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Abstract

e presenta modi ed photonmappingalgorithm capableof runningentirely on GPUs.Our implementationuses
breadth- rst photontracingto distribute photonsusingthe GPU. Thephotonsare storedin a grid-basedphoton
mapthatis constructedlirectlyonthegraphicshardware usingoneof two methodsthe r stmethods a multipass
techniquethat usesfragmentprogramsto directly sort the photonsinto a compactgrid. Thesecondmethoduses
a singlerenderingpasscombininga vertex program and the stencil buffer to route photonsto their respective
grid cells, producingan approximatephotonmap. We also presentan efcient methodfor locating the neasest
photonsin thegrid, which malesit possibleto computean estimateof theradianceat any surfacelocationin the
sceneFinally, we describea breadth- rst stochasticray tracer that usesthe photonmapto simulatefull global
illumination directlyonthegraphicshardware. Our implementatiomlemonstatesthat currentgraphicshardware

is capableof fully simulatingglobalillumination with progressiveinteractivefeedbak to theuser

Catggories and SubjectDescriptors(accordingto ACM CCS) 1.3.7 [Computer Graphics]: Three-Dimensional

GraphicsandRealism

Keywords: Programmabl&raphicsHardware,Global lllumination, PhotonMapping

1. Intr oduction

Globalillumination is essentiafor realisticimagesynthesis
in generalervironments Effectssuchasshadaevs, caustics,
andindirectillumination areimportantvisual cuesthatadd
to the percevedrealismof arenderedscene.

Global illumination algorithms have a long history in
computergraphicsfrom earlywork basedon radiosity? and
Monte Carlo ray tracing?, to more recentalgorithmssuch
as photonmapping®. Photonmappingis one of the more
widely usedalgorithms sinceit is very practicalandcapable
of computinga full globalillumination solutionef ciently.
It is a two-passtechniquein which the rst passconsists
of tracingphotonsthroughthe sceneandrecordingtheir in-
teractionwith the elementsn the scenein a datastructure,
the photonmap. This photonmapis usedduringthe second
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passtherenderingpassto estimatediffuseindirectillumi-
nationaswell ascausticsTheillumination at a given point
is estimatecbasedon statistics,suchasthe density of the
nearesphotondocatedin the photonmap.

Global illumination algorithmssuchas photonmapping
have traditionally relied on sophisticatedsoftware imple-
mentationsandof ine renderingUsinggraphicsprocessors
(GPUs)for computinga globalillumination solutionhasnot
previously beenpossibledue to the lack of oating point
capability aswell asinsufcient programmability This has
changedwith the mostrecentgeneratiorof programmable
graphicshardware suchasthe ATI Radeon9800 Prot and
the NVIDIA GeForce FX 5900 Ultral®. The programming
modelfor theseGPUsis still somavhatlimited, mainly due
to the lack of randomaccesswrites. This preventsef cient
constructionof mostdatastructuresand makesmary com-
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mon algorithmssuchas sorting dif cult to implementef -

ciently. Nonethelessseveralresearcherbave harnessethe
computationalpower of programmableGPUsto perform
computationgreviously run in softwaret 5 9141521 Simi-
larly, we areinterestedn usingGPUsto simulateglobalil-
luminationusingphotonmapping.

Previous researchon graphicshardware hasexploredthe
ideaof simulatingglobalillumination. Ma et al.1é proposed
a techniquefor approximatenearesneighborsearchin the
photonmapon a GPU usinga block hashingschemeTheir
schemes optimizedto reducebandwidthon the hardware,
but it requiresprocessindy the CPUto build thedatastruc-
ture.Carretal.® andPurcellet al.2! usedthe GPUto speed
up ray tracing,andthey alsosimulatedglobal illumination
using pathtracing. Unfortunately pathtracing takes a sig-
ni cant numberof sampleraysto converge and even with
the useof GPUsit remainsavery slow algorithm.

