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Abstract

Producinghigh quality animationsfeaturingrich object
appearanceandcompellinglighting effectsis very time
consumingusing traditional frame-by-framerendering
systems.In this paperwe presenta numberof global il-
luminationandrenderingsolutionsthatexploit temporal
coherencein lighting distribution for subsequentframes
to improvethecomputationperformanceandoverallani-
mationquality. Ourstrategy reliesonextendinginto tem-
poraldomainwell-known globalillumination techniques
suchasdensityestimationphotontracing,photonmap-
ping, andbi-directionalpath tracing,which wereorigi-
nally designedto handlestaticscenesonly.

Keywords: Global illumination, temporalcoherence,
densityestimation,irradiancecache,bi-directionalpath
tracing

1 Intro duction

Synthesisof imagespredictingtheappearanceof thereal
world hasmany importantengineeringapplicationsin-
cludingproductdesign,architecture,andinteriordesign.
Oneof the major componentsof suchpredictive image
synthesisis global illumination, which is very costly to
compute. The reductionof thosecostsis an important
practicalproblemin particularfor theproductionof ani-
matedsequencesbecausea vastmajority of theexisting
globalilluminationalgorithmsweredesignedfor render-
ing staticscenes.In practicethis meansthatwhensuch
algorithmsare usedfor a dynamicscene,all computa-
tions have to be repeatedfrom scratcheven for minor
changesin thescene.This leadsto redundantcomputa-
tions which could be mostly avoidedby taking into ac-
count the temporalcoherenceof global illumination in
the sequenceof animationframes. Another important

problemis thetemporalaliasing,which is moredif�cult
to combatef�ciently if temporalprocessingof global il-
luminationis not performed.Many smallerrorsin light-
ing distribution cannotbe perceived by the humanob-
server when they arecoherentin the temporaldomain.
However, they maycauseunpleasant�ick eringandshim-
meringeffectswhensuchacoherenceis lost.

In this paperwe discussglobal illumination and ren-
dering algorithms, which were developed by us and
designedspeci�cally to exploit temporalcoherencein
lighting distribution betweenthe subsequentanimation
frames.For acompletesurvey of researchonoff-line and
interactiveglobalsolutionsfor dynamicenvironmentsre-
fer to a recentpaperby Damezetal. [2003].

In Section2 we recalla densityestimationparticletrac-
ing algorithm,which wasoriginally designedfor static
scenes. We extend this algorithm into temporal do-
main by sharingphotonhit points betweenthe subse-
quentframesandusingadvancedspatio-temporal�lters
for lighting reconstruction(Section2.1). Evenmoreef-
�cient identi�cation andupdateof invalid photonpaths
(dueto changesin the scene)canbe obtainedusingse-
lective photontracing(Section2.2).

In Section3 we discussthe photonmappingtechnique
andwe focuson theproblemof ef�cient renderingusing
the so-calledirradiancecacheapproach.We extendthe
irradiancecacheinto the temporaldomainby re-using
cachelocations(Section3.1) and selectively updating
their valueswhenever affectedby changesin the scene
(Section3.2).

In all solutionsintroducedsofar temporalcoherencewas
exploited in theobjectspace.In Section4 we presenta
renderingarchitecturefor computingmultiple framesat
onceby re-usingglobal illumination samplesin the im-
agespace. For eachsamplerepresentinga given point
in the scenewe updateits view-dependentcomponents
for eachframeandaddits contribution to pixels identi-
�ed throughthecompensationof cameraandobjectmo-
tion. We demonstratethat preciseandcostly global il-
luminationtechniquessuchasbi-directionalpathtracing
becomeaffordablein this renderingarchitecture.

In Section5 weconcludethispaperandwesuggestsome
applicationsfor which our techniquespresentedin Sec-
tions2–4arewell suited.



2 Space-Time Photon Density
Estimation

Figure1: Densityestimationphotontracingalgorithm:
the lighting function is known implicitly as the density
of photonhit pointsfor eachmeshelementin thescene.

In this section we describean extension of a sim-
plehistogram-basedphotondensityestimationalgorithm
into thetemporaldomain.Theoriginal algorithm[Vole-
vich et al. 2000] for staticscenes(refer to Figure1) is
similar to otherstochasticsolutionsin whichphotonsare
tracedfrom light sourcestowardssurfacesin the scene.
Theenergy carriedby everyphotonis depositedat thehit
point locationsonthosesurfaces[Heckbert1990;Shirley
et al. 1995;Walter1998].A simplephotonbucketingon
a densetriangularmeshis performed,andevery photon
is discardedimmediatelyafterits energy is distributedto
the meshvertices. Ef�cient object space�ltering sub-
stantially reducesvisible noise. Excessive smoothing
of the lighting function can be avoided by adaptively
controlling the local �lter support,which is basedon
stochastically-derivedestimatesof thelocal illumination
error[Volevich etal. 2000;Walter1998].

