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Abstract

We presenta methodfor interactive global illumination computationwhich is embeddedin the framework of
Quasi-MonteCarlo photontracinganddensityestimationtechniques.Themethodexploitstemporal coherenceof
illuminationby tracingphotonsselectivelyto thesceneregionsthat require illuminationupdate. Such regionsare
identifiedwith a highprobabilitybya smallnumberof thepilot photons.Basedonthepilot photonswhich require
updating, the remainingphotonswith similar pathsin thescenecan be foundimmediately. Thisbecomespossi-
ble dueto theperiodicitypropertyinherent to themulti-dimensionalHalton sequence, which is usedto generate
photons.If invalid photonscannotall beupdatedduringa singleframe, framesare progressivelyrefinedin subse-
quentcycles.Theorder in which thephotonsare updatedis decidedby inexpensiveenergy-andperception-based
criteria whosegoal is to minimizethe perceivability of outdatedillumination. Themethodbucketsall photons
on-the-flyin meshelementsanddoesnot require anydatastructuresin thetemporal domain,which makesit suit-
able for interactiverenderingof complex scenes.Sincemesh-basedreconstructionof lighting patternswith high
spatialfrequenciesis inefficient,weusea hybridapproach in which directilluminationandresultingshadowsare
renderedusinggraphicshardware.

Categories and SubjectDescriptors(accordingto ACM CCS): I.3.7 [ComputerGraphics]:Three-Dimensional
GraphicsandRealismAnimation;

1. Introduction

Synthesisof realistic imageswhich predict the appearance
of the real world hasmany importantengineeringapplica-
tions includingproductdesign,architectureandinterior de-
sign,andillumination engineering.Oneof the major com-
ponentsof suchpredictive imagesynthesisis global illumi-
nation.Even for lessrigorousapplicationssuchas special
effects,film production,andcomputergamesglobal illumi-
nationgreatlyimprovestheappearanceandbelievability of
renderedimages.

Thevastmajorityof existingglobalilluminationsolutions
aredesignedfor off-line computationsandfor staticscenes.
The responsetimes requiredby such solutionsto update
illumination information in dynamicallychangingenviron-
mentsareprohibitively largeeven for minor changesin the
scene,becausethe whole computationis usually repeated
from scratch.Somesuccessfulattemptshave beenmadeto
upgradethosealgorithmsto exploit the temporalcoherence

and reusevalid lighting information computedpreviously.
While interactivity is oftenachieved for somesimplescene
changes,thestoragecostsinvolved in thedatastructureex-
tensionsinto thetemporaldomainareintractablefor practi-
calapplicationsdealingwith complex scenes.

In thispaperweproposeanovel globalillumination tech-
niquedesignedspecificallyfor interactive applications.Our
algorithm exploits a periodicity property29 of the multi-
dimensionalHaltonsequence,whichprovidesimmediatein-
formation on the similarity of photon pathsin the scene.
This enablesselective photontracinginto thesceneregions
whoseillumination mustbeupdateddueto theuserinterac-
tion. To improve the progressivity of suchupdateenergy-
and perception-basedcriteria are introducedwhosemain
goal is to minimize the imageartifactsasperceived by the
observer. Theuniquefeatureof our selective photontracing
is that while the temporalcoherencein lighting computa-
tions is stronglyexploited,no additionaldatastructuresin-
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volving photonpathsin thedynamicallychangingsceneare
required.Moreover, sincethephotonhit pointsarebucketed
on-the-flydirectly into thecorrespondingelementsof dense
meshthe photonstorageis completelyavoided.In practice
this meansthat if the meshdatastructuresrequiredfor ef-
ficient ray (photon) tracing fit into the computermemory
theglobalilluminationcomputationcanbeperformedusing
our method.This makesour techniquesuitablefor interac-
tiveglobalilluminationevenfor complex scenes.In termsof
hardwarerequirementasimplePC-classcomputerequipped
with a graphicsboardoffers sufficient performancefor our
technique,andexpensive multiprocessorcomputersor com-
puterclustersarenot required.

Ourrenderingtechniqueis optimizedfor interactivity and
someof its designdecisionsclearly tradeoff imagequal-
ity for computationspeed.The most severe limitation of
our techniqueis theuseof simplephotonbucketing for the
mesh-basedreconstructionof indirectillumination(directil-
luminationandresultingshadows arerenderedusinggraph-
ics hardware).Obviously, by storingphotonhit pointsand
usingmoreadvanceddensityestimationtechniques15� 26� 41� 18

lessbiascouldbeobtainedbut thentherenderinginteractiv-
ity wouldbecompromised.

Thepaperis organizedasfollows. Section2 reviews the
previous approachesto global illumination in dynamicen-
vironments.In Section3 we introduceour new framework.
We discusstheperiodicitypropertyof theHaltonsequence
which is the foundationfor our selective photontracing in
Section4. The algorithmof interactive global illumination
computationis explainedin Section5. In Section6 we pro-
vide someimplementationdetailsof our interactive system.
We discussthe resultsobtainedby our techniquesin Sec-
tion 7. Finally, we concludethepaperandproposesomefu-
turedirectionsfor this research.

2. Previous Work

The problem of global illumination solutions for dy-
namicenvironmentshasattractedsignificantattentionof re-
searchers,resultingin varioussolutionswhich canroughly
becategorizedasoff-line or interactive.In thefollowing sec-
tion we briefly overview representative examplesof off-line
algorithms.Thenwe focuson interactive algorithms,which
aremorerelevantfor thispaper.

2.1. Off-Line Techniques

Off-line global illumination algorithmsareusedin thepro-
ductionof high quality animationsin which theaccuracy of
lighting simulationcannotbe compromised.Many existing
solutionsresultedfrom extendinghierarchicalradiosityal-
gorithmsinto the time domain,however, they involve huge
storagecostswhich makes them impractical for complex
scenes7 � 24. In Global Monte Carlo Radiosity2 the temporal
coherenceof costlyvisibility computationsis efficiently and

conservatively exploited, but then the radiosity solution is
performedindependentlyfor eachframe and all radiosity
solutionsare storedsimultaneouslyin the memory. In the
range-imageframework30, direct and indirect lighting are
independentlysampledin time for selectedkeyframes.The
temporalfrequency of samplingis adaptiveto thechangesin
sceneillumination. Interpolationis performedbetweenthe
obtainedsolutionsto derive lighting for inbetweenframes,
but someimportantlighting eventsbetweenkeyframescan
be overlooked. To avoid this problem,sparsesamplingof
the sceneillumination can be performedfor all animation
frames27. However, to reconstructlighting for a givenframe
Myszkowski et al.27 utilize informationnot only from pre-
cedingbut also from the following frames,which are not
availablein theinteractive scenario.