The idea of speedingup global illumination to achieve
interactve frame rates has been explored by several re-
searcherin thelastfew years.Parker et al.2 demonstrated
how ray tracing,andto someextent pathtracing, could be
madeinteractie on a 32 processosharednemorySGI ma-
chine.This conceptwaslater extendedto Linux clustersby
Wald et al 2. Recently Wald et al.2® alsodemonstratethat
photonmappingcombinedwith instantradiosity could be
usedto simulateglobal illumination at interactize rateson
a Linux cluster They achieve interactve speedsby bias-
ing the algorithm and by introducinga numberof limita-
tionssuchasa highly optimizedphotonmapdata-structure,
a hashedgrid. By choosinga x ed searchradiusapriori,
they setthe grid resolutionsothatall neighborqueriessim-
ply needto examinethe 8 nearesgrid cells. However, this
sacri cesoneof themajoradantage®f thek-nearesheigh-
bor searchtechniquethe ability to adaptto varying photon
densityacrossthe scene.By adaptingthe searchradiusto
thelocal photondensity Jensers photonmapcanmaintain
a usercontrollabletrade off betweennoise (causedby too
small a radiusyielding an insufcient numberof photons)
andblur (causedby too large a searchradius)in therecon-
structedestimate.

In this papemwe presenaamodi ed photonmappingalgo-
rithm that runs entirely on the GPU. We have changedhe
datastructurefor the photonmapto a uniform grid, which
canbeconstructedlirectly onthe hardware.In addition,we
have implementeda variantof Elias's algorithn? to search
thegrid for thek-nearesheighborsof asamplepoint (KNN-
grid). Thisis doneby incrementallyexpandingthesearchra-
diusandexaminingsetsof grid cellsconcentricallyaboutthe
guerypoint. For renderingwe have implementeda stochas-
tic ray tracer basedon a fragmentprogramray tracerlike
thatintroducedby Purcelletal 21, We userecursve ray trac-
ing for specularre ection and refractior?® and distributed
tracing of shadav raysto resole soft shadavs from area

lights’. Finally, ourraytraceruseshekNN-grid photonmap
to computeeffectssuchasindirectilluminationandcaustics.

Our implementationdemonstrateshat currentgraphics
hardwareis capableof fully simulatingglobalillumination
with progressie andeveninteractve feedbacko theuser

The contrikution of this paperis a methodfor obtaining
a completeglobal illumination solution on the GPU using
photonmaps.To computevariousaspectf the global il-
lumination solution, we introducea numberof GPU based
algorithmsfor sorting,routing,andsearching.

2. Photon Mapping on the GPU

The following sectionspresentour implementatiorof pho-
ton mappingon the GPU. Section2.1 brie y describeghe
tracingof photonsinto the scene Section2.2 describegwo

differenttechniquedor building the photonmapdatastruc-
tureson the GPU. Section2.3 describeiow we computea

radianceestimatefrom thesestructuresusinganincremen-
tal k-nearesheighborsearchFinally, section2.4brie y de-
scribeshow we renderthe nal image.A ow diagramfor

our systemis foundin gure 1.
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Figure1: Systemow for our renderingsystemPhotontrac-
ing andphotonmapconstructiononly occurwhengeometry
or lighting changes.Raytracingandradianceestimate®c-
cur at everyframe

Most of our algorithmsusefragmentprogramsto simu-
late a SIMD arrayof processors-or every processingass,
we draw screersizedquadinto a oating point pbuffer, ef-
fectively running an identical fragmentprogramat every
pixel in the 2D buffer. This setupis commonamongsev-
eralsystemgreatingthe GPUasacomputatiorenging: 521,
Whencomputingtheradianceestimatehowever, wetile the
screermwith largepoints,enablingusto terminatecertaintiles
soonerthanothertiles. The bene ts of tiling areexamined
furtherin section3.

