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Abstract

In globalillumination computationghe photonmapis a

powerful tool for approximatingthe irradiance,which is

storedindependenfrom scenegeometry By presenting
a new algorithm, which usesnovel importancesampling
technigueswe improve the memoryfootprint of the pho-

ton map, simplify the causticgenerationandallow for a

muchfastersamplingof directilluminationin complicated
modelsasthey arisein a productionervironment.

1 Intr oduction

As introducedin [Jen96a JC95h the photonmap algo-
rithm generatesinapproximatiorof irradianceby storing
informationaboutthe collisionsof arandomwalk simula-
tion of radiantlight transport.lts basicimplementations
strikingly simpleandstoringthe power independentrom
scenegeometryis a big advantageas comparedo finite
elementapproaches.In the sequelwe presentthreeim-
portancesamplingtechniqueswhich arecombinedn one
verysimplealgorithm,whichimprovesandis complemen-
tary to the currentphotonmaptechniques:

1. Importance driven photon deposition: Originally
thephotonmapis generatedisingthevon Neumann-
Ulam schemej.e. a pureforward simulationof the
particle natureof light [PM92, PM95. In [PP9§
an importancedriven methodfor generatingphoton
mapshasbeenintroducedwhich directedthe photon
pathsinto the areasof high visualimportance How-
ever the core problemremained:Photonsare stored
all over the scenegvenin regions,in which theim-
portancds almostzero. In additiontheenengy of the
photonsvariesdueto the weightingby the emission
and scatteringprobabilities,increasingthe variance
of theestimate.

Insteadof controlling emissionand scatteringasin

[PP98, we controlthe depositionof the photons re-

sulting in a more precisephoton map and reduced
memoryrequirements.

2. Automated generationof caustics: Causticswhich
are generallyspeakingthe lighting effectsthat arise
from corverginglight pathson a diffusesurfacecom-
ing from a specularsurface, require a photonmap
with amuchhigherresolutionthanthe globalphoton
map usedfor ambientlighting. In [Jen96h JC95h
objectsgeneratingcausticswerestoredin projection
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mapsin orderto shootan increasechumberof pho-
tonsinto thedirectionof thecausticgyeneratorsThis
howeveronly capturesausticcausedy directlight-
ing, whereagcausticfrom indirectillumination have
to beaddedoy manualuserintervention.An example
of sucha caustic,which alsocannotbe renderedoy
agatheringstep,is avery bright diffusepatch,which
is very closeto a light source that causesa caustic
througha singularsurface,asfoundin situationsof
strongindirectillumination.

By a simpleextentionof our approactof importance
driven photon deposition,we enablethe automatic
generatiorof all visuallyimportantcausticeffects.

3. Fasterdirectillumination computations: Sincethe

direct visualizationof the photonmapis often too
blurry, the calculationof directillumination is sepa-
rated,andtheindirectilluminationis computedising
agatheringstep[Jen96& Thishastheadwantagehat
themaincontritutionto animageis sampledreryac-
curately while only the minor effect of indirect il-
luminationis indirectly estimatedusing the photon
map.Onlyif therayto beshadeds of very smallim-
pacton theimage,a direct estimatefrom the global
photonmapis used. The disadwantageof separating
thedirectillumination, however, is thatthe sampling
effort depend®on the numberof light sourcesyhich
canbelarge.
We presentan importancesamplingschemewhich
enablesamoreaccuratendfastercomputatiorof di-
rectillumination in settingswith a large numberof
occludedight sources.

2 Importance driven Photon Map
Generation

Thebasicideaof our approachs to controlthedeposition
of photonsby visualimportance.We storephotonsonly

in areaof highvisualimpactusingarepresentationf the
visual importanceby an importon map as introducedin

[PP98. It suchis possibleto obtainthe samequality as
in previous approacheshut at reducedmemorycostand
increasedjueryspeed.