In general,it is difficult to adapta typical off-line algo-
rithm for interactive applications.All discussedalgorithms
requirethat thecompleteinformationon all animatedscene
elementsis known in advance.Also, sincethemaingoalof
theoff-line algorithmsis to reducetheoverall computation
time requiredfor renderingof thewholeanimation,thedif-
ferencesin the renderingtime of particularframesareper-
fectly acceptable.Thus,theconstantframerateusuallycan-
not be kept,which is not acceptablefor an interactive sce-
nario.

2.2. Interactive Techniques

A numberof techniqueshandlingglobal illumination com-
putation for dynamic environments at interactive speeds
have beenpresented.The techniqueshave beendesigned
to tradethe imagequality for the responsespeed,andtheir
main objective is to provide a fast responsefor frame-to-
frame changesin the environment. Early solutions4 � 11� 25

were embeddedinto the progressive radiosity framework
andrelied on shootingthe corrective energy (possiblyneg-
ative) to the sceneregions affected by the environment
changes.

Much better performancewas obtained for more re-
cently introducedtechniquesthat arebasedon hierarchical
radiosity31� 8 � 33. Thosealgorithmsintroducemechanismsfor
controlling the framerateandefficiently identifying which
part of the sceneis modified.However, the hierarchicalra-
diosityframework poorlysupportsthelight transferbetween
glossyandspecularsurfaces.This drawbackcanbe elimi-
natedby addingphotontracing12 atopof the line-spacehi-
erarchy, usedfor diffuse surfaces8. The photonstraversing
changedsceneregionsare identifiedusinga dynamicspa-
tial datastructureandareselectively updated.But still, the
memoryrequirementsin all thosehierarchicalapproaches
areextremelyhighdueto thestorageof thelink structure.

Keller introducedtheinstantradiositytechnique19, which,
althoughoriginally proposedfor efficient renderingof static
scenes,caneasilybe extendedto handledynamicenviron-
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ments.Thetechniqueutilizesthequasi-randomwalk of pho-
tons basedon Quasi-MonteCarlo integration. Then each
photonhit pointis consideredasapointlight sourcewhichis
processedby graphicshardware.Thefinal imageis obtained
throughtheview-dependentaccumulationof partial images
generatedfor eachresultinglight source.KellerusestheHal-
ton sequenceto generatethephotonhit points.A drawback
hereis thatKellerupdatesthephotonpathsmerelybasedon
theiragecriterion,ignoringwhetherthey becameinvalid due
to thechangesin thesceneor not.

The algorithmsproposedby Pueyo et al.31 andKeller19

are view-dependentwhich precludesinteractioninvolving
changesof cameraparameters.Thisdeficiency is eliminated
by view-independentalgorithms8 � 33, however, the whole
sceneillumination is always updatedwith equal priority,
without taking into accountthe currentcameraparameters
and other “importance” factors. If a completeupdateof
the sceneillumination cannotbe performedduring a sin-
gle framerefreshcycle, thenwhatbecomesimportantis the
order in which the progressive refinementin variousscene
regionsmustbe performedfor the subsequentframes.The
maingoalof suchanorderingof computationis to minimize
theperceivableartifactsattheintermediatestagesof aglobal
illuminationupdate,andthisproblemhasbasicallynotbeen
addressedin existing solutions.In this paperwe presenta
view-independentapproach,in which thepriority of update
is basedon thecurrentview andtheperceivability of illumi-
nationartifacts.

Recently, variousimagecachingschemeshave beenpro-
posed,which allow for renderingof non-diffuse surfaces
for changingcamerapositionsat interactive speeds40� 35� 36.
Ourapproachcouldbenefitsignificantlyfrom suchsolutions
which couldbeincorporatedinto our interactive global illu-
minationsystem.In this paperwe focuson global illumina-
tion for diffuseenvironmentsdueto the limitations of illu-
minationstoragein the mesh.However, during our photon
tracing,arbitrarysurfacereflectancefunctionsareproperly
processed.

3. Overview

As a framework for global illumination computation,we
chose the Density Estimation Photon Tracing (DEPT)
algorithm37. TheDEPTis similarto othersolutionsin which
photonsaretracedfrom light sourcestowardssurfacesin the
scene,andthelighting energy carriedby everyphotonis de-
positedat the hit point locationson thosesurfaces15� 41. We
extendtheDEPTfor handlingdynamicenvironments.Also,
we replacestochasticpseudo-randomsequences,which are
usedin theDEPTto generatephotonpaths,by deterministic
quasi-randomsequences.

In ouralgorithmwe considerthesamebig poolZ of pho-
tons (which are tracedat the initialization stage)for the
wholeinteractive session.We updatethephotonscomputed

for previous frames,which becameinvalid for the current
frame due to interactive changesin the scene.The main
problemis to identify eachinvalid photonin Z and to re-
place it by the correspondingphoton,which is tracedfor
thecurrentsceneconfiguration.Our photontracingis based
onQuasi-MonteCarlosamplingwith themulti-dimensional
Haltonsequence.Weshow how theperiodicityproperty29 of
thissequence,allowsfor immediateidentificationof photons
that have similar pathsin the scene.Thus, for any invalid
photon,it is easyto identify indicesof all similarphotonsin
Z that arelikely to be invalid aswell. Sincethe Halton se-
quencecanbeusedto generateany photonpathbasedon its
index, thestoragecostsof photondatacanbeeliminated.

