 demonstratethis dependencfor theRooM sceneNp
andR valuesareselectedn suchaway, thatthe total num-
berof photonss constantandonly theratio of pilot photons
changesWe have foundthat R = 16, which correspondso
only 6.25% of pilot photonsin the pool, yields nearly op-
timal performanceAs canbe clearly seenin Figure 7, for
R = 32(3.125%0f pilot photonsthe photongroupordering
is notrobustandthe overall updateperformanceés worse.

Accordingto our experiments full recovery of percev-
ableillumination artifactsresultingfrom thefurniture move-
mentsin theROOM andHOUSE scenesisuallytakes2—4and
4—-8secondsrespectiely. Thetotalnumbernf photonsn the
pool for the ROOM scenewas1,152,000andfor the HOUSE
scenel,728,000.

Storing the photon pathsfor all photonscould be man-
ageabldor the numberof photonswe presentlyuse,which
couldperhapshelpto avoid somecomputationg.g.,tracing
somephotonswith negative enegy. However, our experi-
mentshave shavn that tracing changedohotonpathstwice
introducesan overheadwhich on averagewas belov 25%
(someinitial segmentsof the photonpathmay be the same
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- —R=
2 400000 R=16] |
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Figure 7: Numberof foundrelevantphotonsasa functionof
time dependingon theratio R betweerthe total numberof
photonsand the numberof pilot photons.Thetotal number
of photonsn the poolis constantThedottedline showsthe
theoeetical updateprogressunder the assumptiorthat the
photonsare updatedin a randomorder.

and can be computedonly once).Handling storedphoton
pathswould incur someoverhead andthe extensionof our
algorithmto handlemore photonsand a finer meshin or-
der to obtainan even betterquality of lighting reconstruc-
tion would be more difficult (e.g. more than one proces-
sorfor photontracing could be usedor a fasterray tracing
algorithn#° couldbeimplemented).

8. Conclusions

We proposeanovel interactize globalilluminationtechnique
for dynamicervironmentswhich is suitablefor processing
complex scenesBasedon the periodicity property of the
Halton sequencewe are able to trace photonscoherently
only into thosesceneregionswhich requiretheillumination
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update Using our techniquethe temporalcoherencef the
sceneillumination can efficiently be exploited without any
significantstorageof datainvolving the temporaldomain.
Progressie refinementof renderedramesis steeredusing
enepgy- and perception-basedriteria in orderto minimize
imageartifactsas perceved by the user As a resultsubse-
qguentframescan be efficiently renderedand the temporal
aliasingis practicallyreducedelow the percevability level.
The quality of the direct lighting distribution and shadavs
significantlybenefitfrom our efficient hardwareimplemen-
tation.

Selectve photontracinghasmary potentialapplications
whichrequirelocal reinforcemenbf computationdasecn
someimportancecriteria. An exampleof suchan applica-
tion is the efficient renderingof high quality causticswhich
usually requiresa hugenumberof photons.After identify-
ing somepathsof causticphotons,more coherentcaustic
photonscan easily be generatedusing our approach.The
drawvbackof mary existing photonbasednethodds thattoo
mary photonsare sentinto well illuminated sceneregions
with a simpleillumination distribution, andtoo few photons
reachremotesceneregions. This deficiengy could easilybe
correctedusingour approachby skippingthetracingof re-
dundantphotonsand properly scalingthe enegy of the ac-
tually tracedphotons As future work we planto pursueour
researclalongthoseavenuesAlso, wewouldliketoinclude
specularandglossyeffectsinto our interactve renderemus-
ing pixel-selectve ray tracing.

9. Acknowledgments

We would like to thank Philippe Bekaert, Katja Daubert
and Vlastiml Havran for their helpful commentsand sug-
gestions.This work was supportedn partby the European
Communitywithin the scopeof the RealReflecprojectIST-
2001-34744'Realtimevisualizationof comple reflectance
behaior in virtual prototyping”.