2.1 Probabilistic Photon Deposition

The photon map can be seenas a snapshotof a ran-
domwalk simulationof radiancetransportfrom the light
sources. A corvenientalgorithm for the collision esti-
matewith RussiarRoulettepathterminationincludingde-



Figure 1: Photonmapin a sceneof 10x10rooms(each
with onelight source)seenfrom the top. (top) Standard
photonmap without importance (middle) distribution of
visualimportancej.e. theimportonsand(bottom)photon
mapgeneratedisingvisualimportancecontrolleddeposi-
tion.

terministiclow discrepang samplinghasbeenderivedin
[KMS94]. The simulationyields a cloud of particles®,
whereeachparticlek € P consistf its pointof incidence
Xk, its directionof incidenceGy andits power ®y. Using
the Dirac-0-distribution the particlek is localizedby

(%, ) 1= B(x— %) - 3(E— ).

We now modify the discretedensityapproximatiorof the
power ® by introducingan arbitraryacceptancerobabil-
ity px € [0,1]:
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where X is the characteristicfunction of the interval
[0, pk]. Thistransformatiorvery muchresembleshe Rus-
sianRouletteabsorptiormechanisniKMS94, AK90], and
similarly the integral now can be evaluatedby a one-
sampleMonte Carlointegration,yielding
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For the actualimplementationthis meansto simply in-

sertthe randomdecision,whetherto storeor discardthe

photon. Thus, it is possibleto concentratehe photons
in regionsof high probability px, sinceonly thatfraction

of photonsis storedfor which & < py for someuniform

randomvariable§ € [0,1). Thisis illustratedin figure1,

wherewe first shav the standargphotonmap,thentheim-

portonsandfinally the sameamountof photonsdeposited
usingtheimportanceanformation. Figure2 shavs theim-

provedphotondistributionthatis obtainecdby tracingmore
trajectoriedn the preprocessingtepbut storingthe same
numberof photonsaswithouttheimportancedrivendepo-
sition.

2.2 The DepositionProbability

Identicalto the approachin [PP98, we shootimportons
from a generalcamerasensotinto the scene.The proba-
bility

_ ) YiempoW if T Sieg g W <1
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thenis determinedoy performinga queryfor the n near
estimportonsB,(xx) to the query point x, whereW is
thevisualimportancecarriedby theimportoni. Sincethe
photonmapperformsbestif thephotonsareof aboutequal
power, thecollectedvisualimportances scalecby afactor
f andclippedif above 1, wheref is chosersothatpy =1
in the areasof high visualimportanceJeaving the power
@y unchanged.Only for the regionswherepy < 1, i.e.
for regionsof almostno visual impact, the power grows
to %‘ increasinghevarianceof theirradianceapproxima-
tion. Thescalingfactorf canbeestimatedy tracingsome



Figure2: 10x10roomslit by 100light sourcesIn thetop
row 6- 10° photonshave beenstored whereashe bottom
row 6- 10° photonshave beendepositedBoth columnsdi-
rectly visualizethe photonmap,which hasbeengenerated
with the standardmethodon the left andour importance-
basednethodontheright.

testrays from the camerainto the scenesensingfor the
visual importance. Choosingthe reciprocalvalue of the
minimumof thesequeriegto be f fulfils therequirements.

Numericalproblemscanarisein regionswhere £ be-
comesvery largedueto asmalldepositiorprobabiﬁkty Pk
This canbe remediedn two waysby eitherboundingpk
from belov by somee > 0, or by discardingall photons
with py < €, which, althoughhardlypercevable,of course
yieldsabiasedalgorithm.

2.3 Automatic CausticsGeneration

In [JC95H projectionmapsareusedto shootanincreased
numberof photondn thedirectionsof thesolid anglecov-
eredby objectsthat could generatecausticssuchasspec-
ular surfaces. This approachcovers direct caustics,i.e.
L[§*D paths.However secondaryight sourceqlike e.g.
bright diffusereflectionsasoftenencounteredh architec-
tural visualizations)might causeindirect causticswhich
arenotcoveredby the previousapproachbut which areof
the samedetailedvisualimpactin thefinal imagé. In or-
derto automaticallygenerateheverydetailedcaustigpho-
ton mapandthe lessdetailedglobal photonmap[JC99,
we partitionthe setof all photons? into two sets
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wherePe,, containsall photonsscatteredy a non-diffuse
surfacé, i.e. a potentialcausticgeneratar Using the in-
tegral transformationfrom the previous sectionwith the

limaginethecausticformedby aglassof waterilluminatedby awall
lit by sunlight.