2.1. Photon Tracing

Beforea photonmapcanbe built, photonsmustbe emitted
into the scene The processf tracingeye raysandtracing
photonsrom alight sources very similar. Themostimpor-
tant differenceis that at eachsurfaceinteraction,a photon
is storedand anotheris emitted.Much like tracing re ec-
tion rays, this takes several renderingpassego propagte
the photonsthroughseveral bouncesEachbounceof pho-
tonsis renderedinto a non-overlappingportion, or frame
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of a photontexture, while the resultsof the previous pass
are accessedby readingfrom the previous frame. The ini-
tial frameis simply the positionsof the photonson thelight
sourceandtheirinitial randomdirections.Thedirectionfor
eachphotonbounceis computedirom a texture of random
numbers.

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

2.2. Constructing the Photon Map Data Structure

Theoriginal photonmapalgorithmusesabalancedc-d tree?

for locatingthe nearesphotons While this structuremakes
it possibleto quickly locatethenearesphotonsatary point,
it requiresrandomaccesswvritesto constructef ciently . In-

steadwe usea uniform grid for storingthe photons,andin

this sectionwe presentwo differenttechniquegor building

this grid which involves placing the photonsinto the right
grid cells. The rst methodsortsphotonsby grid cell using
bitonic memge sort. This createsan array of photonindices
whereall photonsin a grid cell arelisted consecutiely. Bi-

nary searchis thenusedto build an array of indicesto the
rst photonin eachcell (see gure 4 for an exampleof the
resultingdatastructure).To reducethe large numberof of

passeshis algorithmrequireswe proposea secondmethod
for constructingan approximatgphotonmapusingthe sten-
cil buffer. In this method,we limit the maximumnumberof

photonsstoredpergrid cell, makingit possibleto routethe
photonsgnto theirdestinatiorgrid cellsin asinglepassusing
avertex programandthe stencilbuffer.

2.2.1. Fragment Program Method - Bitonic Merge Sort

Onewayto index the photonsby grid cell is to sortthemby
cell andthen nd theindex of the rst photonin eachcell
usingbinarysearch.

Many commonsorting algorithmsrequire the ability to
write to arbitrarylocations,makingthemunsuitablefor im-
plementatioron currentGPUs.We can,however, usea de-
terministicsortingalgorithmfor which outputrouting from
onestepto anotheiis known in advance Bitonic melgesorg
hasbeenusedfor sortingonthelmaginestreamprocessd#,
andmeetghis constraineautputroutingrequiremenbf the
GPU.

Bitonic memge sortis a parallelsortingalgorithmthatal-
lows anarrayof n processorso sortn elementsn O(Iog2 n)
steps Eachstepperformsn comparisongsndswaps.Theal-
gorithmcanbedirectlyimplementedsafragmentprogram,
with eachstageof the sortperformedasonerenderingpass
over ann pixel buffer. Bitonic sortis illustratedgraphically
in gure 2 andthe Cg'” codewe usedto implementit is
foundin gure 3. Theresultof thesortis atextureof photon
indices,orderedby grid cell.
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Figure 2: Stagesin a bitonic sort of eightelementsTheun-
sortedinput sequencés shownin theleft column.For each
renderingpass,elementcomparisonsare indicated by the
arrows, with itemsswappingto low and high in the arrow
direction.The nal sortedsequencés achievedin O(Iogzn)
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 elemld = elem2d.y*pbu nf 0.x + elem2d.x;
half csign = (fmod(elem1d, stage) < offset) ? 1 : -1;
half cdir = (fmod( oor(elemld/stepno), 2) ==0) ? 1:-1;
oat4 valO = f4texRECT( sortedplist, elem2d );

oat adrld = csign*offset + elem1d;

oat2 adr2d = convertldto2d(adrld, pbu nf 0.x);
oat4 vall = f4texRECT( sortedplist, adr2d );

oat4 cmin = (val0.y < vall.y) ? valO : vall;

oat4 cmax = (val0.y > vall.y) ? valO : vall,

dst.col = (csign == cdir) ? cmin : cmax;

return dst;

}

Figure 3: Cg codefor the bitonic meige sort fragmentpro-
gram. Thefunction convertidto2d maps1D array addresses
into 2D texture addresses.

