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FasterPhotonMap Global Illumination

PerH. Christensen

Abstract. The photonmapmethodis an extensionof ray tracing that makes it able to
ef�ciently computecausticsandsoft indirect illumination on surfacesandin participating
media.This paperdescribesa methodto furtherspeedup thecomputationof soft indirect
illumination(diffuse-diffuselight transportsuchascolorbleeding)onsurfaces.Thespeed-
upis basedontheobservationthatthemany look-upsin theglobalphotonmapduring�nal
gatheringcanbesimpli�ed byprecomputinglocalirradiancevaluesatthephotonpositions.
Our testsindicatethatthecalculationof soft indirectilluminationduringrendering,which
is themosttime-consumingpart,canbespedupby a factorof 5–7in typical scenesat the
expenseof 1) aprecomputationthattakesabout2%–5%of thetimesavedduringrendering
and2) a28%increaseof memoryuse.

1 Background: The PhotonMap Method

The photonmapmethod[Jensen95, Jensen96a,Jensen96b,Jensen96c] hasthe
following desirablepropertiesfor computationof globalillumination:

1. It canhandleall combinationsof specular, glossy, anddiffusere�ection and
transmission(includingcaustics).

2. Sincethephotonmapis independentof surfacerepresentation,themethod
canhandlevery complex scenes,instancedgeometry, andimplicit andpro-
ceduralgeometry.

3. It is relatively fast.

4. It is simpleto parallelize.

The photonmapmethodconsistsof threesteps:photontracing,photonmap
sorting,andrendering.
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1.1 PhotonTracing

In the photontracingstep,photonsareemittedfrom the light sourcesandtraced
throughthesceneusingMonteCarlosimulationandRussianroulette[Glassner95].
Whena photonhits an object,it caneitherbe re�ected, transmitted,or absorbed
(decidedprobabilisticallybasedon thematerialparametersof thesurface).

During the photontracing,the photonsarestoredat the diffusesurfacesthey
intersecton their path. Note thateachemittedphotoncanbestoredseveral times
alongits path.Theinformationstoredis theposition,incidentdirection,power of
the photon,andsome�ags. (Jensenshowed how this informationcanbe stored
in 20 bytes[Jensen96b], but it turnsout that18 bytesareactuallysuf�cient here:
12 bytesfor position,4 bytesfor compressedpower [Ward91], 1 byte to encode
incidentdirection,and1 byte for the �ags.) This collectionof informationabout
thephotonpathsis theglobalphotonmap.

In addition,thephotonsthathit a diffusesurfacecomingfrom a specularsur-
facearestoredin acausticphotonmap.

1.2 Sorting the PhotonMaps

In thesecondstep,thephotonsstoredin thetwo photonmapsaresortedsothat it
is quick to locatethephotonsthatarenearestagivenpoint. A kd-tree[Bentley 75,
deBerg etal. 97] is usedsinceit is a compactrepresentationthatallows fastlook-
up andgracefullyhandleshighly nonuniformdistributions.This stepis usuallyby
far thefastestof thethree.

1.3 Rendering

In the renderingstep,specularre�ections are computedwith standardray trac-
ing [Whitted80, Glassner89]. But when a ray intersectsa diffuse surface, the
incidentillumination is computedin oneof two ways[Jensen96a]:

1. If theimportance(thatis, thecontributionto therenderedimage[Smitsetal. 92,
Christensenetal. 96]) is low, the total irradianceat the point is estimated
from thepower anddensityof thephotonsnearestto thepoint. (Theproce-
durecanbeimaginedasexpandingaspherearoundthepointuntil it contains
n photonsandthenusingthesen photonsto estimatethe irradiance.)The
globalphotonmapis usedfor this. Typically, 30–200photonsareused.

2. If the importanceis high, direct illumination is computedby samplingthe
light sources,caustics(indirectilluminationfromspecularsurfaces)arecom-
puted from the causticphoton map, and soft indirect illumination (indi-
rect illumination from diffuse surfaces)is computedwith �nal gathering
[Reichert92, Christensenetal. 96] (a single level of distribution ray trac-
ing [Cook84]) usingtheglobalphotonmap.
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In a �nal gather, thehemisphereabove thepoint is sampledby shootingmany
raysandcomputingtheradianceattheintersectionpoints.For ef�ciency, thehemi-
spherecanbe importancesampledbasedon the incidentdirectionof nearby(in-
direct) photonsandthe BRDF of the surface[Jensen95], or it canbe adaptively
sampled[Ward,Shakespeare98], or both. Either way, most �nal gatherraysare
shotin thedirectionsthataremostlikely to contributemostto theillumination. The
radiancesat thepointsthatthe�nal gatherrayshit areusuallyestimatedusingthe
globalphotonmap(usingthesamemethodasdescribedunder1. above),but with
oneexception:If thedistancealongthe�nal gatherray is below agiventhreshold,
a new simpler�nal gatheringis done[Jensen96a]. Very few �nal gatherraysare
neededin thesesecondary�nal gathers— wehave found12 to besuf�cient.