2causticzouldbecharacterizedhorepreciselyby investigatingfocal
propertiesof wavefrontsandsurfacederivatesasusedin e.g.[Ige99.

Figure3: Causticsandclose-upat (top) ratioq = 1, (mid-
dle) g = £, and(bottom)q = 5. Note thatthe amount
of photonsin the global photonmapremainsroughly un-
changedi.e. thesmallerq is, the morephotonsarestored
in the causticphotonmap.

constanprobabilityq, we approximate
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wherethe & are independentuniform randomvariables
on[0,1). Theimprovedquality of the automaticallygen-
erateccaustigphotonmapfor differentchoicesf theprob-
ability g canbeseenin figure 3.

2.4 The Algorithm

Theimplementatiorof theideasof theprevioussectionss
obtainedby replacingthe standardst or e-call for photon
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Figure4: Thevery problematicsettingof aroombeinglit
by adoorslit seenfrom atop. Theroomon theleft hasno
light sourceshut the camerawithin; theroomontheright
containsonelight source.a) Theimportancedistribution,
b) the standardphotonmap, ¢) the unbiasedmportance
driven photonmap, andthe biasedversionusinga mini-
mum cutoff probabilitye.

k by thefollowing codefragment:

i f (ke Peav)

i f (&< px)
Causti cMap- >St ore(xx, Gx, %;
else if(&<q-p
Py

G obal Map->Store(x, @ g&);

If the photonunderconsideratiorcould generatea caus-
tic, it is storedin the detailedcausticphotonmapif the
probabilityinducedby visualimportances high enough.
Otherwiseonly the fraction q of the photonsis storedin
the global photonmap, which in consequences lessde-
tailed. This of courseintroduceghe overheadf tracing 2
timesmoretrajectorieghanrequiredto fill theglobalpho-
ton map. Sincethe computationof py is very expensve,
it is more efficient to usetwo randomvariableséy 1, &k 2,
firsttestingwhether, 1 < g andthenif necessarywhether
&k2 < px. Thisindicatesathird alternatie: Only thefrac-
tion of q trajectoriesis usedfor the global photonmap.
Usingatotal of N trajectorieswe usethefirst |q-N| tra-
jectoriesto fill the causticandglobal photonmapby only
testingfor £k < px andthenusetheremainingtrajectories
|g-N|+1...N to completehecausticphotonmap,yield-
ing the mostefficientimplementation.

Discardingphotonsrequiresto tracemoretrajectories,
i.e. having amoreexpensve preprocessingtep,in order
to obtainthe samenumberof photonsasin the purefor-
wardsimulation,but is paid off by themuchbetterphoton
distributionin theregionsof high visualimportanceatthe
samememory cost, which is illustratedin figure 2. On
the other handstoring photonsonly in areasof high vi-
sualimpactcandramaticallyreducethe memoryfootprint
of the photonmapsby preservingtheir quality. Assum-
ing thescalef of visualimportanceo bedeterminedasin
section2.2, our new importancedrivenphotonmapgener
ation algorithmis controlledby only two parametersi,e.
the numberN of photonsto trace,andthe ratio q of the
global and causticphotons. The tupel (N, q) is intuitive
andincreasesisability sinceno manualinterventionis re-
quiredfor completecausticgeneration.

2.5 RemainingProblems

Our approachis complementaryto [PP9§, where the
emissionratesand shootingdirectionsare sampledfrom
thevisualimportanceln settingsof multiple light sources
thealgorithmof [PP9§ causeproblems:Theimportance
of a light sourceis determinedoy a small randomwalk,
andthefractionof trajectoriestartedrom onelight source
is given by theratio of its importanceto the total sumof
importances.Thusthe photonshave very differentpower
values. Now if a photonof an unimportantlight source
scattersnto aregionof highvisualimportanceit increases
the varianceof the photonmap estimates.This effect is
further amplified by the importancesamplingof scatter
ing directions.The problemis notencounteredtby our ap-
proach,sincethe photonsin theimportantregionsremain
of aboutequalpower asexplainedin section2.2.