Our algorithm of photonupdatingis iterative. The user
decidesuponthe iterationduration,which imposesa limit
on the numberof photonsthat canbe tracedper iteration.
The photonupdateiteration consistsof two stages.In the
first stagea subsetof photonsfrom Z are tracedfrom the
light sourcesto the whole environmentin orderto identify
invalid photons.In thesecondstage,basedon theperiodic-
ity propertyof the Halton sequences,thoseinvalid photons
areusedto generatesimilarphotonsin Z, whicharelikely to
traversemodifiedscenesregions.Sinceit mightbeimpossi-
ble to updateall thosepotentiallyinvalid photonsin asingle
iteration,the photonupdatein varioussceneregions is or-
deredby inexpensive energy- andperception-basedcriteria
accordingto theimportanceof outdatedlighting artifactsas
perceived by the user. Our algorithmis conservative in the
sensethatfinally, afterNg iterationssincethelastchangein
the environment,all photonsin Z areupdated.In practice,
when changesin the environmentare local, a small num-
ber of iterationsr � Ng is requiredto remove all perceiv-
ableproblemswith theoutdatedillumination. Theconstant
framerefreshrate,which is requiredby many practicalap-
plications,is achievedby lettingtheusercontroltheiteration
durationandthenumberof suchiterationsperframe.

4. Quasi-Monte Carlo Sampling

The global illumination probleminvolves solving high di-
mensionalintegrals.An efficient way to solvesuchintegrals
is to apply Monte Carlo techniques,which have an advan-
tageover other integration methodsbecausetheir conver-
gencespeeddoesnot dependon the dimensionof the in-
tegral.

Monte Carlo (MC) techniquesaretraditionally basedon
pseudo-randomsequences.However, it wasproven that for
functionswith boundedvariation,fasterconvergencecanbe
achievedusingQuasi-MonteCarlo(QMC) techniquesbased
on quasi-randomsequences17. Although integrandsusually
have unboundedvariation in global illumination tasks,nu-
merical evidencehas beenpresentedthat the QMC tech-
niquesstill have advantageover theMC techniquesfor real-
world scenes16.

In the following sectionwe examinebasicpropertiesof
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the Halton sequence,which is an example for the quasi-
randomsequencethatprovedto beusefulin photontracing19

andstochasticradiosity28 applications.

4.1. The Halton Sequence

The Halton sequencegenerationis basedon the radical in-
versefunction, appliedto an integer i. The radical inverse
Φb

�
i � is thenumberobtainedby expressingi in thebaseb,

thenreversingtheorderof the resultingdigit sequenceand
placingthefloatingpointat thesequencebeginning13:

Φb
�
i ��� �

∑
j 	 0

a j
�
i � b 
 j 
 1 � i � �

∑
j 	 0

a j
�
i � b j (1)

where a j
�
i � are subsequentdigits of i. For instance

Φ10
�
1234��� 0 
 4321.

For photonshootingwe needto associatethe index of
eachphotonwith a sequenceof numbers,thus the multi-
dimensionalHaltonsequencemustbeconsidered.Suchase-
quenceis usuallyobtainedby usingprimenumbersasbases
for differentdimensions.For example,for integer i the fol-
lowing sequencecanbeconsidered:

i � Φ2
�
i ��� Φ3

�
i ��� Φ5

�
i ��� Φ7

�
i ��� Φ11

�
i ����
�
�
 (2)

When samplingdiscreteevents, a single quasi-random
numbercanbe re-usedvia the remappingprocedure(refer
to Shirley et al.34, Fig. 8). In this way we usethe two first
quasi-randomnumbersΦ2

�
i � and Φ3

�
i � to choosea light

sourceandthephotonemissiondirection,thenext two num-
bersΦ5

�
i � andΦ7

�
i � to determinethephoton-materialevent

(photonabsorptionor scattering)andthereflectiondirection
for thefirst photonbounce,andsoon.

4.2. Periodicity of the Halton Sequence

The observation that the Halton sequencehas a highly
periodic nature is hardly new29. Note for example how
similar the values of following base-10radical inverses
are:Φ10

�
1234��� 0 
 4321,Φ10

�
1234� 1000��� 0 
 4322,and

Φ10
�
1234 � 2000��� 0 
 4323. We expressthis periodicity

propertyin aform whichis well suitedfor thetaskof finding
similarphotons(paths)in photon(path)tracingalgorithms:

�
Φb

�
i ��� Φb

�
i � mNg � ��� 1

bk : Ng � lbk (3)

wherek, l , and m are integerssuchthat k � 0 and l � 0.
Indeed,adding

�
ml � bk canonly changehigherorderdigits

in the base-b representationof i. Namely, a j
�
i � with j � k

canchange.Thus,taking into accountthat the changeof a

single digit cannotbe larger than
�
b � 1� and that only a

finite numberof digitschange,we write:

�
Φb

�
i ��� Φb

�
i � �

ml � bk � � � �
∑
j 	 k

�
b � 1� b 
 j 
 1 (4)

Computingthe right sideof (4) asa sumof infinite geo-
metricalprogression,we immediatelyobtain(3). Wefurther
generalizeinequality(3) to thecaseof a multi-dimensional
Haltonsequence.In thefull correspondencewith thedefini-
tion of Ng above, let usset:

Ng � bk1
1 bk2

2 
�
�
 bkn
n (5)

SubstitutingsuchNg into (3), we derive that Ng yields
a good matchingof valuessimultaneouslyin dimensions
b1 ��
�
�
�� bn. According to (3), the matchingof value in each
particulardimensionb is determinedby the corresponding
kb. Note also that choosingthe sample’s numberto be a
multiple of suchdefinedNg alsoresultsin the discrepancy
minimizationof themulti-dimensionalHaltonsequence9.

5. Algorithm

Ourglobalilluminationalgorithmoperateswith afixedpool
of photons,whosesizeis decidedby theuserasa trade-off
betweenthedesiredaccuracy of the lighting simulationand
theacceptabledelayof theilluminationupdate.

In the following sectionwe describethe organizationof
the photonpool into coherentgroupswhich areprocessed
oneby onein our iterativeapproach.In Section5.2thealgo-
rithm of illumination updateby selective photongrouppro-
cessingis presented.The priority criteria of photongroup
processingareexplainedin Section5.3.

