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Abstract
Wepresenta modi�ed photonmappingalgorithmcapableof runningentirelyonGPUs.Our implementationuses
breadth-�rst photontracingto distributephotonsusingtheGPU. Thephotonsare storedin a grid-basedphoton
mapthat is constructeddirectlyonthegraphicshardwareusingoneof twomethods:the�r stmethodis a multipass
techniquethat usesfragmentprogramsto directlysort thephotonsinto a compactgrid. Thesecondmethoduses
a singlerenderingpasscombininga vertex program and the stencilbuffer to routephotonsto their respective
grid cells, producingan approximatephotonmap.We also presentan ef�cient methodfor locating the nearest
photonsin thegrid, which makesit possibleto computean estimateof theradianceat anysurfacelocationin the
scene. Finally, wedescribea breadth-�rst stochasticray tracer that usesthephotonmapto simulatefull global
illuminationdirectlyonthegraphicshardware. Our implementationdemonstratesthatcurrentgraphicshardware
is capableof fully simulatingglobal illuminationwith progressive, interactivefeedback to theuser.

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

Keywords: ProgrammableGraphicsHardware,GlobalIllumination,PhotonMapping

1. Intr oduction

Global illumination is essentialfor realisticimagesynthesis
in generalenvironments.Effectssuchasshadows, caustics,
andindirect illumination areimportantvisualcuesthatadd
to theperceivedrealismof a renderedscene.

Global illumination algorithms have a long history in
computergraphicsfrom earlywork basedon radiosity8 and
Monte Carlo ray tracing12, to morerecentalgorithmssuch
as photonmapping10. Photonmappingis one of the more
widely usedalgorithms,sinceit is verypracticalandcapable
of computinga full global illumination solutionef�ciently .
It is a two-passtechniquein which the �rst passconsists
of tracingphotonsthroughthesceneandrecordingtheir in-
teractionwith the elementsin the scenein a datastructure,
thephotonmap.This photonmapis usedduringthesecond

pass,therenderingpass,to estimatediffuseindirect illumi-
nationaswell ascaustics.The illumination at a givenpoint
is estimatedbasedon statistics,suchas the density, of the
nearestphotonslocatedin thephotonmap.

Global illumination algorithmssuchasphotonmapping
have traditionally relied on sophisticatedsoftware imple-
mentationsandof�ine rendering.Usinggraphicsprocessors
(GPUs)for computingaglobalilluminationsolutionhasnot
previously beenpossibledue to the lack of �oating point
capability, aswell asinsuf�cient programmability. This has
changedwith the most recentgenerationof programmable
graphicshardwaresuchas the ATI Radeon9800Pro1 and
the NVIDIA GeForceFX 5900Ultra19. The programming
modelfor theseGPUsis still somewhatlimited, mainly due
to the lack of randomaccesswrites.This preventsef�cient
constructionof mostdatastructuresandmakesmany com-
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mon algorithmssuchassortingdif�cult to implementef�-
ciently. Nonetheless,several researchershave harnessedthe
computationalpower of programmableGPUs to perform
computationspreviously run in software4; 5; 9; 14; 15; 21. Simi-
larly, we areinterestedin usingGPUsto simulateglobal il-
luminationusingphotonmapping.

Previousresearchon graphicshardwarehasexploredthe
ideaof simulatingglobal illumination.Ma et al.16 proposed
a techniquefor approximatenearestneighborsearchin the
photonmapon a GPUusinga block hashingscheme.Their
schemeis optimizedto reducebandwidthon the hardware,
but it requiresprocessingby theCPUto build thedatastruc-
ture.Carret al.5 andPurcellet al.21 usedtheGPUto speed
up ray tracing,andthey alsosimulatedglobal illumination
usingpath tracing.Unfortunately, path tracing takesa sig-
ni�cant numberof samplerays to converge andeven with
theuseof GPUsit remainsaveryslow algorithm.

The idea of speedingup global illumination to achieve
interactive frame rates has been explored by several re-
searchersin the last few years.Parker et al.20 demonstrated
how ray tracing,andto someextent pathtracing,could be
madeinteractive ona32processorsharedmemorySGIma-
chine.This conceptwaslaterextendedto Linux clustersby
Wald et al.24. Recently, Wald et al.23 alsodemonstratedthat
photonmappingcombinedwith instantradiosity could be
usedto simulateglobal illumination at interactive rateson
a Linux cluster. They achieve interactive speedsby bias-
ing the algorithm and by introducinga numberof limita-
tionssuchasa highly optimizedphotonmapdata-structure,
a hashedgrid. By choosinga �x ed searchradiusapriori,
they setthegrid resolutionsothatall neighborqueriessim-
ply needto examinethe 8 nearestgrid cells.However, this
sacri�cesoneof themajoradvantagesof thek-nearestneigh-
bor searchtechnique,theability to adaptto varyingphoton
densityacrossthe scene.By adaptingthe searchradiusto
the local photondensity, Jensen's photonmapcanmaintain
a user-controllabletradeoff betweennoise(causedby too
small a radiusyielding an insuf�cient numberof photons)
andblur (causedby too largea searchradius)in the recon-
structedestimate.