In the following sectionswe describeour extensionsof
the algorithmby Volevich et al. to handledynamicen-
vironments.The key ideais to re-usephotonhit points
betweenthesubsequentframes.Themainproblemhere
is toavoid re-usinginvalidphotonpathsduetochangesin
thescene.We addressthis problemusingvariousspace-
time photon�ltering techniques(Section2.1)andselec-
tively updatingthoseinvalid paths(Section2.2).

2.1 Space-Time Bilateral Filtering

In our space-time density estimation algorithm
[Myszkowski et al. 2001] direct lighting is com-
puted from scratch for each frame. To reconstruct
indirect illumination photonshitting eachmeshelement
are collected in temporal domain for the previous
and subsequentframes until signi�cant changesof
illumination due to moving objects is detectedor a

suf�cient number of photonsare collected. Initially,
the indirect lighting function is sparselysampledin
spacefor all frameswithin a given animationsegment.
Then,basedon the obtainedresults,a decisionis made
whether the segment can be expanded/contractedin
the temporal domain. Since the validity of samples
may dependon the particular region in the scenefor
which indirect lighting conditionschangemorerapidly,
different segment lengthsare chosenlocally for each
mesh element (used to store photon hits), basedon
the variationsof the lighting function. Energy-based
statisticalmeasuresof suchlocal variationsareusedto
calculatethenumberof precedingandfollowing frames
for which samplescanbesafelyusedfor a givenregion.
More samplesaregeneratedif thequality of the frames
obtainedfor a given segment length is not suf�cient.
Theperception-basedAnimationQuality Metric is used
to decideupon the stoppingcondition for the photon
tracing dependingon the perceptibility of stochastic
noise(resultingfrom collectingtoo few photons)in the
reconstructedillumination.

In [Myszkowski et al. 2001] we emphasizeon the per-
ceptualaspectsof steeringthe global illumination com-
putationand the processingof photonsis simply lim-
ited to sharingthosephotonsbetweenframes. In the
follow-up work [Weberet al. 2004]we focuson spatio-
temporalphoton�ltering. It is aimedat improving the
qualityof reconstructedsurfaceilluminationby reducing
the amountof spatialandtemporalblur, while keeping
thestochasticnoisebelow theperceivablelevel.

The temporalblur is a result of collecting photonsin
temporaldomainin thosesceneregionsin which light-
ing changesquickly. In suchregionssomephotonpaths
computedfor previousframescanbeinvalid for thecur-
rently processedframe due to dynamicchangesin the
scene. To reducethe temporalblur such invalid pho-
tons shouldnot be considered.If too few photonsare
collectedin the temporaldomainto satisfy noiseerror
criteria, the remainingphotonsmustbe collectedin the
spatial domain. This in turn may lead to spatial blur
in the reconstructedillumination. To reducethis ef-
fect the missingphotonsmust be collectedonly in the
neighboringsceneregions exhibiting similar illumina-
tion. Collecting photonsacrossthe edgesof high il-
luminationcontrastinherentlyleadsto lighting patterns
blurring. Similarly, collecting photonsin the temporal
domainfor abruptly changinglighting leadsto tempo-
ral blur. Clearly, a photondensityestimationmethodca-
pableof reducingstochasticnoisewhile detectingsuch
abruptspatio-temporalchangesof lighting over meshed
surfacesis needed.

We proposeto extendtraditionalphotondensityestima-
tion methodsby usingspatio-temporalbilateral�ltering
to reducestochasticnoise, while preventing excessive



(a)No �ltering (b) Gaussian�ltering

(c) Bilateral�ltering (d) Bilateral�ltering

Figure2: Causticreconstructionfor the GLASS scene.Notice that the shapeof causticsis affectedby the polygonal
structureof theglass.

blurring in reconstructedlighting. For lighting estima-
tion of eachmeshelement,photonscollectedfor neigh-
boringmeshelementsin space-timedomainareconsid-
ered. However the in�uence of elementswith signi�-
cantlydifferentilluminationis suppressedby bilateral�l-
tering.Thismeansthatextremelynoisyilluminationesti-
mates(outliers)aswell asestimatesresultingfromabrupt
changesof illumination distribution both in spaceand
time domainsare �ltered out. As a resultbetterspace-
time resolutionof lighting patternsis obtainedwhile at
the sametime spatio-temporalnoiseis signi�cantly re-
duced. Also, the computationef�ciency is signi�cantly
improvedby reducingthenumberof photonsrequiredto
producehigh-qualityanimationswhencomparedto tra-
ditional frame-by-framerenderingapproaches.