Oncethe photonsare sorted,binary searchcan be used
to locatethe contiguousblock of photonsoccupying a given
grid cell. We computeanarrayof theindicesof the rst pho-
ton in every cell. If no photonis found for a cell, the rst
photonin the next grid cell is located.The simplefragment
programimplementatiorof binary searchrequiresO(logn)
photonlookups.Becauséhereis no needto outputinterme-
diateresults all of the photonlookupscanbeunrolledinto a
singlerenderingpass An exampleof the nal setof textures
usedfor agrid-basedhotonmapis foundin gure 4.

Sortingandindexing is an effective way to build a com-
pact,grid-baseghotonmap.Unfortunately the sortingstep
canbe quite expensve. Sortingjust over a million photons
(1024 1024)wouldrequire210renderingpassesgachap-
pliedto thefull 1024 1024buffer.
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Figure 4: Resultanttextures for a grid-basedphotonmap
genemtedby bitonic sort. Theuniformgrid texture contains
theindex of the r stphotonin thatgrid cell. Thephotonlist
texture containgthelist of photonindices sortedby grid cell.
Each photonin the photonlist pointsto its position,power
andincomingdirectionin the setof photondatatextures.

2.2.2. Vertex Program Method - Stencil Routing

Thelimiting factorof bitonic melgesortistheO(Iog2 n) ren-
dering passesequiredto sortthe emittedphotons.To sup-
portglobalillumination atinteractive rates we would prefer
to avoid introducingthe lateny of severalhundredrender
ing passesvhengeneratinghe photonmap.To addresghis
problem,we have developedanalternatealgorithmfor con-
structinga grid-basechotonmapthatrunsin asinglepass.

We note that vertex programsprovide a mechanisnfor
drawing aglPoint to anarbitrarylocationin abuffer. Theabil-
ity to write to a computeddestinationaddresss known as
a scatteroperation.If the exact destinationaddressor ev-
ery photoncouldbe known in advance thenwe couldroute
themall into thebuffer in asinglepassby draving eachpho-
ton asapoint. Essentiallydraving pointsallows usto solve
aone-to-ongoutingproblemin asinglerenderingpass.

This methodof organizing photonsinto grid cells is a
mary-to-oneroutingproblem,astheremaybe multiple pho-
tonsto storein eachcell. However, if welimit themaximum
numberof photonsthatwill be storedper cell, we canpre-
allocatethe storagefor eachcell. By knowing this “texture
footprint” of eachcell in adwance we reducethe problemto
avariantof one-to-oneouting.

The ideais to drav eachphotonas a large glPoint over
theentirefootprint of its destinatiorcell, andusethe stencil
buffer to route photonsto a unique destinationwithin that
footprint. Speci cally, eachgrid cell coversanm msquare
setof pixelssoeachgrid cell cancontainatmostm m pho-
tons.We draw photonswith glPointSize setto mwhich when
transformedoy the vertex programwill causethe photonto
cover every possiblephotonlocationin thegrid cell. We set
thestencilbuffer to controlthelocationeachphotonrenders
to within eachgrid cell by allowing at mostone fragment
of them mfragmentgo passfor eachdravn photon.The
stencil buffer is initialized suchthat eachgrid cell region
containgheincreasingpatternfrom 0 to m? 1.Thestencil

Vert ex p0| po
PO —> pr ogr am > Too[po
(a)
Vert ex _ po
PO —>{pr ogr am—>{Stencil —
3(4)2|3
1({2j0|1
(b) 23] 2|3
oj1jo|1
Vert ex _ pl|po
PL —pr ogr am—" St enci | >
41523
2(3jo|1
(C) 2[3]2]3
o101

Figure 5: Building the photonmapwith stencilrouting For
this example grid cells can hold up to four photons,and
photonsare rendeed as 2 2 points. Photonsare trans-
formedby a vertex programto the proper grid cell. In (a),
a photonis rendeedto a grid cell, but becausehere is no
stencilmaskingthe fragmentwrite, it is storedin all entries
in thegrid cell. In (b) and(c), the stencilbuffer controls the
destinationwritten to by ead photon.

testis setto write on equalto m? 1, andto alwaysincre-
ment.Eachtime a photonis drawn, the stencilbuffer allows
only onefragmentto passthrough,the region of the sten-
cil buffer covering the grid cell all increment,andthe next
photonwill draw to a differentregion of the grid cell. This
allows ef cient routingof up to the rst m? photonsto each
grid cell. This processs illustratedin gure 5.