5.1. Photon Groups

All photonsin thepool aresplit into Ng groups,whereNg is
selectedbasedon Equation(5). Eachgroupof photonscon-
sistsof two subgroups.Photonindicesin thefirst subgroup,
whichwecall thepilot photons, increaseincrementally. Pho-
ton indicesin the secondsubgroup,which we call the cor-
rectivephotons, havetheinterval Ng betweenthem.Figure1
illustrateshow photonsaredistributedbetweengroupsfor a
casecorrespondingto Ng � 4.

The basicpropertyof all photonsfrom onegroupis that
they areall shot for the same(frozen)sceneconfiguration.
For eachgroupwe storethefollowing information:! thegrouppriority which guidestheorderingof global il-

luminationupdate! a stateof dynamicsceneproperties,valid at themoment
the photongroup was shot, but not valid at the current
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Figure 1: Distributionof photonsbetweengroupsfor Ng �
4. Each row representsonegroup. Each group containsa
numberof pilot photons(rectangle)aswell asa numberof
correctivephotons(vertical lines)whoseindicesare spaced
with interval Ng.

time moment.We denotesuchscenepropertiesasscene
phantoms. Thealgorithmcanconsiderdifferentdynamic
sceneproperties.The most obvious areobject positions
andsurfaceBSDFs(BidirectionalScatteringDistribution
Functions).

According to the periodicity propertydiscussedin Sec-
tion 4.2, corrective photonsareconcentratedin a tight sub-
spaceof themulti-dimensionalphotonspace.In practicethis
meansthatcorrective photonsof thesamegroupareusually
emittedby thesamelight source,tracedin similardirections,
have similar probability of beingabsorbedwhenthey hit a
given surface,andso on. IncreasingNg increasesthe num-
ber of groupsandsimultaneouslydecreasesthe spacespan
occupiedby every group.Note thatwhenchangingNg it is
important to keep it factorizedaccordingto Equation(5).
The sizeandspacefilling characteristicsof photongroups
canbetunedaccordingto thedesiredpropertiesof theglobal
illuminationupdateusingthefollowing parameters:! Ng definesthephotongroupsnumberandsimultaneously

thespanbetweentheindicesof corrective photons! Np definesthenumberof thepilot photonsin eachgroup! Rdefinestheratiobetweenthetotalnumberof photonsin
eachgroupandNp.

Given thoseparameters,the total numberof photonsuti-
lized by thealgorithmis equalto NgNpR. All photonswith
indicesi "$# 0 � NgNp � arethe pilot photons,andall photons
with indicesi "%#NgNp � NgNpR� arethecorrective photons.

5.2. Illumination Update

Our algorithmis fully interactive, which meansthat it does
not requireany a priori knowledgeon changesin thescene.
In the following discussionwe assumethatuserinteraction
consistsof changingobject positions(the caseof surface
BSDF changesis easierto handleand will be explained

Figure 2: Theboundingvolumeof correctivephotonsfrom
a singlegroupstartsasa pyramid,but thenits shapemight
becomemorecomplicatedastheresultof photoninteraction
with sceneobjects.For thefigure clarity wemarkedjustone
bounceof photons(grey pyramidsreflectedfrom white ob-
jects)but obviouslyall higherbouncesare also considered
asrequiredfor theglobal illuminationcomputation.

later). Updating illumination after scenechangerequires
that photonsintersectingmoving objectsmust be reshot.
Reshootingof aphotonconsistsof tracingit for theoldscene
configurationwith negativeenergy andthentracingit for the
new sceneconfigurationwith positive energy. Sinceusually
only a small numberof photonsintersectmoving objects,
suchdoubleeffort is justified comparedto calculatingthe
solutionanew.

Efficient searchingof invalid photonsis a hardproblem.
Weattemptto solve it by subdividing themulti-dimensional
photonspaceinto relatively smallvolumesandsearchingfor
thosevolumes,which intersectthemoving object.Accord-
ing to theperiodicitypropertydiscussedin Section4.2, the
corrective photonsin a singlegroup which are emittedby
a light sourceareboundedby a pyramid with its apex lo-
catedat this light sourceposition (Figure2). The pyramid
shapemight becomemoreandmorecomplicatedasthe re-
sult of interactionbetweensceneobjectsandthecorrective
photons.However, evenif thepyramidis split into anumber
of subpyramids,the resultingbundlesof photonpathsstill
remaincoherentin space& andare fully boundedby those
subpyramids.

The computationof intersectionbetweenboundingvol-
umesof complex shape(asdepictedin Figure2) andmoving

'
This requiresa simplifying assumptionthat eachsceneobject

hasroughly uniform light scatteringpropertiesacrossits surface.
Webelieve thatthis assumptionis justifiedfor interactive global il-
lumination solutionswhich are the main focus of this paper. Ob-
viously this assumptiondoesnot hold in general,e.g.,for surfaces
with a fine patternof displacementor bump mapping,for surfaces
with shift-variantBSDF, andothersimilar cases.
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objectsis requiredto identify invalid photons.Additionally
it is importantto estimatetheimpactof thoseinvalid photons
on the correctnessof renderedimages.Suchan estimateis
requiredto find out theorderin which to reshootthephoton
groups,which reducesimageartifactsas perceived by the
humanobserver. Weaddressthoseproblemsby shootingthe
pilot photons.

In contrastto thecorrectivephotons,thepilot photonsare
not coherentanduniformly samplethespaceof vectorsde-
fined in Equation(2). The shootingof pilot photonsis in-
terleavedwith theshootingof corrective photonsby placing
them in the samegroup (seeFigure 1). Let i be the pilot
photon,which intersectedthemoving object.Wethenclaim
thattheboundingvolumeof correctivephotonsbelongingto
groupig with

ig � i modNg (6)

intersectsthis objectaswell. Indeed,all corrective photons
of thatgrouparegivenby indicesNgNp � ig � cNg, wherec
is a non-negative integer. Theindex i givenby Equation(6)
differsfrom theindex of any correctivephotonof groupig by
somemultiple of Ng. Thus,accordingto Equation(3), this
photon is inside of the multi-dimensionalpyramid, which
boundsall corrective photonsof thatgroup.This meansthat
it alsois insideof the boundingvolume,createdwhenthis
pyramid intersectssceneobjects.Since the pilot photons
samplethemulti-dimensionalvectorspace(definedin Equa-
tion (2)) uniformly, thenumberof theirhitswith moving ob-
jectsprovidesan approximatemeasurehow importantit is
to updatethegroup(in Section5.3 we discussin detail the
correspondingproblemof photonupdatesordering).