In the �rst casestudyexperimentwe evaluatethe qual-
ity of a reconstructedcausticfor a sceneshown in Fig-
ure2d. Figure2ashows anun�ltered causticthatresults
from simplebucketingof photonhit pointsfor eachmesh
element.Figure2bshows theresultof Gaussian�ltering
with adaptive spatialsupportsS. The resultof bilateral

�ltering shown in Figure2c wasobtainedfor the same
settingof sS. As it canbeseenbilateral�ltering produces
the bestresults. The noiseis signi�cantly reducedwith
respectto thenon-�ltered imagein Figure2a. Notealso
thattheexcessiveblur visiblein Figure2bis avoided.All
imagesshown in Figure2 wereobtainedusing557,000
photons.

In anothercasestudy experimentwe evaluatethe per-
formanceof bilateral�ltering for ananimatedsequence.
Figure3b shows a sampleanimationframeobtainedus-
ing bilateral�ltering for 30temporallyprocessedframes.
This scenecontainsmany smallmeshelementsthatcol-
lect a small numberof photonsand thereforeexhibit
signi�cant noisein the lighting function. This leadsto
strong�uctuations of illumination betweenneighboring
triangles,which bilateral�ltering interpretsasimportant
lighting detailsandtendsto preserve. To overcomethis
problemwe relax the in�uence parameterof the bilat-
eral �lter (which decidesupon the suppressionof out-
liers) for thosemeshelementsthat collect a very small
numberof photons.In practice,this meansthat for such
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Figure3: Space-timelighting reconstructionfor theSALON sceneusing622,200photonsperframe.

elements�ltering characteristicsadaptively evolves to-
wardsGaussian�ltering whenthenumberof photonsde-
creases.Figure3a shows the correspondingresultsfor
thesamenumberof photonswithout any �ltering. With
traditionalframe-by-framecomputationand�ltering per-
formedonly in the spatialdomain,in order to obtaina
quality of framessimilar to theoneof Figure3b,at least
tentimesmorephotonsmustbetraced.However, tempo-
ral �ick ering is very dif�cult to eliminatewhenthepro-
cessingof photonsis limited only to thespatialdomain.

In our space-time density estimation solutions
[Myszkowski et al. 2001; Weber et al. 2004] dis-
cussedin this sectionwe try to limit the useof invalid
photonsdue to changesin the sceneby the adaptive
choice of �lter parameters. However, this does not
guaranteeconservative results. To improve on this, in
thefollowing section,wediscussanalgorithm[Dmitriev
et al. 2002] in which photonhit pointsarealsore-used
in the temporal domain but invalid photon paths are
detectedandupdatedwith averyhighprobability.

2.2 Selective Photon Tracing

In [Dmitriev et al. 2002] we have presenteda selec-
tive photon tracing (SPT) methodfor global illumina-
tion computationwhichis speci�cally designedfor inter-
active applications,suchasproductdesign,architecture
and interior design,and illumination engineering.The
methodis embeddedinto theframework of Quasi-Monte
Carlophotontracinganddensityestimationtechniques.
Temporalcoherenceof illumination is exploitedby trac-
ing photonsselectively to the sceneregionsthat require
indirect illumination update.Suchregionsareidenti�ed
with a high probability by a small numberof so-called
pilot photons. Basedon the pilot photonswhich re-
quireupdating,theremainingphotonswith similarpaths

in the scenecan be found immediately. This is possi-
ble dueto theperiodicitypropertyinherentto themulti-
dimensionalHalton sequence[Halton 1960], which is
usedto generatephotons.

The SPTalgorithmusesgraphicshardware to compute
direct lighting with shadows using the shadow volume
algorithm. Using the functionality of moderngraphics
hardwarewe canprocessup to 4 light sourceswith go-
niometricdiagramsduringa singlerenderingpass.The
indirect lighting is computedasynchronouslyusing a
quasi-randomphotontracing (similar to Keller [1996])
anddensityestimationtechniques(similar to Volevich et
al. [2000]; refer to a shortsummaryin Section2 andto
Figure1). The indirect lighting is reconstructedat ver-
ticesof a �x edmeshandcanbereadilydisplayedusing
graphicshardware for any cameraposition. The most
uniquefeatureof theSPTalgorithmisexploiting thetem-
poral coherenceof illumination by tracing photonsse-
lectively into thesceneregionsthat requireillumination
update.

