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Faster Photon Map Global lllumination
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Abstract. The photonmap methodis an extensionof ray tracingthat malesit ableto
efciently computecausticsaandsoftindirectillumination on surfacesandin participating
media. This paperdescribes methodto further speedup the computatiorof softindirect
illumination (diffuse-difuselight transporsuchascolorbleeding)on surfaces.Thespeed-
upis basedntheobsenationthatthemary look-upsin theglobalphotonmapduring nal
gatheringcanbesimpli ed by precomputindocalirradiancevaluesatthephotonpositions.
Ourtestsindicatethatthe calculationof softindirectillumination duringrenderingwhich
is themosttime-consumingart,canbe spedup by afactorof 5-7in typical scenestthe
expenseof 1) aprecomputatiomhattakesabout2%—5%of thetime saredduringrendering
and2) a28%increaseof memoryuse.

1 Background: The Photon Map Method
The photonmapmethod[Jenserd5, Jenser®6a,Jenser®6b, Jenser®6d hasthe
following desirablepropertiefor computatiorof globalillumination:

1. It canhandleall combinationf specularglossy anddiffusere ection and
transmissior{including caustics).

2. Sincethe photonmapis independenbf surfacerepresentatiorthe method
canhandlevery complex scenesinstancedgeometryandimplicit andpro-
ceduralgeometry

3. It is relatively fast.

4. It is simpleto parallelize.

The photonmap methodconsistsof threesteps: photontracing, photonmap
sorting,andrendering.



1.1 PhotonTracing

In the photontracing step,photonsare emittedfrom the light sourcesandtraced
throughthescenaisingMonte CarlosimulationandRussiarroulette[Glassne95].
Whena photonhits an object,it caneitherbere ected, transmitted or absorbed
(decidedprobabilisticallybasecbn the materialparametersf the surface).

During the photontracing, the photonsare storedat the diffuse surfacesthey
intersecton their path. Note that eachemittedphotoncanbe storedseveral times
alongits path. Theinformationstoredis the position,incidentdirection,power of
the photon,andsome ags. (Jensershaved how this information canbe stored
in 20 bytes[Jenserd6b], but it turnsout that18 bytesareactuallysufcient here:
12 bytesfor position,4 bytesfor compressegower [Ward91], 1 byte to encode
incidentdirection,and1 bytefor the ags.) This collectionof informationabout
the photonpathsis the global photonmap

In addition,the photonsthat hit a diffusesurfacecomingfrom a specularsur
facearestoredin a causticphotonmap

1.2 Sorting the Photon Maps

In the secondstep,the photonsstoredin thetwo photonmapsaresortedsothatit
is quickto locatethe photonghatarenearest givenpoint. A kd-tree[Bentley 75,
deBerm etal. 97] is usedsinceit is acompactepresentatiothatallows fastlook-
up andgracefullyhandleshighly nonuniformdistributions. This stepis usuallyby
farthefastesof thethree.

1.3 Rendering

In the renderingstep, specularre ections are computedwith standardray trac-
ing [Whitted 80, GlassneB9]. But when a ray intersectsa diffuse surface, the
incidentillumination is computedn oneof two ways[Jenserd64:

1. If theimportancgthatis, thecontributionto therenderedmage[Smitsetal. 92,
Christenseretal. 96]) is low, the total irradianceat the point is estimated
from the power anddensityof the photonsnearesto the point. (The proce-
durecanbeimaginedasexpandinga spherearouncthepointuntil it contains
n photonsandthenusingthesen photonsto estimatethe irradiance.) The
globalphotonmapis usedfor this. Typically, 30—200photonsareused.

2. If theimportanceis high, directillumination is computedby samplingthe
light sourcescausticgindirectilluminationfrom speculasurfacesrecom-
puted from the causticphoton map, and soft indirect illumination (indi-
rect illumination from diffuse surfaces)is computedwith nal gathering
[Reichert92, Christensertal. 96] (a single level of distribution ray trac-
ing [Cook 84]) usingthe globalphotonmap.
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In a nal gatherthehemispherabove the pointis sampledoy shootingmary
raysandcomputingtheradianceattheintersectiorpoints. For ef ciency, thehemi-
spherecanbe importancesampledbasedon the incidentdirection of nearby(in-
direct) photonsandthe BRDF of the surface[Jenserd5], or it canbe adaptvely
sampledWard, Shalespear®8], or both. Either way, most nal gatherraysare
shotin thedirectionsthataremostlik ely to contritutemostto theillumination. The
radianceatthepointsthatthe nal gatherrayshit areusuallyestimatedisingthe
globalphotonmap (usingthe samemethodasdescribedunderl. abore), but with
oneexception:If thedistancealongthe nal gatherrayis below agiventhreshold,
anew simpler nal gatheringis done[JenserB6a]. Very few nal gatherraysare
neededn thesesecondarynal gathers— we have found12to besufcient.