Our approachto identify moving objectsis not conserva-
tive (refer to BriereandPoulin3 andBalaet al.1 for discus-
sion of the conservative solutions).Even if no pilot photon
detectstheintersectionof agroupof correctivephotonswith
amoving object,it is neverthelesspossiblethatsuchaninter-
sectiontakesplace.However, thistypicallyhappensif thein-
tersectedvolumeis verysmallanddoesnotcontributemuch
to thechangesof global illumination.Also, whensceneob-
jects stop their motion, all Ng groupsare finally updated,
which meansthatall invalid photonswill becorrected,and
thenthe only negative consequenceof suchundetectedin-
tersectionsis a non-optimalorderingof thegroupupdate.

Onemayadvocatethatit is easyto conservatively find the
intersectionbetweenmoving objectsand the first segment
of a pyramidwith theapex at thelight sourceposition(e.g.,
suchan approachis usedto reinforcethe causticphotons
in thephotonmappingtechnique18), however, weareaiming
for ageneralsolutionthathassomepotentialtodetectinvalid
photonsbouncinganarbitrarynumberof timesin thescene.
Also, the densityandcoherenceof the pilot photonsin the
first pyramidsegmentis very good,which usuallyresultsin
thehigh probabilityof detectingmoving objects.

Thepseudo-codein Algorithm 1 summarizestheprocess
of illumination update.

Algorithm 1 GlobalIllumination UpdateAlgorithm.

while therearegroupscontainingscenephantomsdo
amongall suchphotongroups,find theonewith highest
priority;
placescenephantomsof thatgroupinto BSPgrid and
forbid scenechanges;
for all photonsi in thephotongroupdo

performMonte Carlo tracingof photoni according
to Equation(2) without updatingthe global illumi-
nation;
if photoni hit dynamicobjector scenephantomthen

if photoni is pilot then
if photoni hit dynamicobjectthen

increasethepriority of correspondinggroup;
else if photoni hit scenephantomthen

increasethe priority of correspondinggroup
only if it containsintersectedphantom;

end if
end if
duplicatethephotonandtracetwo resultingpho-
tons:
- photon,which ignoresscenephantomsandhas
positive energy;
- photonphantom,which ignoresdynamicobjects
andhasnegative energy;

end if
end for
displaypartiallyupdatedsolutionvia OpenGL;
removeall scenephantomsfrom theBSPgrid andfrom
just reshotphotongroup,allow scenechanges;
setthegrouppriority to 0;

end while

Sincethe conceptof scenephantomsis essentialfor un-
derstandingAlgorithm 1, we provide anexampleto explain
it in an intuitive way. For simplicity let us assumethat a
scenecontainsonly one dynamicobject and its motion is
specifiedby matricesM1 � M2, andM3, which describethree
differentpositionsof theobjectat themomentsof time t1 � t2,
andt3. At t2 theobjectpositionchangesfrom M1 to M2, and
a new scenephantomis createdwith the old position M1.
This scenephantomis assignedto all photongroups,and
the illumination update,which is requireddueto theobject
motion,is performedasspecifiedin Algorithm 1.

For reshootingphotonsfrom agivengroupatt2, thescene
phantomis placedinto theBSPgrid, which is usedto accel-
eratethe photontracing computation.This meansthat the
BSPgrid containstwo distinct instancesof themoving ob-
ject at its respective positionsM1 andM2. Thenthreetypes
of raysas requiredby Algorithm 1 are traced:rayswhich
canhit both instancesof themoving object,rayswhich ig-
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norethephantomobjectatpositionM1, andraysthatignore
theactualobjectat positionM2.

At themomentof timet3 whentheobjectchangesitsposi-
tion to M3, thelastupdateof somephotongroupscouldhave
beenperformedat t2, but thereis alsoa chancethat some
groupshave beenupdatedonly at t1. The latter groupsstill
containtheobjectphantomatpositionM1. Sinceany photon
groupcorrespondsto a frozensceneconfigurationat a par-
ticular momentin thepast,it cannotcontaintwo phantoms
of thesameobject.This is why thenewly createdphantom
at positionM2 mustbeplacedonly in thosephotongroups,
whichdo notcontainthephantomatpositionM1.

User interactionwith surface BSDFs is processedin a
similarwayasdescribedin Algorithm 1. However, thisdoes
not involve any updateof the ray tracingaccelerationdata
structures.The scenephantomsstore the surface BSDFs
from the last iteration in which photonsfrom the current
groupwereupdated.

In our currentimplementationuserinteractionwith light
sourcesis not supported,althoughit is relatively easyto ex-
tend our algorithm for this purpose.A numberof special
casesfor changingthelight sourceposition,emittedenergy,
goniometricdiagramandsoonshouldbeconsidered.Forex-
ample,userinteractionchangingthepositionof light sources
shouldresultin increasingtheupdatepriority for all groups
for which photonsareemittedby dislocatedlight sources.
Theold positionof the light sourceshouldbestoredasthe
scenephantom.

5.3. Priority of Photon Groups Processing

An importantissueis settingprioritiesof photongrouppro-
cessingin orderto minimize theperceivability of illumina-
tion artifactsby theuser. For this purposewe considerthree
factorswhich affect theimageappearance:! Changesin thescenedetectedby thepilot photons.! Visualmaskingof lighting patternsby textures.! Currentcameraview frustum.

Thepilot photonsareusedto computetheimportanceof
photongroups.If pilot photon i hits a dynamicobject, the
importanceP of thegroupig is increasedby increment∆p.
Also, if a scenephantomis hit by i andbelongsto the list
of phantomsfor ig, P is increasedby the sameincrement
∆p (somearbitraryvalue is chosen,e.g,∆p � 1). The im-
portanceincrement∆p can be reducedfor a given photon
hitting a textureastheresultof visualmasking.