In the SPT algorithm, pseudo-randomsequences,typi-
cally usedin photonshooting,arereplacedby thequasi-
randomHalton sequence[Halton 1960]. This provesto
be advantageous.Firstly, as shown by Keller [1996],
quasi-randomwalk algorithmsconvergefasterthanclas-
sical randomwalk ones. Secondly, a periodicity prop-
ertyof theHaltonsequence[Niederreiter1992]provides
a straightforward way of updatingindirect illumination
asthescenechanges.Let usbrie�y discussthisperiodic-
ity property, which is fundamentalfor ef�cient searching
of invalid photonpathsin dynamicscenes.

The Halton sequencegenerationis basedon the radical
inversefunction[Halton 1960]h, appliedto anintegeri.
Thesequenceof multidimensionalpointsit generatescan
beorganizedin Ng groupsfor whichthedistancebetween
points is bounded. If hi j is the j-th coordinateof the



Haltonpointwith index i, it canbeshown that[Dmitriev
etal. 2002]:

jhi j � h(i+ mNg) j j <
1
bk

j
, if Ng = lbk

j (1)

whereb j is thebaseprimenumberusedto computethe
j-th coordinateof Halton points, k, l , and m are inte-
gerssuch that k � 0 and l > 0. For instance,setting
Ng = bk0

0
bk1
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yieldspointsin whichthe�rst four co-

ordinatescloselymatch. The closenessof this matchis
governedby the correspondingpowersk0;k1;k2;k3 (the
larger power valuesareselectedthe closermatchis ob-
tained). If the scenesurfacesand BSDFs are reason-
ably smooth,quasi-randompoints with similar coordi-
natesproducephotonswith similar paths,which is de-
pictedin Figure4.

(a) (b)

Figure 4: Structureof photonpaths,correspondingto
quasi-randompoints with similar coordinates(a) simi-
larity of �rst two coordinates.(b) similarity of �rst four
coordinates.

By selectingquasi-randompointswith suchan interval
Ng, that thesimilarity of coordinatesj = 0 and j = 1 is
assured,photonsareemittedcoherentlyinsideapyramid
with its apex at light sourceposition. However, those
photonsdo not re�ect coherently(Figure4a). By addi-
tionally increasingNg to obtain a similarity of coordi-
natesj = 2and j = 3,photonsareselectedsothatthey re-
�ect coherentlyinsidea morecomplex boundingshape,
asshown in Figure4b.

The lighting computationalgorithmconsidersa pool of
photonsof �x edsizeZ for thewholeinteractive session.
The photonsare tracedduring the initialization stage.
Then the pathsthat becomeinvalid due to changesin
the sceneareselectively updated.This is performedby
tracingphotonsfor thepreviousscenecon�gurationwith
negative energy and tracing photonsfor the new scene
con�guration with positive energy. To detectthe invalid
photonpaths,pilot photons,which constitute5–10%of
Z, areemittedin thescene.For eachpilot photoni which
hitsadynamicobjectandthereforerequiresupdating,the

remainingphotonsin thepoolZ with similarpathsin the
scenecan be found immediatelyby addingthe offsets
mNg to i, wherem are integerssuchthat i + mNg < Z
(referto Equation1).

The photon updatecomputationsare performeditera-
tively. Eachiterationconsistsof reshootingonecoher-
entphotongroup.Theorderin which thephotongroups
areupdatedis decidedusinganinexpensive energy- and
perception-basedcriterionwhosegoalis to minimizethe
perceivability of outdatedillumination.

The frame rate in an interactive sessionusing the SPT
algorithmis mostly determinedby the OpenGLperfor-
mance.For renderingwith shadows from multiple light
sourceswith goniometricdiagrams,frameratesranging
from 1.1 to 8 fps. arereported(refer to Figure5). Indi-
rect illumination is updatedincrementallyandtheresult
of eachupdateis immediatelydeliveredto theuser. Most
lighting artifactscreatedby outdatedilluminationarere-
movedin the�rst 4–8secondsafterthescenechange.If
photonsareupdatedin a randomorderat least2–4times
longercomputationsareneededto obtainimagesof simi-
larquality. Betterperformancescanbeexpectedfor more
complex scenes,or whenusermodi�cations have more
localizedconsequences.The uniquefeatureof SPT is
that while the temporalcoherencein lighting computa-
tions is stronglyexploited,no additionaldatastructures
storingphotonpathsarerequired.