In thispaperwepresentamodi�ed photonmappingalgo-
rithm that runsentirely on the GPU. We have changedthe
datastructurefor the photonmapto a uniform grid, which
canbeconstructeddirectlyon thehardware.In addition,we
have implementeda variantof Elias's algorithm6 to search
thegrid for thek-nearestneighborsof asamplepoint (kNN-
grid).Thisis doneby incrementallyexpandingthesearchra-
diusandexaminingsetsof grid cellsconcentricallyaboutthe
querypoint.For rendering,wehave implementedastochas-
tic ray tracer, basedon a fragmentprogramray tracerlike
thatintroducedby Purcelletal.21. Weuserecursiveray trac-
ing for specularre�ection and refraction26 and distributed
tracing of shadow rays to resolve soft shadows from area

lights7. Finally, ourraytracerusesthekNN-grid photonmap
to computeeffectssuchasindirectilluminationandcaustics.

Our implementationdemonstratesthat current graphics
hardwareis capableof fully simulatingglobal illumination
with progressiveandeveninteractive feedbackto theuser.

The contribution of this paperis a methodfor obtaining
a completeglobal illumination solutionon the GPU using
photonmaps.To computevariousaspectsof the global il-
luminationsolution,we introducea numberof GPU based
algorithmsfor sorting,routing,andsearching.

2. PhotonMapping on the GPU

The following sectionspresentour implementationof pho-
ton mappingon the GPU.Section2.1 brie�y describesthe
tracingof photonsinto thescene.Section2.2describestwo
differenttechniquesfor building thephotonmapdatastruc-
tureson theGPU.Section2.3 describeshow we computea
radianceestimatefrom thesestructuresusingan incremen-
tal k-nearestneighborsearch.Finally, section2.4brie�y de-
scribeshow we renderthe �nal image.A �o w diagramfor
oursystemis foundin �gure 1.
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Figure1: System�ow for our renderingsystem.Photontrac-
ing andphotonmapconstructiononlyoccurwhengeometry
or lighting changes.Raytracingandradianceestimatesoc-
cur at everyframe.

Most of our algorithmsusefragmentprogramsto simu-
latea SIMD arrayof processors.For every processingpass,
we draw screensizedquadinto a �oating point pbuffer, ef-
fectively running an identical fragmentprogramat every
pixel in the 2D buffer. This setupis commonamongsev-
eralsystemstreatingtheGPUasacomputationengine4; 5; 21.
Whencomputingtheradianceestimate,however, wetile the
screenwith largepoints,enablingusto terminatecertaintiles
soonerthanothertiles. The bene�ts of tiling areexamined
furtherin section3.

2.1. PhotonTracing

Beforea photonmapcanbebuilt, photonsmustbeemitted
into the scene.The processof tracingeye raysandtracing
photonsfrom a light sourceis verysimilar. Themostimpor-
tant differenceis that at eachsurfaceinteraction,a photon
is storedand anotheris emitted.Much like tracing re�ec-
tion rays, this takes several renderingpassesto propagate
the photonsthroughseveral bounces.Eachbounceof pho-
tons is renderedinto a non-overlappingportion, or frame,
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of a photontexture, while the resultsof the previous pass
areaccessedby readingfrom the previous frame.The ini-
tial frameis simply thepositionsof thephotonson thelight
source,andtheir initial randomdirections.Thedirectionfor
eachphotonbounceis computedfrom a texture of random
numbers.

Not all photonsgeneratedare valid; somemay bounce
into space.CurrentGPUsdo not allow usto selectively ter-
minateprocessingon a given fragment.We are, however,
ableto markthemasinvalid.

2.2. Constructing the PhotonMap Data Structur e

Theoriginalphotonmapalgorithmusesabalancedk-d tree3

for locatingthenearestphotons.While this structuremakes
it possibleto quickly locatethenearestphotonsatany point,
it requiresrandomaccesswrites to constructef�ciently . In-
steadwe usea uniform grid for storingthephotons,andin
thissectionwepresenttwo differenttechniquesfor building
this grid which involvesplacing the photonsinto the right
grid cells.The �rst methodsortsphotonsby grid cell using
bitonic merge sort.This createsan arrayof photonindices
whereall photonsin a grid cell arelistedconsecutively. Bi-
nary searchis thenusedto build an arrayof indicesto the
�rst photonin eachcell (see�gure 4 for anexampleof the
resultingdatastructure).To reducethe large numberof of
passesthis algorithmrequires,we proposea secondmethod
for constructinganapproximatephotonmapusingthesten-
cil buffer. In this method,we limit themaximumnumberof
photonsstoredpergrid cell, makingit possibleto routethe
photonsinto theirdestinationgrid cellsin asinglepassusing
avertex programandthestencilbuffer.