Visualmaskingof lighting patternsby texturesmay sig-
nificantly reducethe observer sensitivity to artifactsin the
sceneillumination. For surfaceswith strongmasking,the
priority of illumination updatecanbe reducedwith respect
to non-textured surfaces.We follow the approachby Du-
mont et al.10 in which the VDP proposedby Ramasub-
ramanianet al.32 is usedto estimatethe visibility thresh-
old elevation Te for texturesat the preprocessingstage.We

a) b)

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

introduceone modification to this procedurewhich is in-
spired by Luebke et al.23. For a given meshdensity and
texture mappingparametersfor this meshit is possibleto
estimatethe relationbetweenthe highestspatialfrequency
of indirect illumination reconstructedusing this meshand
the spatial frequenciesin the texture. The visual masking
can be observed mostly betweenstimuli of similar spatial
frequencies6. Therefore,prior to the VDP processingwe
eliminate from the texture all frequencieshigher than the
meshimposedmaximumfrequency of indirectillumination.
This modification makes our approachmore conservative
andexcessive valuesof Te canbeavoided.As a resultof the
VDP processingwe obtaina setof theaverageTe valuesfor
a given textureat eachMipMap level. In Figure3 (seeAp-
pendix/Colorsection)we show anexampleof thevisibility
thresholdelevationmapobtainedusingourVDP.

During photon tracing we accesstextures assignedto
scenesurfacesin orderto estimatetheprobabilityof photon
absorptionandto determinethe color of scatteredphotons.
While the texture is sampledat its original resolution,we
needto accessTe at theproperMipMap level. For this pur-
posewe usea simpleheuristicwhich takesinto accountthe
surfacedistanceto the observer and its spatialorientation.
We usetheTe valuefor thephotonhit textureto modify the
importanceP of the group ig by increment∆p( Te. This is
anapplicationexamplein which theperception-basederror
metric is usedto steerthe global illumination computation
with negligible overheadcosts.Also, thepotentialinaccura-
ciesof suchperceptualsteeringarefully recoverablein our
algorithmbecauseonly thecomputationorderingis affected.

Although our algorithmis view-independent,bettereffi-
ciency of illumination updatecanbeachievedby assigning
higherpriorities to thevisible regionsof thescene.We effi-
cientlycombinevisibility informationwith thegroupimpor-
tanceP by controllingthevisibility statusV for everyphoton
group.This visibility statusis updatedfor every frameasa
by-productof thepilot photonstracing.It is costly to deter-
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minethevisibility of thephotonhit exactly, thusweonly use
view frustumculling here.Photonhits insideof view frus-
tum can affect the imagequality, so we increaseV of the
correspondinggroup.In contrastto the valueP, V is view
dependentandwe have to resetit aftereachcamerachange.
Thus,V is takeninto accountonly if thenumberof pilot pho-
tons,shotafter the last camerachange,is sufficient for its
robustestimate.Otherwise,we assumethatV � 1 for each
group.

After thepilot photonsof thecurrentgroupareshot,and
V andP areupdated,the next groupof corrective photons
with thehighestpriority measuredasV ) P is selected.

6. Implementation

We implementedour algorithm as a hybrid renderingsys-
tem wheregraphicshardware is responsiblefor computing
directillumination,thecorrespondinghardshadows,andvi-
sualizingtheindirect illumination. Thesoftwarepartof our
engineis mostlydedicatedto calculatingtheindirectillumi-
nation.Both partsrun in parallelusingmulti-threading,and
aresynchronizedby theimportantevents(updateof indirect
illumination,userinteractionetc.).

For sceneswith multiple light sources,whoseprocessing
would requiremany renderingpassesof graphicshardware,
anotherstrategy of direct lighting computationcanbe con-
sidered.Theusermayselectthemostimportantfor his ap-
plicationlight sourcesto beprocessedby graphicshardware
to obtainthegoodquality of shadows. The remaininglight
sourcescan be processedon the photonbasiswithout any
extra cost sincephotonsare tracedfrom the light sources
anyway. Theproblemwith suchan approachis that thedi-
rectillumination is thenreconstructedonthemeshbasisand
theresultingshadow boundariesarefuzzy with somepossi-
bleartifacts.

Shootingphotonsrequiresefficient ray tracingaccelera-
tion datastructuresfor dynamicenvironments.Initially we
relied on multi-level voxel grids. Recently, we switched
to the axis-alignedBSP-treewith a cost function14, which
allowed us to improve the computationperformancesig-
nificantly (up to 3 times). At present we do not use
any hardware-dependentoptimizationsof ray tracing(e.g.,
SIMD, prefetching,andsoon)assuggestedby Waldetal.39.
Obviously by addingsuchoptimizationstheray tracingper-
formancecouldbefurtherimproved.

6.1. Direct Illumination

For computingthe effect of direct illumination we chose
to useOpenGL-compliantgraphicshardware.Insteadof re-
strictingourselvesto thefixedfunctionpipelineof standard
OpenGLweutilize programmablevertex andpixel hardware
to gain the highestqualitative andmostefficient rendering
possible.Our currentimplementationis customizedto run

onNVIDIA GeForce3graphicscards,but canof coursealso
beimplementedonany othercardwith similar features(e.g.
ATI’sRadeonseries).

6.1.1. Shadows

Oneof themainaspectsof imagequality is anaccuraterep-
resentationof shadows. Although shadow mapping42 is di-
rectly supportedby thegraphicshardwareit is problematic
dueto its samplingproblems.Anotherdisadvantageis that
for dynamicenvironmentsshadow mapschangevery often
which would leadto a hugeamountof regenerationpasses.
We thereforeprefertheshadow volumealgorithmproposed
by Crow5 sinceit! generatesvery preciseshadows by performingcalcula-

tionsin objectspace,! canbe efficiently implementedusinggraphicshardware,
and! is appropriatefor dynamicenvironments.

For complex scenesthe generationof shadow volumes,
which requiresfinding the silhouetteedgesof all objects
with respectto the light source,is quite expensive. By ex-
ploiting temporalcoherency of shadow volumeswecanlimit
theregenerationof shadow volumesto thoseobjectsthatare
moving andreusethevolumesof all staticobjectsfrom the
previousframe.