Solely selectingthe scatteringdirectionsby visual im-
portanceasin [PP98 canbe problematictoo. Thisis il-
lustratedn figure4, whereseveral photondistributionsof
arooml it by a doorslitare compared. The standardap-
proachwould depositthe majority of the photonsin the
visually unimportantpart of the scene,since the small
doorslitis hardto hit, even whenusingimportancesam-
pling. The probability controlleddepostiorrequiresmuch
moretrajectoriego betraced,but storesthe photonsonly
wherethey areimportant,yielding a betterbasisfor the
successie renderingstep.

In figures4cand4dwe seethephotondistribution of the
importancedriven photonmapgeneration Dueto enegy
bleeding[KWO00] theimportanceshinesthroughthewalls
and photonsare depositedn areasof actuallyno impor
tance,.e. behindthewall. Thiscouldbeavoidedby using
the Metropolislight transportalgorithm[V G97, PKKO0O]
to depositphotonsby the techniquef the previous sec-
tions. This however indicatesthat using Metropolislight
transportalgorithmaloneis moresophisticated.



3 Efficient Directlllumination Com-
putation

The efficient computationof direct illumination still is
a core problem of photorealisticimage synthesis. Ex-
actshadev computationgequirea lot of shadev raysto
be shot, especiallyin ervironmentswith a large number
of light sources. The performanceof shadev cachesis
not worth the effort for currentscenessincethe coher
enceis destryed by the fine tesselatioror the incoherent
secondaryaysof globalillumination algorithms[Smi98,.
Approachesasin [HDG99 indicatethat neverthelesso-
herencecanbe exploited, but fail for secondaryays,gen-
eralscenggeometryanddueto a substantiamemoryfoot-
print. A very powerful approachs dueto Ward[War91],
wherethe mostimportantlight sourcesare sampledfirst
andshadev raysaresaved by estimatingthe contribution
of thelessimportantlight sourcesTheapproachtasbeen
consideredurther by Shirley in [SWZ96§, motivatedby
an article of Kirk on unbiasedsampling[KA91]. Similar
to the obsenationsin [HDG99], in [PMS*99] it hasbeen
shavn thatreasonabl@approximationganbe obtainedby
shootingonly oneshadaev ray in the region of penumbra.
In [JC95a]Jensernntroducedthe conceptof shadev pho-
tons,wherehoweverthequestionwhereto depositshadev
photonsremainsanopenproblemor is impracticaldueto
excessie memoryconsumptionEvenassuminghis prob-
lemto besolvedsatishctory theshadev estimatesretoo
impreciseandfail for finely structuredshadav details.

We now combinethe idea of Ward of partitioningthe
setof lightsources. into two sets,definingprobabilities
for thelightsourcesn both setslike Shirley andsampling
from thesesetsin an unbiasedway similar to Arvo to a
unified conceptbasedon the ideasalreadypresentedn
[Kel9g: We extendthe photondatastructureby storing
the light sourceidentificationwith eachprimary photon,
i.e. eachphotonthatdirectly camefrom alight source For
eachpoint to be illuminated directly, we performa pho-
ton mapquery The collectedsetof primary photonsnow
very roughly indicateswhich light sourcemay be visible
from the querypoint. Thelight sourceswhoseidentifica-
tion is notamongthecollectedphotonsaremostprobably
occluded.Sowe have thetwo setsLcon of potentiallycon-
tributing light sourcesand L \ Leon of probablyoccluded
light sources.

We needthe stochasti@valuationof sumswhichis de-
rivedby theintegral transformation
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whereS randomsamples, ... ,Xs-1 € [0,1) areusedto
evaluatethe sum of M summandss. We now fix the
amountof Sy and Syon—con Shadaev rays, which is inde-
pendenbf the actualnumberof light sourcesjn orderto

evaluatethe lighting contritutions of Lgon and £\ Leon,
respectiely.

If Scon < | Leon|, we use(1) to randomlyselectS.on loca-
tionsonthe | Leon| light sourcedor thedirectillumination
computations.Otherwisethe variancecan be further re-
ducedby stratifying the total of S0, directly to the light
sourcesn Leon by their emissionared. Concerningthe
light sourceswhich probablydo not contribute, the mini-
mal choiceS,on—con = 1 guaranteeanunbiasedlgorithm,
i.e. we shootoneshadaev ray to arandomlyselectedoca-
tion on a randomly selectedight sourcefrom L\ Leon.
From(1) we infer thatthis samples scaledby M and
in consequencary unoccludedight sourcebelongingto
L\ Leon cancausea very high variance. Thusit is very
importantto select/cy, securelyi.e. to usealargeradius
in the photonmapquery in orderto guaranteen almost
zeroprobability of missingary contributing light source.
In that case,however, omitting that single shadev ray is
biasedbut hardlynoticeableasshowvn in figure5c.