2.2.1. Fragment Program Method - Bitonic MergeSort

Oneway to index thephotonsby grid cell is to sortthemby
cell andthen�nd the index of the �rst photonin eachcell
usingbinarysearch.

Many commonsorting algorithmsrequirethe ability to
write to arbitrarylocations,makingthemunsuitablefor im-
plementationon currentGPUs.We can,however, usea de-
terministicsortingalgorithmfor which outputrouting from
onestepto anotheris known in advance.Bitonic mergesort2

hasbeenusedfor sortingontheImaginestreamprocessor13,
andmeetsthisconstrainedoutputroutingrequirementof the
GPU.

Bitonic mergesort is a parallelsortingalgorithmthatal-
lowsanarrayof n processorsto sortn elementsin O(log2 n)
steps.Eachstepperformsn comparisonsandswaps.Theal-
gorithmcanbedirectly implementedasafragmentprogram,
with eachstageof thesortperformedasonerenderingpass
over ann pixel buffer. Bitonic sort is illustratedgraphically
in �gure 2 and the Cg17 codewe usedto implementit is
foundin �gure 3. Theresultof thesortis a textureof photon
indices,orderedby grid cell.
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Figure 2: Stagesin a bitonicsort of eightelements.Theun-
sortedinput sequenceis shownin the left column.For each
renderingpass,elementcomparisonsare indicatedby the
arrows,with itemsswappingto low and high in the arrow
direction.The�nal sortedsequenceis achievedin O(log2n)
passes.

fragout_�oat BitonicSort( vf30 In, uniform samplerRECT sortedplist,
uniform �oat offset, uniform �oat pbu�nf o,
uniform �oat stage, uniform �oat stepno )

{
fragout_�oat dst;
�oat2 elem2d = �oor(In.WPOS .xy);
�oat elem1d = elem2d.y*pbu�nf o.x + elem2d.x;
half csign = (fmod(elem1d, stage) < offset) ? 1 : -1;
half cdir = (fmod(�oor(elem1d/stepno), 2) == 0) ? 1 : -1;
�oat4 val0 = f4texRECT( sortedplist, elem2d );
�oat adr1d = csign*offset + elem1d;
�oat2 adr2d = convert1dto2d(adr1d, pbu�nf o.x);
�oat4 val1 = f4texRECT( sortedplist, adr2d );
�oat4 cmin = (val0.y < val1.y) ? val0 : val1;
�oat4 cmax = (val0.y > val1.y) ? val0 : val1;
dst.col = (csign == cdir) ? cmin : cmax;
return dst;

}

Figure 3: Cg codefor thebitonic merge sort fragmentpro-
gram. Thefunctionconvert1dto2d maps1D array addresses
into 2D textureaddresses.

Oncethe photonsare sorted,binary searchcanbe used
to locatethecontiguousblockof photonsoccupying agiven
grid cell.Wecomputeanarrayof theindicesof the�rst pho-
ton in every cell. If no photonis found for a cell, the �rst
photonin thenext grid cell is located.Thesimplefragment
programimplementationof binarysearchrequiresO(logn)
photonlookups.Becausethereis noneedto outputinterme-
diateresults,all of thephotonlookupscanbeunrolledinto a
singlerenderingpass.An exampleof the�nal setof textures
usedfor agrid-basedphotonmapis foundin �gure 4.

Sortingandindexing is aneffective way to build a com-
pact,grid-basedphotonmap.Unfortunately, thesortingstep
canbe quite expensive. Sortingjust over a million photons
(1024� 1024)would require210renderingpasses,eachap-
plied to thefull 1024� 1024buffer.
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Figure 4: Resultanttextures for a grid-basedphotonmap
generatedby bitonic sort.Theuniformgrid texture contains
theindex of the�r st photonin that grid cell. Thephotonlist
texturecontainsthelist of photonindices,sortedbygrid cell.
Each photonin thephotonlist pointsto its position,power,
andincomingdirectionin thesetof photondatatextures.