Each nal gatheris quite time-consumingsincemary hundredraysare shot,
but fortunatelyrelatively few nal gathersare neededsinceprevious resultscan
be storedandusedfor interpolationandextrapolationof the softindirectillumina-
tion [Ward,Heckbert92].

2 FasterFinal Gathering

Themosttime-consumingpartof renderings the nal gathering,n particularthe
computatiorof irradianceat thelocationswhere nal gatherrayshit. During nal

gathering theirradianceis computedepeatediyat nearlythe sameplaces— with
raysfrom different nal gathershitting neareachother So,if we precomputehe
irradianceat selectedocations,alot of time canbe saved.

2.1 Precomputationof Irradiances

Onecould precomputeheirradiancesat x eddistance®n eachsurface.But that
would adaptpoorly to the large differencedn irradiancevariationfrom placeto
place. Instead,the photonpositionsare an ideal choicefor precomputingrradi-
ancessincethe photonsareinherentlydensen areaswith largeillumination vari-
ation. The computedrradianceandsurfacenormalat the photonpositioncanbe
storedalongwith the otherphotoninformationin the photonmap; this increases
storagewith 5 bytesperphoton(4 bytesfor compressedradiancefWard91] and
1 bytefor encodinghedirectionof thesurfacenormal).Using23 bytesperphoton
insteadof 18is a storageincreaseof lessthan28%.

Estimatingtheirradianceata pointtakestime O(log N ), whereN is thenum-
berof photonsn theglobalphotonmap. PrecomputingrradianceattheN photon
positionghereforaakesO(N logN ). To reducehetime spentontheprecomputa-
tion of irradiancespnecanchooseto only computetheirradianceat somephoton
positions— for example every fourth photon. This reduceshe precomputation
time to one-fourth but doesnot changeherenderingime.



2.2 Final Gathering using Precomputedirradiances

Whentheirradianceat a pointis neededluring nal gatheringthe nearesphoton
with a similar normalis foundin the photonmapandits precomputedrradiance
used.(“Similar” meanghatthe dot productof the normalshasto belargerthana
certainthresholdfor example0.9.)

Finding the nearesiphotonwith a similar normalis only slightly slower, on
averagethan nding thenearesphotonirrespectve of normal.In thetypical case,
in which a at or gently curving surfaceis not immediatelyadjacentto another
surface thenearesphotonwill alwayshave anappropriatenormal. Then,theonly
extraneousomputatioris asingledot productto checkthatthetwo normalsagree.
This only takesa smallfraction of the time thatwasusedto searchthe kd-treeto

nd thatphoton. Closeto edgesthe nearesphotonsometimesappengo be on
thewrongsurface(andhave thewrongnormal).In this casethe rst photonfound
is rejectedandthe searclcontinuesUsually thesecondr third found photonwill

have anacceptablemormal. Theadditionaldot productsandsearchingequiredfor
thisrelatively rarecasedo notin uence overall runningtime signi cantly.

Using the precomputedrradiancefor the nearesphotonmeansthattheirra-
dianceusedfor nal gatheringis approximatedsa piece-wiseconstanfunction.
Formally, the photonpositionsdivide the surfacesin the scenento a Voronoidia-
gramwith a constanirradiancewithin eachcell. This approximatioris acceptable
becausehe differencebetweenthe irradianceat neighboringphotonpositionsis
relatively small(sincemary photonsareusedto computeeachirradiance)andbe-
causewe only useit for nal gatheringabove a certaindistance.

Theprecomputediradianceof thenearesphotonis alsousedf theimportance
of theirradiances sufciently low.

2.3 Discussion

This methodgives a speed-upas long asthereare more nal gatherraysthan
selectedphoton positions. In a typical scene thereare mary more nal gather
raysthanphotons— oftenafactorof 10 or even100. Thereforethetotal number
of irradianceestimatesanbe reducedby the samefactor This translatesnto a
speed-upn the nal gatheringby afactorof 5-7in typical scenesttheexpenseof
aprecomputationthattakesonly afew percenbof thetime savedduringrendering.

Precomputingrradiancescan probablyalso give a speed-ugor renderingof
globalillumination in participatingmedia[JensenChristense®8] if the number
of selectehotonpositionsis smallerthanthe numberof ray marchingsteps.



3 Results

The following testsweredoneon a Sory Vaio laptopwith a single233MHz Pen-
tium processoand32 megabytesof memory

3.1 Cornell Box

As a rst testscenewe useda “Cornell box” with a chromeanda glasssphere.
Emitting 220,000photonsresultedin 400,000photonsstoredin the global pho-
ton mapand 35,000photonsin the causticphotonmap; this photontracingtook
10secondsSortingthe storedphotonsnto two kd-treesalsotook 10 secondsThe
photonsstoredin the globalphotonmaparevisualizedin Figurel(a).