Ourshadow volumeimplementationis basedon thehard-
ware stencil buffer schemepresented21, which solves the
problematiccasesof shadow volumesintersectingthe near
clippingplane.

With normal OpenGL the shadow volume algorithm
would requireN � 1 renderingpasseswhereN is thenum-
ber of shadow castinglight sources.However using pro-
grammablefeaturesavailableon recentgraphicshardware20

weareableto collapseup to 4 passesinto asingleone.This
is doneby first renderingthe scene’s geometryasseenby
thecamera,resultingin having thedepthvaluesof thefront
mostpixels in thedepthbuffer. After this we loop over the
first four light sourceswherein eachstepwe first initialize
thestencilbuffer anddraw shadow volumeswith thecorre-
spondingstenciloperation(increment/decrement).Thecon-
tent of the stencilbuffer, which correspondsto the shadow
testresult,is thencopiedto oneof thecolor buffer channels
(red channelfor first light, greenchannelfor second,etc.)
andthestencilbuffer is initialized for thenext light source.
After this loop we obtaina RGBA shadowmaskcontaining
theshadow informationfor up to four light sources.

In thefinal renderingpasswe thenrenderthesceneonce
again but this time using a customizedvertex program22

which insteadof summingup all lighting contributionsfor
a given vertex usesadditionaloutput attributesthat hands
out the illumination for light sourceL0 * * * 3 separately. These
valueswill thenbe linearly interpolatedover the primitive
(triangle)andpassedto thetextureblendingstage.
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Having theshadow maskasanprojective RGBA texture
we can apply the shadow result separatelyfor eachof the
four light sourcesand output the total illumination as the
pixel value.

out � indirect � il lum
�
L0 �+) maskR � il lum

�
L1 �+) maskG �,
�
�


(7)
Formorelight sourcesthisapproachcanbeextendedbysim-
ple multi-passrendering.So for N light sourceswe have to
generate- N ( 4. shadow masks.Another - N ( 4. passesare
neededto computethe illumination. Thesepassescanthen
besummedup usingadditive blendingor theaccumulation
buffer.

This shadow maskschemeis not only very efficient but
alsoenhancesimagequality. Usingthenormalloopscheme,
thecontributionsof all light sourcesneedto besummedup
using either the accumulationbuffer or additive blending.
Sincebothoperationsareperformedat theendof thepixel
pipeline precisionis limited to (normally) 8 bits per color
channel,whereasour approachsumsup at an earlierstage
in the pipeline whereprecisionis much higher. Accuracy
is also increasedfor N � 4 sincewe usethe accumulation
buffer (or additive blending)for groupsof four light sources
ratherthansummingupthecontributionof individual lights.
Anotheradvantageis that our methoddoesnot suffer from
z-fightingartifactswhichnormallyoccurwhenrenderingthe
sceneseveraltimes.

6.1.2. Goniometric Diagrams

In order to achieve realistic imagequality we also choose
to supportcomplex point light sourceswith non-uniformdi-
rectionalpower distribution.Descriptionof thesegoniomet-
ric diagramsareavailable in standardizedformatsandare
essentialfor accuratelighting computations.

We include thesedistributions by re-samplingfrom the
standardformat to a cube map texture38, which can effi-
ciently storethecomplete360o view of a point light source
andwhich is supportedby thegraphicshardware.

Restrictingourselvesto monochromaticgoniometricdia-
gramswe canincludetheseasan additionalscalingfactor
for the local illumination of a given light source.Referring
to Equation7 themaskscalingfactor, whichwasconsidered
to be either1.0 for lit and0.0 for shadowed pixels, canbe
usedto performthis additionalscaling.In thefirst rendering
passwe renderusingtheappropriatecubemaptexturesand
storethescalingfactorsin oneof thecolor channels.Using
four textureunitsandRGBA maskingwe areableto gener-
atethesefor 4 light sourcessimultaneously. Whencopying
theresultof theshadow testbackto thecolor buffer we set
all pixelsto 0 
 0 wheretheshadow testsucceeded.Although
the dynamicrangeof thesetexturesis limited to 0 
 0 to 1 
 0
this methodstill improvesimagequality significantlywhile
introducingonly a minimaloverhead.

7. Results

We presentresultsthat we obtainedfor the ROOM scene
(about 12,400 meshelements)and for the HOUSE scene
(about377,900meshelements).The ROOM sceneis illumi-
natedby four, the HOUSE sceneby two light sourceswith
goniometricdiagrams.Figures4 (seeAppendix/Colorsec-
tion) show snapshotsof the two scenesobtainedduring an
interactive session.

All timings were measuredon 1.7 GHz Dual P4 Xeon
computerwith anNVIDIA GeForce364MB videocard.The
framerateis governedby the speedof OpenGLrendering.
For the ROOM scene8 fps andfor the HOUSE scene1.1 fps
areachieved,which includesthedisplayof indirectlighting,
anddirectlighting with shadow computationsperformedby
thegraphicshardware.Ourcurrentimplementationdoesnot
supporttriangle strip generationwhich affects the refresh
rate. This however is not a limiting factor for the perfor-
manceof indirect lighting updatebecauseit is refinedat an
evenslower pace.

As we mentionedin Section5.1, our algorithm perfor-
mancecanbe tunedby the parametersNg, Np andR. The
parameterNg controlsthe numberof the Halton sequence
dimensions,for which corrective photonsof thesamegroup
remaincoherent.We chosetheinitial factorizationof Ng for
twodimensionstobe2332. Thissplitsthefirst andseconddi-
mensionsto 8 and9 spans,respectively. Theremappingpro-
cedure(refer to Section4.1), appliedafter the light source
selectionstep,effectively reducesthe spatialcoherencein
the first dimension.To compensatefor this, we increase
thecorrespondingpower k2 proportionallyto thenumberof
light sourcespresentin the scene.This resultsin factoriza-
tions 2532 and2432 for the ROOM and HOUSE scenes,re-
spectively.