2.2.2. Vertex Program Method - StencilRouting

Thelimiting factorof bitonicmergesortis theO(log2 n) ren-
deringpassesrequiredto sort the emittedphotons.To sup-
portglobalilluminationat interactive rates,wewouldprefer
to avoid introducingthe latency of several hundredrender-
ing passeswhengeneratingthephotonmap.To addressthis
problem,we have developedanalternatealgorithmfor con-
structingagrid-basedphotonmapthatrunsin asinglepass.

We note that vertex programsprovide a mechanismfor
drawing aglPoint to anarbitrarylocationin abuffer. Theabil-
ity to write to a computeddestinationaddressis known as
a scatteroperation.If the exact destinationaddressfor ev-
ery photoncouldbeknown in advance,thenwe couldroute
themall into thebuffer in asinglepassby drawing eachpho-
tonasapoint.Essentially, drawing pointsallowsusto solve
aone-to-oneroutingproblemin asinglerenderingpass.

This methodof organizing photonsinto grid cells is a
many-to-oneroutingproblem,astheremaybemultiplepho-
tonsto storein eachcell. However, if we limit themaximum
numberof photonsthatwill bestoredpercell, we canpre-
allocatethe storagefor eachcell. By knowing this “texture
footprint” of eachcell in advance,we reducetheproblemto
avariantof one-to-onerouting.

The idea is to draw eachphotonas a large glPoint over
theentirefootprintof its destinationcell, andusethestencil
buffer to routephotonsto a uniquedestinationwithin that
footprint.Speci�cally, eachgrid cell coversanm� msquare
setof pixelssoeachgrid cell cancontainatmostm� mpho-
tons.We draw photonswith glPointSize setto m which when
transformedby thevertex programwill causethephotonto
cover every possiblephotonlocationin thegrid cell. We set
thestencilbuffer to controlthelocationeachphotonrenders
to within eachgrid cell by allowing at mostone fragment
of them� m fragmentsto passfor eachdrawn photon.The
stencil buffer is initialized suchthat eachgrid cell region
containstheincreasingpatternfrom 0 to m2 � 1. Thestencil
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Figure 5: Building thephotonmapwith stencilrouting. For
this example, grid cells can hold up to four photons,and
photonsare rendered as 2 � 2 points. Photonsare trans-
formedby a vertex program to the proper grid cell. In (a),
a photonis rendered to a grid cell, but becausethere is no
stencilmaskingthefragmentwrite, it is storedin all entries
in thegrid cell. In (b) and(c), thestencilbuffer controls the
destinationwritten to byeach photon.

testis setto write on equalto m2 � 1, andto alwaysincre-
ment.Eachtime a photonis drawn, thestencilbuffer allows
only one fragmentto passthrough,the region of the sten-
cil buffer covering the grid cell all increment,andthe next
photonwill draw to a differentregion of thegrid cell. This
allows ef�cient routingof up to the�rst m2 photonsto each
grid cell. Thisprocessis illustratedin �gure 5.

We generallyusea 1024� 1024stencilbuffer with m set
to 16, leaving approximately403 grid cells. In regions of
high photondensity, many morephotonsthancanbestored
will map to a single grid cell. To reducethe artifacts of
this method,we redistribute the power of the surpluspho-
tons acrossthosethat are stored.Note that the the stencil
buffer maintainsacountof how many photonsweredestined
for eachgrid cell, and we assumethat all our storedpho-
tonshave roughly thesamepower. Hence,we canscalethe
power of the storedphotonsby the ratio betweenthe num-
ber of photonsdestinedfor a cell andthe numberactually
stored.This redistributionof power is anapproximation,but
thepotentialperformancebene�tsof thefastroutingmethod
canbeworthwhile.Theideaof redistributingpowerof some
photonsto limit the local densityof photonsstoredis dis-
cussedmoregenerallyin SuykensandWillems22.

By storing a �x ed numberof photonsper cell instead
of a variable length list, we can usea vertex programto
routephotonsto grid cells in a singlerenderingpass.There
are two main drawbacksto this method.First, the photons
mustbe readfrom the photontexture anddrawn aspoints,
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whichcurrentlyrequiresacostlyreadback.Second,thepre-
allocationof storagefor eachgrid cell limits the method's
�e xibility and space-ef�ciency. Redistribution of power is
neededto representcellscontainingmorethanm2 photons,
andspaceis wastedfor cellswith fewer photons(including
emptycells).