In the casestudyexamples(refer to Figure5) we con-
sideredthecoherenceof photonsonly up to their second
bounce.This provedto besuf�cient to ef�ciently update
theillumination for thestudiedscenes.Whensucha co-
herencefor a highernumberof bouncesis required,the
numberof coherentphotongroupsNg increasesexponen-
tially. This resultsin a proportionalincreaseof thepho-
ton pool sizeZ. Interactive updateof suchan increased
pool of photonsmight not be feasibleon a single PC-
classcomputer. The major problemwith our algorithm
is lackof adaptabilityof themeshusedto reconstructthe
indirect illumination in thescene.Also, only point light
sourcesareexplicitly handledin ourhardware-supported
algorithmfor thedirectilluminationcomputation.

Selective PhotonTracingcanbe usedin the context of
of�ine global illumination computationaswell. In par-
ticular, this techniqueseemsto be attractive in all those
applicationsthat requirelocal reinforcementof compu-
tationsbasedon someimportancecriteria. An example
of suchan applicationis the ef�cient renderingof high
quality caustics,which usually requiresa hugenumber
of photons.After identifying somepathsof causticpho-
tons,morecoherentparticlescaneasilybegeneratedus-
ing this approach.Thedrawbackof many existing pho-
tonbasedmethodsis thattoomany particlesaresentinto
well illuminatedsceneregionswith asimpleillumination
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Figure5: Exampleframeswith globalilluminationeffectsobtainedusingSelectivePhotonTracing.Ona1.7GHzDual
P4Xeoncomputerwith anNVIDIA GeForce364 MB videocardtheframerates8 fps and1.1 fps have beenachieved
for (a)and(b), respectively. In orderto removeall visibleartifactsin lighting distribution resultingfrom objectchanges
in thescene,4–8secondsof theselective photonupdatecomputationareusuallyrequired.

distribution,andtoo few photonsreachremotescenere-
gions. This de�ciency could easily be correctedusing
the SPTapproach,by skippingthe tracingof redundant
photonsandproperlyscalingtheenergy of theremaining
photons.

3 High-Qualit y Rendering Using
an Irradiance Cache

In therenderingof productionquality animation,global
illumination computationsare usually performedusing
two-passmethods.In the �rst (preprocessing)pass,the
lighting distributionoverscenesurfacesis sparselycom-
putedusingradiosity[Lischinskietal. 1993;Smits1994;
Christensenet al. 1997], or photon mapping [Jensen
2001; Christensen2002] methods. In the second(ren-
dering)passa moreexact global illumination computa-
tion is performedon a per pixel basisusing the results
obtainedin the �rst pass. The algorithm of choicefor
this�nal renderingof highquality imagesis theso-called
�nal gathering[Reichert1992; Lischinski et al. 1993;
Smits 1994; Christensenet al. 1997]. Usually the di-
rect lighting is computedfor a surfaceregion covered
by a given pixel, and the indirect lighting is obtained
throughthe integrationof incomingradiances,which is
verycostly. Thosecostscanbereducedby usingtheirr a-
diancecachedatastructures[Wardetal. 1988;Wardand
Heckbert1992] to storeirradiancesamplessparselyin
theobjectspace.Within this methodirradiancesamples
arelazily computedandsparselycachedin objectspace
for a givencameraposition(a view-dependentprocess).
The indirect illumination is interpolatedfor eachpixel
basedon thosecachedirradiancevalues,which is sig-
ni�cantly fasterthanthe �nal gatheringcomputationfor

eachpixel. Theirradiancecachetechniqueef�ciently re-
movesshadingartifactswhich arevery dif�cult to avoid
if the indirect lighting is directly reconstructedbasedon
a radiositymeshor a photonmap. However, the price
to bepaidfor this high quality lighting reconstructionis
long computationtimes,which aremostlycausedby the
irradianceintegration that is performedfor eachcache
locationin thescene.

In the following sectionswe extendthe conceptof irra-
diancecachefor dynamicenvironmentsto improve the
renderingperformanceand reducethe temporalalias-
ing [Tawara et al. 2002; Tawara et al. 2004b]. In our
approachwe usea two passphotonmappingalgorithm
[Jensen2001;Tawaraet al. 2004a],which we extendto
make theglobal illumination computationmoreef�cient
for suchdynamicenvironments.