This basictechniques illustratedin figure 5, wherewe
comparesamplingthe light sourceswvith andwithout im-
portance. Image5b clearly shavs much lessnoisethan
the direct computationwithout importancefunctionin 5a
at the samecomputationatost. We intentionallychosea
little too smallradiusfor the importonmapqueriesin or-
derto demonstratéhe local overmodulationswhich have
beenexplainedin the previoussection.

This importancesamplingschemeis easily addedto
an existing photonmapimplementation.|t is muchsim-
plerthanthespatialpartioningschemdrom [SWZ96§ and
moreexactthanthe globalvisibility estimatesn [War94.
However it canbe completedby usingWard's sortingal-
gorithm [War94 for the caseSon < |Lcon|, Wherethen
the Son samplescan be distributed to the brighter light
sourcesln theothercaseghesamplesredistributedby the
importanceof the light source which is computeddenti-
calto [PP9§. Theuseronly needgto specifythe overall
shadaev ray numberanddoesnot needto take careof the
sampleratefor thesinglelight sources.

The techniquealso easily transfersto the bidirectional
pathtracingalgorithm[LW93, VG94, VG95, whereit is
usedto save shadav or connectiorrays. Thenthe photon
mapwould sene asa pointapproximatiorof theradiance
likein [Kel97]. Thiswould alsoimprove the bidirectional
mutationsof the Metropolislight transportfV G97] algo-
rithm.

4 Conclusion

We presentednen importancesampling techniquesfor
the photonmap, which resultin a reducedmemoryfoot-
print andincreasedenderingefficiency. Our importance
driven generatiorof the photonmap controlsthe deposi-
tion, which is more efficient than controlling the scatter
ing directions.It alsoallowsto automaticallygeneratehe

3Notethatthecompositiormethodcanraisevariance Thusit is more
efficient to usebiasedpoststratificatiorestimator§K\W86].



completecausticphotonmapat the requiredhigh resolu-
tion. Finally we presentedan efficient samplingscheme
for ervironmentswith a large numberof light sourcesof

which a fraction is permanentlyoccluded. Theseimpor-

tance samplingtechniquesreducethe required user in-

teractionfor e.g. fine tuning of the emissionand sam-
pling ratesfor the light sources.This increasesusability

of the photonmapalgorithmsby replacingthe setof pa-

rameterdy an intuitive one requiringlessuserinterven-

tion in the actualcomputations.Although the techniques
presentedherearemajorimprovementsover currentalgo-

rithms, openproblemsremain(seealso[KWO00]):

1. Thesamplingof thedirectilluminationefficiently de-
tectsocclusions. However it doesnot save shadav
rays,if alargenumberof thelight sourcess visible.
Spatialcoherencesuchneedso be exploited similar
to [War91].

2. Photon map implementationstypically samplethe
light sourcesdirectly. The currenttrendin design
however is to usemore and more indirectillumina-
tion. Dueto thelack of directillumination the pho-
ton mapis visualizedusingthe gatheringstep,which
exposesblurry artifactsin settingsof strongindirect
light sources.

Ward partially dealt with theseissuesin his Radiance
renderingsystem[War94 LS99 by reclassifyingindirect
lightsaslight sourcesandperformingirradiancenterpola-
tion [LS98]. Thesetechniquehowever are computation-
ally expensve. Simplerand more robust techniquedor
theseproblemsare subjectof our future researctandwill
be basedon the photonmap mechanisnfor representing
discretedensities.
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Figure5: Direct lighting calculationgtop) without, (mit-
ddle)unbiasedvith importanceand(bottom)biasedwith
importanceinformation generatedrom the photonmap.
Thefirst two imagestook the sametime to compute.The
noisein the rear of the middle image demonstrateshe
overmodulatioreffect dueto a too smallimportonquery
radius, which is eliminatedby omitting to samplefrom
L\ Leon In thebottomimage.