In Figurel(b),irradiancewascomputedat eachimagesamplepointfrom local
irradianceestimateasing50 photons.In Figure1(c), theirradiancewasprecom-
putedatall 400,000globalphotonpositions(alsousing50 photonsyandtheirradi-
anceatthenearesphotonwasused.Precomputingheirradiancetsook58 seconds.
Thereis no visual differencebetweenFigures1(b) and1(c). In Figure 1(d), the
irradiancewasprecomputeét only 100,000photonpositions which took 15 sec-
onds. The differencesdbetweerFiguresl(c) and1(d) canonly be seenuponclose
inspectionandl(d)is fully adequatdor usein nal gathering.

In Figure1(e), theirradiancedrom Figure 1(d) are multiplied by the diffuse
re ection coefcients at eachimagesamplepoint to producea radianceestimate.
Thisis thesceneasthe nal gathering‘sees’it.

Figurel(f) shavssoftindirectilluminationcomputedvith nal gatheringbased
onradiancesstimatessin Figurel(e).

Figurel1(g)is thecompleterendering.lt containsdirectillumination, specular
re ection andrefraction,caustics,and soft indirectillumination. Renderingthis
imageatresolution1024 1024pixelswith upto 16 samplegperpixel took 5 min-
utesand 29 seconds.Out of this time, computingthe soft indirect illumination
took 2 minutesand 45 seconds.Therewere 11,800 nal gatherswith a total of
6.5million nal gatherrays.

For comparisonyenderingthe sameimagewithout precomputinghe irradi-
ancedakesapproximately20 minutes,out of which nal gatheringis responsible
for 16 minutes.Theresultingimageis indistinguishabldrom Figure1(g). In con-
clusion,precomputingheirradianceseforerenderingreduceghe nal gathering
time by a factorof 5.8. The 15 secondsspenton precomputatiorconstituteless
than2% of the 13 minutesand15 secondsavedduring nal gathering.

lllumination effectsto notein this imagearethe very smooth(purelyindirect)
illumination in the ceiling, the bright causticunderthe glasssphereandthethree
dim secondarycausticsalso underthe glasssphere(focusedlight from the red,
white, andblue bright spotson the walls).



Figure 1. Cornellbox with spheres:(a) Global photonmap. (b) Irradianceesti-
matescomputedpreciselyat imagesamplepoints (dimmedfor display). (c) Pre-
computedirradianceestimatesat all 400,000photon positions(dimmedfor dis-
play). (d) Precomputedradianceestimatesat 100,000photonpositions(dimmed
for display). (e) Radianceestimatesasedon (d). (f) Soft indirectillumination
computedvith nal gathering.(g) Completeimagewith directillumination, spec-
ularre ection andrefraction,causticsandsoftindirectillumination.



3.2 Interior Scene

We alsotestedhemethodonamorecomplex sceneaninterior scenawith 1,050,000
polygons.Emittingandtracing193,000photongesultedn 500,000photonsstored
in theglobalphotonmap. (We chosenot to storephotonsin a causticphotonmap
for this scenesincecausticsarean orthogonalssueto the methoddescribedere.)
Photontracing took 39 secondsand sorting the photonstook 12 seconds. The
resultingphotonmapis shovn in Figure2(a).

In Figure2(b), irradianceis computedat eachimagesamplepoint from local
irradianceestimatesising200photons.In Figure2(c), theirradiancevasprecom-
putedat all 500,000photonpositions(taking slightly lessthan6 minutes)andthe
irradianceat the nearesphotonwasused. Thereis no visual differencebetween
theimagesn Figure2(b) andFigure2(c).

In Figure2(d), theirradiancedrom Figure2(c) weremultiplied by the diffuse
re ection coefcient at eachimagesamplepoint. This is the sceneasthe nal
gathering*sees”it.

Figure2(e)is the completerenderingwith directillumination, speculare ec-
tion, andsoftindirectillumination basedon the precomputedrradianceestimates
in Figure 2(c). Renderingthis imageat resolution1024 768 pixels with up to
16 sampleger pixel took 60 minutes,out of which 27 minuteswere spentdoing
nal gathering. Therewere 15,200 nal gathers,with 11.7 million nal gather
rays. Doing the nal gatheringwithout precomputedrradiancegakes 169 min-
utes,sothe nal gatheringtimeis reducedy afactor6.3. The 6 minutesspenton
precomputatiortorrespondso 4.2%of the 142 minutessaved duringrendering.
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