References

1. K. Bala,J.Dorseg, andS. Teller. Radiancenterpolants
for acceleratetbounded-erroray tracing. ACM Trans-
actionson Graphics 18(3):213-2561999. 6

2. G.Besuiesky andX. Pug/o. Animatingradiosityen-
vironmentsthrough the multi-frame lighting method.
TheJournal of Visualizationand ComputerAnimation
12(2):93-1062001. 2

3. H. BriéreandP. Poulin. Hierarchicalview-dependent
structuredfor interactve scenemanipulation. In Pro-
ceedingsof SIGGRAPH96, ComputerGraphicsPro-
ceedings,Annual ConferenceSeries, pages 83-90,
1996. 6

4. S.E.Chen. IncrementalRadiosity: An Extensionof
Progressie Radiosityto anInteractive ImageSynthesis

(© TheEurographic#ssociation2002.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19

System. In ComputerGraphics(SIGGRAPHI0 Con-
ferenceProceedings)pagesl35-144,1990. 2

F.C. Crow. Shadaev algorithmsfor computergraphics.
In ComputerGraphics(SIGGRAPH77 Proceedings)
pages242-248July1977. 8

S. Daly. The Visible DifferencesPredictor:An algo-
rithm for the assessmemf image fidelity. In A.B.
Watsoneditor, Digital Image andHuman\Vision, pages
179-206 CambridgeMA: MIT Press1993. 7

C. DamezandF.X. Sillion. Space-ime Hierarchical
Radiosityfor High-Quality Animations.In Eurograph-
ics RenderingWbrkshop1999 pages235-246,1999.
2

G. Drettakisand F.X. Sillion. Interactve Update of
Global lllumination Using a Line-SpaceHierarchy In
SIGGRAPHI7 ConfeenceProceedingsAnnual Con-
ferenceSeriespagess7-64,1997. 2, 3

Th. Driemeyer and R. Herken. Programmingmental
ray. Springerpage226,2000. 4

R. Dumont, F. Pellacini, and J. Ferwerda. A
perceptually-basedtexture caching algorithm for
hardware-basedendering.In Eurographics\Workshop
on Rendering?2001, pagex249-2562001. 7

D.W. Geoge,F.X. Sillion, andD.P. Greenbeay. Radios-
ity Redistritution for Dynamic Ernvironments. |IEEE
Comp.Graphicsand Applications 10(4):26—-34,1990.
2

X. Granierand G. Drettakis. Incrementalupdatesfor
rapid glossyglobal illumination. ComputerGraphics
Forum 20(3):268—-2772001. 2

JohnH. Halton. On the efficiency of certain quasi-
random sequencesof points in evaluating multi-
dimensionalintegrals. NumerischeMathematik,2:84-
90,1960. 4

V. Havran. Heuristic Ray ShootingAlgorithms PhD
thesis,CzechTechnicalUniversity, Nov. 2000. 8

P. Heckbert. Adaptive Radiosity Textures for Bidi-
rectionalRay Tracing. In ComputerGraphics (SIG-
GRAPH90 ConfeenceProceedings)pagesl45-154,
August1990. 2, 3

S. HeinrichandAlexanderKeller. Quasi-MonteCarlo
Methodsin ComputerGraphicsPart II: The Radiance
Equation.TechnicalReport243/94,1994. 3

E. Hlawka. Discrepancyand Riemannintegration,
Studiedn Pure Mathematic{New York). 1971. 3

H.W. Jensen.Realisticimage SynthesidJsing Photon
Mapping AK, Peters2001. 2,6

A. Keller. InstantRadiosity In SIGGRAPH97 Con-



20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

Dmitriev, Brabec,Myszlowskiand Seidel/ SelectivePhotonTracing

ferenceProceedingsAnnual ConferenceSeries pages
49-56,1997. 2, 3,4

M.J. Kilgard. NVIDIA OpenGLExtensionSpecifica-
tions NVIDIA Corporation,November2001. Avail-
ablefrom http://wwwrvidia.com. 8

M.J. Kilgard. Rokust stencil shadev volumes,2001.
Availablefrom http://wwwnvidia.com. 8

E. Lindholm, M.J. Kilgard, andH. Moreton. A user
programmablevertex engine. Proceedingsof SIG-
GRAPH2001, pagesl49-158 August2001. 8

D. Lueble andB. Hallen. Perceptually-drensimplifi-
cationfor interactve rendering.In Eurographics\Work-
shopon Rendering2001, pages223-2342001. 7

I. Martin, X. Pug/o, andD. Tost. Frame-to-frameco-
herentanimationwith two-passradiosity Technical
Report(To appearin IEEE Transactionson Visualiza-
tion and ComputerGraphics)99-08-RR,GGG/IIIiA-
UdG, Jun1999. 2

S.Miiller, W. KresseandF. Schoefel. A RadiosityAp-
proachfor the Simulationof Daylight. In Eurographics
Renderingbrkshopl1995 pagesl37-146,1995. 2