3.1 Static and Dynamic Irradiance
Cache

We focuson exploiting the temporalcoherenceof pho-
tonsto speedupthecostly irradiancecachecomputation
and to improve the quality of indirect lighting recon-
struction. We introducethe notion of static irr adiance
cache, which is computedonce for an animationseg-
ment. For the static irradiancecachecomputationwe
remove all dynamicobjects(i.e., objectschangingtheir
position,shape,or light re�ectancepropertiesasa func-
tion of time) from the sceneandwe tracethe so-called
staticphotons.

The illumination component reconstructedfrom the
staticirradiancecacheis perfectlycoherentin thetempo-
ral domainandresultsin �ick er-free animations.How-
ever, thedynamicilluminationcomponentcausedby an-
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Figure6: Processing�o w in the computationof global illumination for an animationframe: (a) the �nal frame,(b)
direct lighting, (c) indirect lighting, (d) staticindirect lighting computedusingthestaticirradiancecache,(e) dynamic
indirectlighting computedusingthedynamicirradiancecache,and(f) thedynamicindirectlighting computedthrough
thephotondensityestimationandsummedwith thestaticindirectlighting which is shown in (d).

imatedobjectsmustalsobeconsidered.For thispurpose
thedynamicphotonswhichinteractwith dynamicobjects
arecomputedfor eachframeandarestoredin a separate
photonmap. The mapmay storephotonswith negative
energy [Jensen2001], which areneededto compensate
for occlusionsof thestaticpartsof thesceneby dynamic
objects(for example,in the regionsof indirect shadows
castby dynamicobjects).

Figures6 illustrate the illumination reconstructionus-
ing our technique.Figure6a shows the �nal animation
framewhoselighting wascomposedfrom the direct il-
lumination and specularre�ection (Figure 6b) and the
diffuse indirect illumination (Figure6c). The dynamic
componentof the indirect lighting is reconstructedat
two levelsof accuracy dependingon thein�uence of dy-
namic objectson local sceneillumination. In regions
with higher in�uence, the dynamicirr adiancecache is
recomputed,which leadsto a betteraccuracy of recon-
structeddynamic lighting (refer to Figure 6e). In the

remainingsceneregions as shown in Figure 6f the il-
lumination storedin the static irradiancecache(shown
in Figure 6d) is correctedby addingits dynamiccom-
ponentreconstructedfrom the dynamicphotonmapus-
ing densityestimation.A directvisualizationof thedy-
namicillumination componentis not shown becauseits
valuesarerathersmallfor themostpartsof thesceneand
arenegative in theregionsoccludedby dynamicobjects.
Weblendlighting reconstructedusingthosetwo different
methods(Figures6eand6f) to assuresmoothtransition
of theresultinglighting.

As a result signi�cant speedupof the computationwas
achievedby localizingin thescenespacecostlyrecompu-
tationof theirradiancecache.Also, thetemporalaliasing
wasreducedby introducingthe conceptof static irradi-
ancecachewhichcanbereusedacrossmany subsequent
framesduringwhich thescenelighting conditionsdonot
changesigni�cantly.

In the following section we proposean algorithm in



whichtheirradiancecachelocationsarenotonly re-used,
but alsothecachevaluesareselectively updatedfollow-
ing changesin dynamicenvironments.

3.2 Selective Irradiance Cache Update

The key ideaof our selective cacheupdatealgorithmis
inspiredby theobservationthatmany gatheringraysare
shot for eachframeand their sampledvaluesaresimi-
lar betweenthe neighboringframes. For the ef�ciency
andcorrectnessof the �nal gathering,the integrationof
irradianceis performedover a strati�ed domain. In our
algorithm,theincidentradiance,thedistanceto thenear-
est intersectionpoint and the refreshingprobability for
eachstrati�ed samplingdirectionat thelocationof anir-
radiancecache,arestoredin a harddisk duringthegath-
ering stage. To selectthe updatingdirectionsfor each
cache,thecumulative distribution function(CDF) of the
refreshingprobabilityis built andamodi�ed randomper-
mutationalgorithmis used. The directionsselectedare
updatedby recastingthe gatheringrays. Although any
arbitraryprobabilisticdistribution couldbeused,in this
work we updatethe CDF basedon the sampleage(i.e.
thenumberof framessincethesamplewascomputed)

a) b)

Figure7: Distributionof incomingradiancesamplesover
thehemispherefor a selectedcachelocationon the�oor
(shown as the greendot in the bottom image): a) the
frame-by-framecomputationandb) ourmethod(10%of
samplesis refreshedfor eachframeaccordingto theag-
ing criterion).