We generallyusea 1024 1024stencilbuffer with m set
to 16, leaving approximately403 grid cells. In regions of
high photondensity mary morephotonsthancanbe stored
will map to a single grid cell. To reducethe artifacts of
this method,we redistritute the power of the surpluspho-
tons acrossthosethat are stored.Note that the the stencil
buffer maintainsacountof how mary photonsveredestined
for eachgrid cell, and we assumethat all our storedpho-
tonshave roughly the samepower. Hence we canscalethe
power of the storedphotonsby the ratio betweenthe num-
ber of photonsdestinedfor a cell andthe numberactually
stored.Thisredistritution of poweris anapproximationput
thepotentialperformancdene tsof thefastroutingmethod
canbeworthwhile. Theideaof redistrituting power of some
photonsto limit the local densityof photonsstoredis dis-
cussednoregenerallyin SuykensandWillems?2,

By storinga x ed numberof photonsper cell instead
of a variablelength list, we can use a vertex programto
route photonsto grid cellsin a singlerenderingpass.There
aretwo main dravbacksto this method.First, the photons
mustbe readfrom the photontexture and dravn aspoints,
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which currentlyrequiresa costlyreadbackSecondthe pre-
allocationof storagefor eachgrid cell limits the methods
e xibility and space-etiency. Redistrilution of power is
neededo representells containingmorethanm2 photons,
andspaces wastedfor cellswith fewer photons(including
emptycells).

2.3. The RadianceEstimate

To estimateradianceat a given surfacelocationwe needto
locatethe nearesphotonsaroundthis location.For this pur-
posewe have developedakNN-grid method whichis avari-
antof Elias'salgorithmfor nding thek-nearesheighborgo
asamplepointin auniformgridé. First, thegrid cell contain-
ing thequerypointis explored,andall of its photonsareex-
amined.As eachphotonis examined,it will eitherbeadded
to therunningradianceestimatepr rejected A photonis al-
waysrejectedif it is outsidea prede nedmaximumsearch
radius.Otherwise rejectionis basedon the currentstateof
thesearchlf thenumberof photonscontrituting to therun-
ning radianceestimatds lessthanthenumberequestedhe
power of the new photonis addedto the running estimate
andthe searchradiusis expandedo includethat photon.If
a sufcient numberof photonshave alreadybeenaccumu-
lated, the searchradiusno longer expands.Photonswithin
the currentsearchradiuswill still be addedto the estimate,
but thoseoutsidewill berejected.

Grid cells areexploredin concentricsetscenterecabout
the querypoint. The photonsearchcontinuesuntil eithera
sufcient numberof photonshave beenaccumulatedor a
prede nedmaximumsearchradiusis reachedFigure6 il-
lustrateghe KNN-grid algorithm.

ThekNN-grid always nds asetof nearesteighborpho-
tons—thatis, all the photonswithin a spherecenterecabout
the querypoint. It will nd atleastk nearesphotons(or as
mary ascanbe found within the maximumsearchradius).
This meanghattheradiusover which photonsareaccumu-
latedwill beatleastaslargeasin Jensersimplementatiof,
which usesa priority queueto selectonly the k-nearest
neighborsAccumulatingphotonsover alargerradiuscould
potentiallyintroducemore blur into our reconstructeasti-
mates.In practice however, imagequality doesnot seemto
suffer from this.

2.4, Rendering

To generateanimagewe usea stochastiaay tracerwritten
usinga fragmentprogram.The outputof the ray traceris is
a texture with all the hit points, normals,and colorsfor a
givenray depth.Thistextureis usedasinputto severaladdi-
tional fragmentprogramsOneprogramcomputeghedirect
illumination usingone or moreshadev raysto estimatethe
visibility of thelight sourcesAnotherprograminvokesthe
ray tracerto computere ectionsandrefractionsFinally, we
usethe fragmentprogramdescribedn the previous section
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to computethe radianceestimatedor all the hits generated
by theray tracer We displaythe runningradianceestimate
maintainedby the kNN-grid algorithm, providing progres-
sive feedbaclaboutthe globalillumination of the scene.