K. Myszkowski. Lighting reconstructiomusingfastand
adaptve densityestimationtechniques.n Eurograph-
ics RenderingWorkshop1997, pages251-262,1997.
2

K. Myszkowski, T. Tawara,H. Akamine,andH-P. Sei-
del. Perception-guidedlobalillumination solutionfor
animationrendering. In SIGGRAPH2001 Annual
ConferenceSeriespages221-2302001. 2

L. NeumannA. NeumannandP. Bekaert. Radiosity
with well distributedray sets. ComputerGraphicsFo-
rum, 16(3):261-270August1997. 4

H. Niederreiter RandomNumber Geneation and
Quasi-MonteCarlo Methods Chapter4, SIAM, Penn-
sylvania,1992. 1, 3,4

J. Nimerof, J. Dorsey, andH. Rushmeier Implemen-
tation and Analysisof an Image-Basedslobal lllumi-

nation Framevork for AnimatedErnvironments. IEEE
Transaction®n Misualizationand ComputerGraphics

2(4):283-2981996. 2

X. Pugo, D. Tost,l. Martin, andB. Garcia. Radiosity
for DynamicEnvironments. The Journal of Misualiza-
tion and Comp.Animation 8(4):221-2311997. 2,3

M. Ramasubramaniafs,.N. Pattanaik,andD.P. Green-
beg. A perceptuallybasedphysical error metric for
realisticimage synthesis. In SIGGRAPH99, Annual
ConferenceSeriespages’3—-82,1999. 7

F. Schoefel andP. Pomi. ReducingMemory Require-
mentsfor Interactve RadiosityUsing MovementPre-

34.

35.

36.

37.

38.

39.

40.

41.

42.

diction. In Eurographics RenderingWbrkshop1999
page25-234,1999. 2,3

P. Shirley, C. Wang,andK. Zimmerman.Monte Carlo
techniquedor directlighting calculations ACM Trans-
actionson Graphics 15(1):1-36,Januaryl996. 4

M. Simmonsand C.H. Séquin. Tapestry:A dynamic
mesh-basedlisplay representatioffior interactive ren-
dering. In Eurographics RenderingWorkshop200Q
pages329-3402000. 3

M. StammingerJ. Haber H. Schirmacherand H-P.
Seidel. Walkthroughswith corrective texturing. In Eu-
rographicsRendering\brkshop200Q pages377-390,
2000. 3

V. Volevich, K. Myszkowski, A. Khodules, and E.A.
Kopylov. Using the Visible DifferencesPredictorto
Improve Performanceof Progressie Global lllumina-
tion Computations. ACM Transactionson Graphics
19(2):122-1612000. 3

D. Voorhiesand J. Foran. Reflectionvector shading
hardware. Proceeding®f SIGGRAPHI4, pagesl63—
166,1994. 9

I. Wald, P. Slusallek,and C. Benthin. Interactve dis-
tributedray tracingof highly complex models.In Ren-
dering Techniques2001: 12th EurographicsWorkshop
on Renderingpage277-2882001. 8, 10

B. Walter, G. Drettakis,andS. Parker. Interactve Ren-
deringusingthe RenderCache.In EurographicsRen-
deringWbrkshopl1999 pagesl9-30,1999. 3

B.J. Walter, PM. Hubbard,P. Shirley, andD.P. Green-
bery. Globalillumination usinglocal lineardensityes-
timation. ACM Transactionson Graphics 16(3):217—
259,1997. 2,3

L. Williams. Castingcurved shadavs on curved sur
faces. In ComputerGraphics (SIGGRAPH'78 Pro-
ceedings)page270-274 August1978. 8

(© TheEurographic#ssociation2002.



Dmitriev, Brabec,Myszlowskiand Seidell SelectivePhotonTracing

a)

b)

Figure 4: Interactivesessiorsnapshot$or scenes) ROOM andb) HOUSE.

a) b)

Figure 3: Visual maskingprocessinga) sampletexture and
b) visibility thresholdelevationmap (brighter regionsin the
mapcorrespondo highermasking).
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Figure 6: Two differentgroupsof coheent photonsupdat-
ing the illumination of moving objects(two red tablessus-
pendedn the air). Notethat for the figure clarity only two
photonbouncesare depictedwhile obviouslythe higheror-
derbounceof photonsare tracedasrequiredfor theglobal
illumination computation.