Each�nal gatheris quite time-consumingsincemany hundredraysareshot,
but fortunatelyrelatively few �nal gathersareneededsinceprevious resultscan
bestoredandusedfor interpolationandextrapolationof thesoft indirectillumina-
tion [Ward,Heckbert92].

2 FasterFinal Gathering

Themosttime-consumingpartof renderingis the�nal gathering,in particularthe
computationof irradianceat thelocationswhere�nal gatherrayshit. During �nal
gathering,theirradianceis computedrepeatedlyat nearlythesameplaces— with
raysfrom different�nal gathershitting neareachother. So,if we precomputethe
irradianceat selectedlocations,a lot of timecanbesaved.

2.1 Precomputationof Irradiances

Onecouldprecomputetheirradiancesat �x eddistanceson eachsurface.But that
would adaptpoorly to the large differencesin irradiancevariationfrom placeto
place. Instead,the photonpositionsarean ideal choicefor precomputingirradi-
ancessincethephotonsareinherentlydensein areaswith largeillumination vari-
ation. Thecomputedirradianceandsurfacenormalat thephotonpositioncanbe
storedalongwith the otherphotoninformationin the photonmap; this increases
storagewith 5 bytesperphoton(4 bytesfor compressedirradiance[Ward91] and
1 bytefor encodingthedirectionof thesurfacenormal).Using23bytesperphoton
insteadof 18 is astorageincreaseof lessthan28%.

Estimatingtheirradianceatapoint takestimeO(log N ), whereN is thenum-
berof photonsin theglobalphotonmap.Precomputingirradianceat theN photon
positionsthereforetakesO(N logN ). To reducethetimespentontheprecomputa-
tion of irradiances,onecanchooseto only computetheirradianceat somephoton
positions— for exampleevery fourth photon. This reducesthe precomputation
time to one-fourth,but doesnotchangetherenderingtime.
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2.2 Final Gathering usingPrecomputedIrradiances

Whentheirradianceat a point is neededduring�nal gathering,thenearestphoton
with a similar normalis found in thephotonmapandits precomputedirradiance
used.(“Similar” meansthat thedot productof thenormalshasto belargerthana
certainthreshold,for example0.9.)

Finding the nearestphotonwith a similar normal is only slightly slower, on
average,than�nding thenearestphotonirrespectiveof normal.In thetypicalcase,
in which a �at or gently curving surfaceis not immediatelyadjacentto another
surface,thenearestphotonwill alwayshaveanappropriatenormal.Then,theonly
extraneouscomputationis asingledotproductto checkthatthetwo normalsagree.
This only takesa small fractionof the time thatwasusedto searchthekd-treeto
�nd thatphoton. Closeto edges,thenearestphotonsometimeshappensto beon
thewrongsurface(andhavethewrongnormal).In thiscase,the�rst photonfound
is rejectedandthesearchcontinues.Usually, thesecondor third foundphotonwill
haveanacceptablenormal.Theadditionaldotproductsandsearchingrequiredfor
this relatively rarecasedonot in�uence overall runningtimesigni�cantly.

Using the precomputedirradiancefor the nearestphotonmeansthat the irra-
dianceusedfor �nal gatheringis approximatedasa piece-wiseconstantfunction.
Formally, thephotonpositionsdivide thesurfacesin thesceneinto a Voronoidia-
gramwith aconstantirradiancewithin eachcell. Thisapproximationis acceptable
becausethe differencebetweenthe irradianceat neighboringphotonpositionsis
relatively small(sincemany photonsareusedto computeeachirradiance)andbe-
causeweonly useit for �nal gatheringaboveacertaindistance.

Theprecomputedirradianceof thenearestphotonis alsousedif theimportance
of theirradianceis suf�ciently low.

2.3 Discussion

This methodgives a speed-upas long as thereare more �nal gather rays than
selectedphotonpositions. In a typical scene,thereare many more �nal gather
raysthanphotons— oftena factorof 10 or even100. Therefore,thetotal number
of irradianceestimatescanbe reducedby the samefactor. This translatesinto a
speed-upin the�nal gatheringby afactorof 5–7in typicalscenesat theexpenseof
aprecomputationthattakesonly a few percentof thetimesavedduringrendering.

Precomputingirradiancescanprobablyalsogive a speed-upfor renderingof
global illumination in participatingmedia[Jensen,Christensen98] if the number
of selectedphotonpositionsis smallerthanthenumberof raymarchingsteps.
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3 Results

Thefollowing testsweredoneon a Sony Vaio laptopwith a single233MHz Pen-
tium processorand32megabytesof memory.