The graphsin Figure5 demonstratethe influenceof Ng

parameteron thespeedof theglobal illumination updateas
the resultof an objectmovementfrom oneposition to an-
other. Theefficiency of theupdateis measuredby thenum-
berof reshotrelevantphotonsasa functionof time.We call
thosephotonsrelevant,whosehit pointsaredislocatedasa
resultof scenechanges.All relevantphotonsmustbereshot
to completethe illumination update.The algorithmperfor-
manceis comparedfor Ng � 288 (factorization:2532) and
Ng � 10080(factorization:25325171). For Ng � 288 only
direct photonsbelongingto a grouparespatiallycoherent,
while for Ng � 10080alsothefirst bounceof scatteredpho-
tonsis coherent.Two casesareconsideredfor eachof theNg

values:the moving object is illuminated1) directly and2)
indirectly. In thefirst casethenumberof groupshasa small
impacton theperformanceof illumination update.This can
beexplainedby thefactthatthemoving objectis mostlyhit
by thedirectphotons,whicharecoherentevenfor smallNg.
If themoving objectis illuminatedindirectly, a muchbetter
performanceis obtainedfor largerNg becausethecoherence
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Figure 5: Thenumberof found relevant photonsas a functionof time. The moving object is illuminated by a) both direct
and indirect lighting, b) only indirect lighting. Thehorizontalline showsthetotal numberof relevantphotons,which mustbe
updated.

of thefirst bounceof reflectedphotonsbecomesimportant.
Suchcoherenceis notensuredfor Ng � 288.

Figure6 (seeAppendix/Colorsection)shows the ability
of thealgorithmto find thecoherentphotonsafterthefirst in-
directbouncefrom thesurface.Photonsfrom bothdepicted
groupsreflectdiffuselyfrom thefloor in thedirectionof the
moving objects.

The speedof the global illumination update depends
stronglyon the pilot photon’s ratio in the pool, which de-
finestheprecisionof thegrouppriority computation.If this
ratio is too small, importantphotongroupscan be missed
andthenreshottoo late.Conversely, if the numberof pilot
photonsis toolarge,theupdateefficiency is reducedbecause
thepilot photonsareshotessentiallyin a randomorder. Fig-
ure7 demonstratesthisdependency for theROOM scene.Np

andR valuesareselectedin sucha way, that the total num-
berof photonsis constantandonly theratioof pilot photons
changes.We have foundthatR � 16, which correspondsto
only 6.25%of pilot photonsin the pool, yields nearly op-
timal performance.As canbe clearly seenin Figure7, for
R � 32(3.125%of pilot photons)thephotongroupordering
is not robustandtheoverall updateperformanceis worse.

According to our experiments,full recovery of perceiv-
ableilluminationartifactsresultingfrom thefurnituremove-
mentsin theROOM andHOUSE scenesusuallytakes2–4and
4–8seconds,respectively. Thetotalnumberof photonsin the
pool for the ROOM scenewas1,152,000andfor the HOUSE

scene1,728,000.

Storing the photonpathsfor all photonscould be man-
ageablefor thenumberof photonswe presentlyuse,which
couldperhapshelpto avoid somecomputation,e.g.,tracing
somephotonswith negative energy. However, our experi-
mentshave shown that tracingchangedphotonpathstwice
introducesan overheadwhich on averagewas below 25%
(someinitial segmentsof thephotonpathmaybe thesame

�� � � � �� � � � �� � � � �� � � � �� � � � � �� � � � � �� � � � � �� � � � � �� � � � � �� � � � � �
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Figure 7: Numberof foundrelevantphotonsasa functionof
time, dependingon theratio R betweenthe total numberof
photonsand thenumberof pilot photons.Thetotal number
of photonsin thepool is constant.Thedottedline showsthe
theoretical updateprogressunder the assumptionthat the
photonsare updatedin a randomorder.

and can be computedonly once).Handling storedphoton
pathswould incur someoverhead,andtheextensionof our
algorithm to 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-
sor for photontracingcouldbe usedor a fasterray tracing
algorithm39 couldbeimplemented).

8. Conclusions

Weproposeanovel interactiveglobalilluminationtechnique
for dynamicenvironmentswhich is suitablefor processing
complex scenes.Basedon the periodicity propertyof the
Halton sequencewe are able to trace photonscoherently
only into thosesceneregionswhich requiretheillumination
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update.Usingour technique,the temporalcoherenceof the
sceneillumination canefficiently be exploited without any
significantstorageof datainvolving the temporaldomain.
Progressive refinementof renderedframesis steeredusing
energy- andperception-basedcriteria in order to minimize
imageartifactsasperceived by the user. As a resultsubse-
quentframescan be efficiently renderedand the temporal
aliasingis practicallyreducedbelow theperceivability level.
The quality of the direct lighting distribution andshadows
significantlybenefitfrom our efficient hardwareimplemen-
tation.

Selective photontracinghasmany potentialapplications
whichrequirelocal reinforcementof computationsbasedon
someimportancecriteria. An exampleof suchan applica-
tion is theefficient renderingof highqualitycaustics,which
usually requiresa hugenumberof photons.After identify-
ing somepathsof causticphotons,more coherentcaustic
photonscan easily be generatedusing our approach.The
drawbackof many existingphotonbasedmethodsis thattoo
many photonsaresentinto well illuminatedsceneregions
with a simpleilluminationdistribution,andtoo few photons
reachremotesceneregions.This deficiency couldeasilybe
correctedusingour approach,by skippingthetracingof re-
dundantphotonsandproperlyscalingtheenergy of theac-
tually tracedphotons.As futurework we planto pursueour
researchalongthoseavenues.Also,wewouldliketo include
specularandglossyeffectsinto our interactive rendererus-
ing pixel-selective ray tracing.
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a) b)

Figure 4: Interactivesessionsnapshotsfor scenesa) ROOM andb) HOUSE.

a) b)

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

Figure 6: Two different groupsof coherent photonsupdat-
ing the illumination of moving objects(two red tablessus-
pendedin the air). Notethat for the figure clarity only two
photonbouncesare depictedwhile obviouslythehigheror-
derbouncesof photonsare tracedasrequiredfor theglobal
illuminationcomputation.
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