2.3. The RadianceEstimate

To estimateradianceat a givensurfacelocationwe needto
locatethenearestphotonsaroundthis location.For thispur-
posewehavedevelopedakNN-grid method,whichis avari-
antof Elias'salgorithmfor �nding thek-nearestneighborsto
asamplepoint in auniformgrid6. First,thegrid cell contain-
ing thequerypoint is explored,andall of its photonsareex-
amined.As eachphotonis examined,it will eitherbeadded
to therunningradianceestimate,or rejected.A photonis al-
waysrejectedif it is outsidea prede�nedmaximumsearch
radius.Otherwise,rejectionis basedon the currentstateof
thesearch.If thenumberof photonscontributing to therun-
ningradianceestimateis lessthanthenumberrequested,the
power of the new photonis addedto the runningestimate
andthesearchradiusis expandedto includethatphoton.If
a suf�cient numberof photonshave alreadybeenaccumu-
lated,the searchradiusno longerexpands.Photonswithin
thecurrentsearchradiuswill still beaddedto theestimate,
but thoseoutsidewill berejected.

Grid cells areexploredin concentricsetscenteredabout
the querypoint. The photonsearchcontinuesuntil eithera
suf�cient numberof photonshave beenaccumulated,or a
prede�nedmaximumsearchradiusis reached.Figure6 il-
lustratesthekNN-grid algorithm.

ThekNN-grid always�nds asetof nearestneighborpho-
tons– thatis, all thephotonswithin a spherecenteredabout
thequerypoint. It will �nd at leastk nearestphotons(or as
many ascanbe found within the maximumsearchradius).
This meansthat theradiusover which photonsareaccumu-
latedwill beatleastaslargeasin Jensen'simplementation11,
which usesa priority queueto select only the k-nearest
neighbors.Accumulatingphotonsover a largerradiuscould
potentially introducemoreblur into our reconstructedesti-
mates.In practice,however, imagequality doesnot seemto
suffer from this.

2.4. Rendering

To generatean imagewe usea stochasticray tracerwritten
usinga fragmentprogram.Theoutputof theray traceris is
a texture with all the hit points,normals,and colors for a
givenraydepth.This textureis usedasinput to severaladdi-
tional fragmentprograms.Oneprogramcomputesthedirect
illumination usingoneor moreshadow raysto estimatethe
visibility of the light sources.Anotherprograminvokesthe
ray tracerto computere�ectionsandrefractions.Finally, we
usethe fragmentprogramdescribedin theprevioussection

to computethe radianceestimatesfor all thehits generated
by the ray tracer. We displaythe runningradianceestimate
maintainedby the kNN-grid algorithm,providing progres-
sive feedbackabouttheglobalilluminationof thescene.

3. Results

All of our resultsaregeneratedusinga GeForceFX 5900
Ultra and a 3.0 GHz Pentium4 CPU with Hyper Thread-
ing and2.0GB RAM. TheoperatingsystemwasMicrosoft
WindowsXP, with version43.51of theNVIDIA drivers.All
of our kernelsare written in Cg17 and compiledwith cgc
version1.1to native fp30assembly.

3.1. RenderedTestScenes

In order to simplify the evaluationof the photonmapping
algorithm we usedsceneswith no accelerationstructures.
For eachscene,we write a ray-sceneintersectionin Cg that
calls ray-quadricandray-polygonintersectionfunctionsfor
eachof thecomponentprimitives.For thesesimplescenes,
themajorityof oursystem'stimeisspentbuilding thephoton
map,andcomputingradianceestimates.Very little time is
spenton ray intersection.Purcellet al.21 discussray tracing
of morecomplex scenesusingaccelerationstructureson the

( a) ( b) ( c) ( d)

( e) ( f ) ( g) ( h)

Figure 6: Computingthe radianceestimatewith the kNN-
grid. For this example, four photonsare desired in the ra-
dianceestimate. Theinitial samplepoint and themaximum
search radiusare shownin (a). The�r st grid cell searched
(shadedin (b) and(c) contributestwo photonsandexpands
thesearch radius.Thenext cell searched(d) hasonephoton
addedto theradianceestimate, andtheotherrejectedsince
it is outsidetheprede�nedmaximumsearch radius.Thepho-
ton outsidethe search radiusin (e) is rejectedbecausethe
runningradianceestimatehastherequestednumberof pho-
tons,causingthesearch radiusto stopexpanding. Thecell in
(f) contributesonephotonto theestimate. Noneof theother
cellssearchedin (g) havephotonsthat contributeto thera-
dianceestimate. The �nal photonsand search radiusused
for theradianceestimateareshownin (h).
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(a)Bitonic Sort (b) StencilRouting (c) SoftwareReference

Figure7: Testscenerenderings.Both(a) and(b) were renderedon theGPUusingbitonicsortandstencilroutingrespectively.
Software renderingsareshownin (c) for reference.