3.1 Cornell Box

As a �rst testscene,we useda “Cornell box” with a chromeanda glasssphere.
Emitting 220,000photonsresultedin 400,000photonsstoredin the global pho-
ton mapand35,000photonsin the causticphotonmap; this photontracingtook
10seconds.Sortingthestoredphotonsinto two kd-treesalsotook10seconds.The
photonsstoredin theglobalphotonmaparevisualizedin Figure1(a).

In Figure1(b), irradiancewascomputedateachimagesamplepoint from local
irradianceestimatesusing50 photons.In Figure1(c), theirradiancewasprecom-
putedatall 400,000globalphotonpositions(alsousing50photons)andtheirradi-
anceatthenearestphotonwasused.Precomputingtheirradiancestook58seconds.
Thereis no visual differencebetweenFigures1(b) and1(c). In Figure1(d), the
irradiancewasprecomputedat only 100,000photonpositions,which took 15 sec-
onds.ThedifferencesbetweenFigures1(c) and1(d) canonly beseenuponclose
inspection,and1(d) is fully adequatefor usein �nal gathering.

In Figure1(e), the irradiancesfrom Figure1(d) aremultiplied by the diffuse
re�ection coef�cients at eachimagesamplepoint to producea radianceestimate.
This is thesceneasthe�nal gathering“sees”it.

Figure1(f) showssoftindirectilluminationcomputedwith �nal gatheringbased
on radianceestimatesasin Figure1(e).

Figure1(g) is thecompleterendering.It containsdirect illumination,specular
re�ection andrefraction,caustics,andsoft indirect illumination. Renderingthis
imageatresolution1024� 1024pixelswith upto 16samplesperpixel took5 min-
utesand29 seconds.Out of this time, computingthe soft indirect illumination
took 2 minutesand45 seconds.Therewere11,800�nal gatherswith a total of
6.5million �nal gatherrays.

For comparison,renderingthe sameimagewithout precomputingthe irradi-
ancestakesapproximately20 minutes,out of which �nal gatheringis responsible
for 16 minutes.Theresultingimageis indistinguishablefrom Figure1(g). In con-
clusion,precomputingtheirradiancesbeforerenderingreducesthe�nal gathering
time by a factorof 5.8. The 15 secondsspenton precomputationconstituteless
than2%of the13minutesand15secondssavedduring�nal gathering.

Illumination effectsto notein this imagearethevery smooth(purelyindirect)
illumination in theceiling, thebright causticundertheglasssphere,andthethree
dim secondarycausticsalso underthe glasssphere(focusedlight from the red,
white,andbluebright spotson thewalls).
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Figure1: Cornell box with spheres:(a) Global photonmap. (b) Irradianceesti-
matescomputedpreciselyat imagesamplepoints(dimmedfor display). (c) Pre-
computedirradianceestimatesat all 400,000photonpositions(dimmedfor dis-
play). (d) Precomputedirradianceestimatesat 100,000photonpositions(dimmed
for display). (e) Radianceestimatesbasedon (d). (f) Soft indirect illumination
computedwith �nal gathering.(g) Completeimagewith directillumination,spec-
ular re�ection andrefraction,caustics,andsoft indirectillumination.
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3.2 Interior Scene

Wealsotestedthemethodonamorecomplex scene,aninteriorscenewith 1,050,000
polygons.Emittingandtracing193,000photonsresultedin 500,000photonsstored
in theglobalphotonmap.(We chosenot to storephotonsin a causticphotonmap
for thisscenesincecausticsareanorthogonalissueto themethoddescribedhere.)
Photontracing took 39 secondsand sorting the photonstook 12 seconds.The
resultingphotonmapis shown in Figure2(a).

In Figure2(b), irradianceis computedat eachimagesamplepoint from local
irradianceestimatesusing200photons.In Figure2(c), theirradiancewasprecom-
putedat all 500,000photonpositions(takingslightly lessthan6 minutes)andthe
irradianceat the nearestphotonwasused.Thereis no visual differencebetween
theimagesin Figure2(b)andFigure2(c).

In Figure2(d), theirradiancesfrom Figure2(c) weremultiplied by thediffuse
re�ection coef�cient at eachimagesamplepoint. This is the sceneas the �nal
gathering“sees”it.

Figure2(e)is thecompleterenderingwith direct illumination,specularre�ec-
tion, andsoft indirect illumination basedon theprecomputedirradianceestimates
in Figure2(c). Renderingthis imageat resolution1024� 768 pixels with up to
16 samplesperpixel took 60 minutes,out of which 27 minuteswerespentdoing
�nal gathering. Therewere 15,200�nal gathers,with 11.7 million �nal gather
rays. Doing the �nal gatheringwithout precomputedirradiancestakes169 min-
utes,sothe�nal gatheringtime is reducedby a factor6.3. The6 minutesspenton
precomputationcorrespondsto 4.2%of the142minutessavedduringrendering.
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of thispaper. Thanksto DaniLischinskifor providing theinteriorscenein Figure2. It was
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