Figure7 depictsthevaluesof incidentradiancesamples
over the hemispherefor a selectedcachelocation. The
samplesarecapturedin the middle of an animationse-
quencein orderto checkwhethererrorsin their valuedo
not accumulateasa functionof time. As canbeseenthe
directionaldistribution of samplesis very similar for the
frame-by-framecomputationandour method. Figure8
shows anexampleof a complex scenein which boththe
motion of light (sunposition)andobjects(rotatingfan)
are simultaneouslyconsidered. In this test sceneindi-
rect lighting changesquickly andthosechangesaffect a
large portion of the scene,which is a dif�cult casefor
our algorithm. The averagerenderingspeedupfor our
selective cacheupdatetechniqueamountsto � ve times
per framewith respectto the frame-by-frameirradiance
cacheapproach.We expectthat in mostpracticalcases
theindirect lighting changesaremoremoderate,andthe
performanceof ouralgorithmwill beevenbetter.

Figure 8: Selectedframe for the ROOM animationse-
quence.

4 Spatio-Temporal
Bi-Directional Path Tracing

In theprevioussectionswe discusseddensityestimation
algorithmsin whichspatio-temporalprocessingwasper-
formedin the objectspace.In this sectionwe consider
a view-dependentalgorithm called bi-directional path
tracing (BPT) [Lafortune1996; Veach1997] which we
extend to handledynamicenvironments[Havran et al.
2003]. In this algorithm, the bookkeepingof global il-
luminationsamplesis organizedin theimagespace.We
considerthe BPT algorithmwithin a moregeneralren-
deringframework for computingmultiple framesatonce
by exploiting thecoherencebetweenimagesamples(pix-
els) in the temporaldomain. For eachsamplerepre-
sentinga given point in the scenewe updateits view-
dependentcomponentsfor eachframe and we add its
contribution to pixels identi�ed throughthe compensa-
tion of cameraandobjectmotion.

In this sectionwe describein more details two major
challengesthatwe facein our framework: Thevisibility



andglobalilluminationcomputationin dynamicenviron-
ments. Also, we discusssomestandardrenderingtasks
suchasshadingandmotionblur.

The visibility computation in our rendering frame-
work is basedon a multi-framevisibility data structure
(MFVDS). TheMFVDS providesfor agivenray thevis-
ibility informationfor all framesconsideredat once. A
kd-treedatastructureis usedto implementtheMFVDS.
Static objectsare storedin a global kd-tree. Dynamic
objectsareinstantiatedfor every frame.Theinstantiated
objectsareprocessedusinga hierarchicalclusteringal-
gorithm to separatethemin space. For eachclusterof
instantiatedobjectsa separatekd-treeis constructedand
is insertedin a global kd-tree,which is re�ned in spa-
tial regionswheredynamickd-treeshave beeninserted.
During processingof visibility queriesthe performance
of theMFVDS is improvedby intensivecachingof inter-
mediateresults.

A single visibility query using our datastructurespro-
videsarayintersectioninformationfor agivenframeand
marksthoseframesfor which this informationbecomes
invalid due to dynamicchangesin the scene. This al-
lows us to avoid redundantcomputationfor eachframe
if theray doesnot hit any instantiatedobject. In regions
notpopulatedby animatedobjectsthesameray traversal
costis achievedasfor completelystaticscenes.

The global illumination computationin our framework
is basedon the BPT algorithm[Lafortune1996; Veach
1997]andusestheMFVDStoqueryvisibility for all con-
sideredframesat once.Eachbi-directionalestimateof a
givenpixel color is reusedfor several framesbeforeand
after the one it was originally computedfor. To reuse
theseestimates,theBRDF valuesat the�rst hit point of
theeyepathneedsto berecomputedto take into account
the new viewpoint (refer to Figure9). The correspond-
ing estimatesarethenaddedto the pixel throughwhich
thishit pointcanbeseenfor theconsideredframe.Since
it involves only the evaluationof direct visibility from
theviewpoint anda few BRDF recomputations,reusing
asampleis muchfasterthanrecomputinganew onefrom
scratch.Reusingsamplesfor several framesalsomakes
the noiseinherentto stochasticmethods�x ed in object
space,which enhancesthe quality of the resultingani-
mations.