Bitonic Sort StencilRouting

Scene Trace Build Trace Radiance Trace Build Trace Radiance
Name Photons Map Rays Estimate Photons Map Rays Estimate

GLASS BALL 1.2s 0.8s 0.5s 14.9s 1.2s 1.8s 0.5s 7.8s
RING 1.3s 0.8s 0.4s 6.5s 1.3s 1.8s 0.4s 4.6s
CORNELL BOX 2.1s 1.4s 8.4s 52.4s 2.1s 1.7s 8.4s 35.0s

Table 1: GPU rendertimesin secondsfor thescenesshownin �gur e 7, brokendownby typeof computation.Raytracingtime
includesshootingeyeraysandshadowrays.

GPU.We will examinetheperformanceimpactof complex
sceneslaterin section4.

We have renderedseveral testsceneson the GPU using
our photonmappingimplementation.Figure7 shows three
setsof imagesof our testscenes.The�rst columnshowsthe
imagesproducedby the GPU whenusingthe kNN-grid on
a photonmapgeneratedby bitonic sort.The secondshows

theresultsof usingstencilroutingandpower redistribution
whenrenderingthescenes.The third columnshows a soft-
warerenderedreferenceimage.

All of our testscenesarerenderedwith a singleeye ray
per pixel. The GLASS BALL and CORNELL BOX scenes
have arealights which are randomly sampledby the ray
tracerwhencomputingshadows. The GLASS BALL scene
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samplesthelight sourcefour timesperpixel, andtheCOR-
NELL BOX scenesamplesthelight source32timesperpixel.
The RING sceneusesa point light sourceandonly shoots
oneshadow rayperpixel.

The GLASS BALL scenewasrenderedat 512� 384pix-
elsusinga 250� 1� 250grid with 5,000photonsstoredin
thephotonmapand32photonsweresoughtfor theradiance
estimate.The RING scenewasrenderedat 512� 384 pix-
elsusinga250� 1� 250grid with 16,000photonsstoredin
thephotonmapand64photonsweresoughtfor theradiance
estimate.Finally, theCORNELL BOX scenewasrenderedat
512� 512pixelsusinga25� 25� 50grid with 65,000pho-
tonsstoredand500soughtfor theradianceestimate.

Therenderingtimesfor our testscenesvary between8.1
secondsfor the RING sceneand64.3secondsfor the COR-
NELL BOX scene.Table1 summarizesthe renderingtimes
for theimages,brokendown by computationtype.

Themajorityof ourrendertimeisspentperformingthera-
dianceestimate.Thetime listed in table1 is for every pixel
to �nish computation.However, for our examplesceneswe
�nd thatthesystemreachesvisualconvergence(thatis, pro-
ducesimagesindistinguishablefrom the�nal output)aftera
muchshortertime.In theGLASS BALL scene,aphotonmap
built with bitonic sortwill visually converge in 4 seconds–
nearly four timesas fastas the time listed for full conver-
gencewould suggest.This happensfor two reasons:First,
dark areasof the scenerequiremany passesto explore all
thegrid cellsoutto themaximumsearchradius,but few pho-
tonsarefound so the radianceestimatechangeslittle. Sec-
ond,bright regionshave lots of photonsto searchthrough,
but oftensaturateto maximumintensityfairly early. Oncea
pixel is saturated,furtherphotonsfounddonotcontributeto
its �nal color. Notethatthesedisparitiesbetweenvisualand
totalconvergencearenotmanifestedwhenthephotonmapis
built usingstencilrouting.Underthatmethod,thegrid cells
containa moreuniform distribution of photons,andsatura-
tion correspondsto convergence.

3.2. Kernel Instruction Use

A breakdown of how thekernelsspendtime is importantfor
isolatingandeliminatingbottlenecks.Theinstructionbreak-
down tellsuswhetherwearelimited by computationor tex-
ture resources,and how much performanceis lost due to
architecturalrestrictions.Table2 shows the lengthof each
compiledkernel.Theseinstructioncostsarefor performing
oneiterationof eachcomputation(e.g.asinglestepof binary
searchor a singlephotonlookupfor theradianceestimate).
Thetablefurtherenumeratesthenumberof instructionsded-
icatedto texture lookups,addressarithmetic,and packing
andunpackingof datainto asingleoutput.

We seeat least20 arithmeticoperationsfor every texture
access.It maybesurprisingto notethatour kernelsarelim-
ited by computationratherthanmemorybandwidth.Gener-

Kernel Inst TEX Addr Pack

Bitonic Sort 52 2 13 0
BinarySearch 18 1 13 0
Rad.Estimate 202 6 47 41

StencilRouting 42 0 25 0
Rad.Estimate 193 5 20 41

Table 2: Instructionusewithin each kernel.Inst is thetotal
numberof instructionsgeneratedbytheCgcompilerfor one
iteration with no loop unrolling. Also shownare the num-
ber of texture fetches(TEX),addressarithmeticinstructions
(Addr),andbit packing instructions(Pack).

ally, wewouldexpectsortingandsearchingtobebandwidth-
limited operations.Thereare several factorsthat lead our
kernelsto requiresomany arithmeticoperations:

� Limits onthesizeof 1D texturesrequirelargearraysto be
storedas2D textures.A largefractionof our instructions
arespentconverting 1D arrayaddressesinto 2D texture
coordinates.