3. Results

All of our resultsare generatedisinga GeForce FX 5900
Ultra anda 3.0 GHz Pentium4 CPU with Hyper Thread-
ing and2.0 GB RAM. The operatingsystemwasMicrosoft
Windows XP, with version43.510f theNVIDIA drivers.All
of our kernelsare written in Cg!” and compiledwith cgc
versionl.1to native fp30 assembly

3.1. Rendered TestScenes

In orderto simplify the evaluationof the photonmapping
algorithm we usedsceneswith no acceleratiorstructures.
For eachscenewe write a ray-scenéntersectionin Cgthat
callsray-quadricandray-polygonintersectiorfunctionsfor
eachof the componenprimitives.For thesesimple scenes,
themajority of oursystem$timeis spentouilding thephoton
map, and computingradianceestimatesVery little time is
spenton ray intersectionPurcelletal 2! discussay tracing
of morecomple scenesisingacceleratiorstructureon the

L I oA
(a) (b) (c) (d)

(e) (f) (9) (h)

Figure 6: Computingthe radianceestimatewith the kNN-
grid. For this example four photonsare desied in the ra-
dianceestimate Theinitial samplepoint and the maximum
seach radiusare shownin (a). The r st grid cell seached
(shadedn (b) and (c) contributestwo photonsand expands
thesearh radius.Thenext cell seached(d) hasonephoton
addedto theradianceestimateandthe otherrejectedsince
it is outsidetheprede nedmaximunseach radius.Thepho-
ton outsidethe search radiusin (e) is rejectedbecausehe
runningradianceestimatehastherequestedhumberof pho-
tons,causingtheseach radiusto stopexpanding Thecellin
(f) contributesonephotonto the estimate Noneof the other
cellsseachedin (g) havephotonsthat contributeto thera-
dianceestimate The nal photonsand seach radiusused
for theradianceestimateare shownin (h).
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(a) Bitonic Sort

(b) StencilRouting

(c) SoftwareReference

Figure 7: TestscenaenderingsBoth(a) and(b) were rendeedonthe GPU usingbitonic sortand stencilroutingrespectively

Softwae renderingsare shownin (c) for refeence

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 14s 8.4s 52.4s 2.1s 1.7s 8.4s 35.0s

Table 1: GPU rendertimesin seconddor the sceneshownin gure 7, brokendownby typeof computationRaytracingtime

includesshootingeyeraysandshadowrays.

GPU.We will examinethe performancempactof comple
scenedaterin sectioré.

We have renderedseveral testsceneson the GPU using
our photonmappingimplementationFigure 7 shows three
setsof imagesof ourtestscenesThe rst columnshavsthe
imagesproducedby the GPU whenusingthe kNN-grid on
a photonmapgeneratedy bitonic sort. The secondshows

the resultsof usingstencilrouting and power redistrilution
whenrenderingthe scenesThe third columnshaws a soft-
warerenderedeferencémage.

All of our testscenesarerenderedwith a singleeye ray
per pixel. The GLASS BALL and CORNELL BOXx scenes
have arealights which are randomly sampledby the ray
tracerwhen computingshadavs. The GLASS BALL scene
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sampleghelight sourcefour timesper pixel, andthe Cor-

NELL Box scenesampleghelight source32timesperpixel.

The RING sceneusesa point light sourceand only shoots
oneshadav ray perpixel.

The GLASS BALL scenewasrenderecat512 384 pix-
elsusinga250 1 250grid with 5,000photonsstoredin
thephotonmapand32 photonswveresoughtfor theradiance
estimate.The RING scenewasrenderedat 512 384 pix-
elsusinga250 1 250grid with 16,000photonsstoredin
thephotonmapand64 photonswveresoughtfor theradiance
estimateFinally, the CORNELL Box scenewvasrenderecht
512 512pixelsusinga25 25 50grid with 65,000pho-
tonsstoredand500soughtfor theradiancesstimate.