Shaders add rich appearanceof objectsand can be ef-
�ciently computedin our animation framework. We
split our shadingfunctions into view-independentand
view-dependentcomponents,wherethe former is com-
putedonly oncefor a given samplepoint andthe latter
is recomputedfor eachframe. It is worth noting that
in our BPT techniquewe needto recomputethe view-
dependentcomponentonly for samplepointsthatarehit
by primary rays,while for the remainingpathsegments

eye
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source

screen

light path

eye 
path

shadow 
 rays

Y

C12

C22

C11

C21

C13

C23
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Figure9: Bidirectionalestimationsfor a givenpixel can
beusedfor severalcamerapositions.Only directvisibil-
ity andtheBRDFcorrespondingto connectionsC01, C11,
andC21 needto berecomputed.

shadingresultsarejust reused.

Figure 10: A sampleanimationframe computedusing
space-timebi-directionalpathtracingfeaturingalsomo-
tion blur.

Motion blur is an importantvisualeffect in high quality
animationrendering,whichis extremelyeasyto obtainin
our framework. A fragmentof themotion-compensation
trajectorytraversedby a given BPT samplewithin the
camerashutteropeningtime is computedandprojected
to eachframe. Thesampleradiancecontributesto each
pixel traversedby theprojectedtrajectoryroughlyin pro-
portionto thelengthof traversedpath.In practice,weuse
the2DDA algorithmfor piecewise-linearapproximation
of this trajectory, andlinearinterpolationof sampleradi-
ancebetweena pair of frames,which leadsto very good
visualresults(referto Figure10).

We usedisc caching, insteadof storing in memoryall
frames,which makes the resolutionof our animations
limited only by thedisccapacity. Sincethecomputation
for subsequentframesis localizedin coherentregionsin
the imagespacelocatedalongthemotion-compensation



trajectory, we achieve a prettyhigh cache-hitratio. As a
consequence,disk accessesonly increasethe total com-
putationtimeof ourmethodby about10%onaverage.

The main advantageof our framework is a signi�cant
speedupof animationrendering,which is usually over
oneorderof magnitudein respectto traditional frame-
by-framerendering,while theobtainedquality is always
muchhigherdueto a signi�cant reductionof �ick ering.
Many standardtasksin renderingsuchasshading,textur-
ing, andmotion-blurcanbeef�ciently performedin our
renderingarchitecture.

5 Conclusions

We presenteda numberof global illumination andren-
deringsolutionsthatexploit temporalcoherencebetween
subsequentanimationframes.Oursolutionsledtosignif-
icantimprovementsof thecomputationperformanceand
animationquality (throughthe suppressionof temporal
aliasing). A practicalquestionarises:which presented
techniqueshouldbechosenfor agivenapplication?

Thespatio-temporalphotondensityestimationtechnique
(Section2.1) seemsto be the most suitablefor practi-
cal animationsystems,wherethe renderingspeedis the
key factoreven at the expenseof lower accuracy in the
lighting computation.Thismethoddoesnot requirestor-
ing photonhit positionsbetweenthesubsequentframes.
Photoncountersfor eachmeshelementare suf�cient,
which reducessigni�cantly the memory requirements.
We implementedthis techniqueasa plug-in for the 3D
StudioMaxsystemandourexperienceswith theexploita-
tion of this techniquein the animationproductionare
verygood.

The selective photontracing(Section2.2) is suitablein
particularfor interactive renderingapplications.Also, it
leadsto moreaccuratelighting computationthanthepre-
vious techniquebecause,in practice,invalid photonsdo
notcontributeto thesimulationresult.

The renderingtechniquesusing irradiancecache(Sec-
tion 3) aresuitablefor all applicationsin which thequal-
ity requirementsare very high. The photon mapping
techniquebasedon static and dynamic photons(Sec-
tion 3.1) is suitablein particularfor thoseapplications
in which scenechangesdo not affect signi�cantly light-
ing distribution(avastmajorityof photonscanbeclassi-
�ed asstatic).Selective updateof irradiancecache(Sec-
tion 3.2) is suitablefor any two-passglobal illumina-
tion solutionincludingradiosity, densityestimation,and
photonmappingandleadsto signi�cant reductionof the
computationcost.

The renderingframework proposedin Section4 is suit-

able for any view-dependentglobal illumination al-
gorithm and we demonstratedits ef�ciency for bi-
directionalpath tracing. The framework allows for ex-
ploiting temporalcoherencein visibility, lighting and
shadingcomputations,and motion blur. We hopethat
in futurea similar framework canbeusedin theprofes-
sionalproductionof high-qualityanimations.
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