� Thelackof integerarithmeticoperationsmeansthatmany
potentiallysimplecalculationsmustbeimplementedwith
extra instructionsfor truncation.

� The output from an fp30 fragmentprogramis limited
to 128 bits. This meansthat many instructionsarespent
packingandunpackingthe multiple outputsof the radi-
anceestimatein orderto representthecomponentsin the
availablespace.

Ourkernelanalysisrevealsthechallengesof mappingtra-
ditionalalgorithmsontoGPUs.In caseslikesorting,thelim-
ited functionality of the GPU forcesus to usealgorithms
asymptoticallymoreexpensive thanthosewe would useon
processorspermittingmoregeneralmemoryaccess.In other
cases,the limitations of the GPU force us to expendcom-
putationonoverhead,reducingtheeffective computepower
available.In section4, we discussseveralpossiblearchitec-
tural changesthat would improve the performanceof algo-
rithmslikephotonmapping.

It shouldbenotedthathandcodingcanstill produceker-
nelsmuchsmallerthanthosegeneratedby theCg compiler.
For example,we have handcodeda bitonic sortkernelthat
usesonly 19 instructionsinsteadof the52 producedby Cg.
However, we determinedthat the bene�ts of usingCg dur-
ing developmentoutweighedthe tighter codethat could be
achievedby handcoding.As theCgoptimizerimproves,we
anticipateasubstantialreductionin thenumberof operations
requiredfor many of ourkernels.
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(a)0.5s (b) 1.0s (c) 2.0s

Figure8: A detailedimageof theGLASS BALL causticover
time. Reasonablyhigh quality estimatesare availablemuch
soonerthana fully convergedsolution.

3.3. SIMD Overhead

Our radianceestimatekernel is run by tiling the screen
with large points insteadof with a single quad.Using the
NV_OCCLUSION_QUERY extension,weareableto stopdraw-
ing a tile onceall its pixels have �nished. By terminating
sometiles early, we areableto reducetheamountof SIMD
overheadin our radianceestimatekernel.

This early terminationof tiles substantiallyreducedthe
time requiredfor our scenesto converge. We found tiling
the screenwith 16� 16 points resultedin the largest im-
provementsin convergencetime.TheCORNELL BOX scene
saw the leastimprovement,with the time for the radiance
estimateto fully converge dropping from 104 secondsto
52.4seconds.Full convergenceof the GLASS BALL scene
wasmoredramaticallyaffected,droppingfrom 102seconds
down to 14.9 seconds.Theseresultsare expectedas the
CORNELL BOX scenehasa fairly uniform photondistribu-
tion but theGLASS BALL scenehashighvariancein photon
density. Ideasfor a moregeneralway to reduceSIMD over-
headvia a�ne-grained“computationmask”arediscussedin
section4.

3.4. Interacti veFeedback

Oneadvantageof the incrementalradianceestimateis that
intermediateresultscanbedrawn directly to thescreen.The
imagesin �gure 7 requiredseveral secondsto fully con-
verge.However, initial estimatesof the global illumination
areavailablevery rapidly. Figure8 shows variousstagesin
theconvergenceof theradianceestimatefor thefull resolu-
tion GLASS BALL scene.

For smallerimagewindows, our systemcanprovide in-
teractive feedback.When renderinga 160� 160 window,
we can interactively manipulatethe camera,scenegeome-
try, andlight source.Onceinteractionstops,thephotonmap
is rebuilt andtheglobal illumination convergesin only one
or two seconds.

4. Discussionand Futur eWork

In this sectionwe discussthe limitationsof thecurrentsys-
temandareasfor futurework.

4.1. Fragment Program Instruction Set

The overheadof addressconversion, simulating integer
arithmetic,andpackingis a dominantcost in many of our
kernels.Addressingoverheadaccountsfor nearly 60% of
the costof the stencil routing,andover 72% of the costof
the binary search.Similarly, the radiance-estimatekernels
currentlyspenda third to a half of their time on overhead.
Nativesupportfor integerarithmeticandaddressingof large
1D arraysneednotsubstantiallycomplicateGPUdesign,but
would dramaticallyreducetheamountof overheadcompu-
tation neededin thesekernels.Providing multiple outputs
would remove the needfor aggressive packingof valuesin
theradianceestimatesaswell. Evenwith theoverheadelim-
inatedfrom theradianceestimatekernels,they still execute
severalarithmeticinstructionsandwould continueto bene-
�t from increased�oating point performancewithout being
limited by memorybandwidth.

4.2. Memory Bottlenecks

Texture readbackand copy can imposesigni�cant perfor-
mancepenalties.Wehaveshown timingsfor renderingswith
tensof thousandsof photons.The stencil routing is partic-
ularly subjectto readbackperformancesincewe currently
mustreadbackthetextureof photonsin orderto usethemas
input to thevertex processor. With a low numberof photons,
texture readbackconsumesabout10% of the photonmap
constructiontime. However, as the numberof photonsin-
creases,thefractionof timededicatedto photonreadbackin-
creasesto 60%andmoreof thetotalmapconstructiontime.
TheDirectX 9 API18 supportsdisplacementmapping,effec-
tively permittingtexturedatato controlpoint locations.We
anticipatethatsimilar functionalitywill appearasanexten-
sion to OpenGL,which would eliminatethe needfor read-
backin ourstencilsort.

4.3. Parallel Computation Model

We mentionedin section3 thatwe gaineda signi�cant per-
formanceincreasewhencomputingtheradianceestimateby
tiling the screenwith large points insteadof a full screen
quad.Unfortunately, tiling is only practicalwhenrelatively
few tiles areusedandwhenpixels with long computations
are clusteredso that they do not overlap too many tiles.
Onenaturalsolutionto reducingtheSIMD overheadfor pix-
els with varying workloadsis what we call a “computation
mask”.Similar to theearly fragmentkill discussedby Pur-
cell et al.21, a usercontrollablemaskcould be set for each
pixel in an image.The maskwould indicatepixels where
work hascompleted,allowing subsequentfragmentsat that
locationto be discardedimmediately. We showed a perfor-
mancegainfrom two to tenusingacoarsetiling, andobserve
thatacomputationmaskwith singlepixel granularitywould
beevenmoreef�cient.
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4.4. Uniform Grid Scalability

One issueassociatedwith renderingmorecomplex scenes
is that the resolutionof the grid usedfor the photonmap
needsto increaseif we want to resolve illumination details.
At somepointahighdensityuniformgrid becomestoolarge
to storeor addressontheGPU,andemptycellsendupdom-
inating the memoryusage.One �x is to simply store the
photonsin a hashtable basedon their grid cell address23.
High densitygridsnolongerhaveemptycell overheador ad-
dressabilityissues.Handlinghashtablecollisionswouldadd
someoverheadto the radianceestimate,however, as pho-
tonsin thehashbucket not associatedwith thecurrentgrid
cell mustbe examinedandignored.An additionalproblem
for our stencilroutingapproachis thatpower redistribution
becomesnon-trivial.

4.5. Indir ectLighting and AdaptiveSampling

Our current implementationdirectly visualizesthe photon
mapfor indirectlighting andcaustics.While thisworkswell
for caustics,theindirectlighting canlook splotchy whenfew
photonsareused.A largenumberof photonsareneededto
obtaina smoothradianceestimatewhenthe photonmapis
visualizeddirectly. Instead,it is often desirableto usedis-
tributed ray tracing to sampleincident lighting at the �rst
diffusehit point,andusethephotonmapto provide fastes-
timatesof illumination only for thesecondaryrays.This �-
nalgatherapproachis moreexpensive,althoughthecostfor
tracingindirect rayscanoften be reducedusingtechniques
like irradiancegradients25 or adaptivesampling.

We have consideredanadaptive samplingalgorithmthat
initially computesa low resolutionimageand then builds
successively higher resolution imagesby interpolating in
low varianceareasandtracingadditionalraysin high vari-
anceareas.Our initial studieshave shown that this canre-
ducethe total numberof samplesthatneedto becomputed
by a factorof 10.However, sucha schemecannotbeimple-
mentedeffectively without supportfor a �ne-grainedcom-
putationmasklike thatdescribedin section4.3.

5. Conclusions

We have demonstratedmethodsto constructa grid-based
photonmap, and how to perform a searchfor at least k-
nearestneighborsusing the grid, entirely on the GPU. All
of our algorithmsare computebound,meaningthat pho-
ton mappingperformancewill continueto improve asnext-
generationGPUsincreasetheir �oating point performance.
Wehavealsoproposedseveralre�nementsfor extendingfu-
turegraphicshardwareto supportthesealgorithmsmoreef-
�ciently .

We hopethatby demonstratingthefeasibility of a global
illumination algorithm running completely in hardware,
GPUswill evolve to moreeasilyenableandsupportthese
typesof algorithms.
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