Therenderingtimesfor our testscenesary betweers.1
seconddor the RING sceneand64.3seconddor the COR-
NELL Box sceneTable 1l summarizeghe renderingtimes
for theimagesbrokendown by computatiortype.

Themajority of ourrendettimeis spentperformingthera-
dianceestimate Thetime listedin table1 is for every pixel
to nish computationHowever, for our examplesceneave
nd thatthe systenreachewisualconvergence(thatis, pro-
ducesmagesndistinguishabldrom the nal output)aftera
muchshortettime.In theGLASS BALL sceneaphotonmap
built with bitonic sortwill visually corvergein 4 seconds-
nearly four times asfastasthe time listed for full corver
gencewould suggestThis happendor two reasonsFirst,
dark areasof the scenerequiremary passeso explore all
thegrid cellsoutto themaximumsearctradius but few pho-
tonsarefound so the radianceestimatechangedittle. Sec-
ond, bright regions have lots of photonsto searchthrough,
but often saturateéo maximumintensityfairly early Oncea
pixel is saturatedfurtherphotonsounddo not contributeto
its nal color. Notethatthesedisparitieshetweervisualand
total corvergencearenotmanifestedvhenthephotonmapis
built usingstencilrouting. Underthatmethod the grid cells
containa moreuniform distribution of photons,andsatura-
tion correspondso convergence.

3.2. Kernel Instruction Use

A breakdavn of how thekernelsspendime is importantfor
isolatingandeliminatingbottlenecksTheinstructionbreak-
down tells uswhetherwe arelimited by computatioror tex-
ture resourcesand how much performances lost due to
architecturalrestrictions.Table 2 shavs the lengthof each
compiledkernel. Theseinstructioncostsarefor performing
oneiterationof eachcomputatior(e.g.asinglestepof binary
searchor a singlephotonlookup for the radianceestimate).
Thetablefurtherenumeratethenumberof instructionsded-
icatedto texture lookups,addressarithmetic,and packing
andunpackingof datainto a singleoutput.

We seeat least20 arithmeticoperationdor every texture
accesslt maybesurprisingto notethatour kernelsarelim-
ited by computatiorratherthanmemorybandwidth.Gener
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Kernel Inst TEX Addr Pack
Bitonic Sort 52 2 13 0
Binary Search 18 1 13 0
Rad.Estimate 202 6 47 41
StencilRouting 42 0 25 0
Rad.Estimate 193 5 20 41

Table 2: Instructionusewithin ead kernel.Instis thetotal

numberof instructionsgeneatedby the Cg compilerfor one
iteration with no loop unrolling. Also shownare the num-
ber of texture fetches(TEX), addressarithmeticinstructions
(Addr), andbit paking instructions(Padk).

ally, wewould expectsortingandsearchindo bebandwidth-
limited operations.There are several factorsthat lead our
kernelsto requiresomary arithmeticoperations:

Limits onthesizeof 1D texturesrequirelargearraysto be
storedas2D textures.A large fractionof our instructions
are spentcorverting 1D array addresseto 2D texture
coordinates.

Thelackof integerarithmeticoperationsneanghatmary

potentiallysimplecalculationanustbeimplementedvith

extrainstructionsfor truncation.

The output from an fp30 fragmentprogramis limited

to 128 bits. This meansthat mary instructionsare spent
packingand unpackingthe multiple outputsof the radi-

anceestimaten orderto representhe componentsn the
availablespace.

Ourkernelanalysigevealsthechallenge®f mappingtra-
ditionalalgorithmsontoGPUs.In casedik e sorting,thelim-
ited functionality of the GPU forcesus to use algorithms
asymptoticallymoreexpensve thanthosewe would useon
processorpermittingmoregeneramemoryaccessln other
casesthe limitations of the GPU force us to expendcom-
putationon overheadreducingthe effective computepower
available.In section4, we discussseveral possiblearchitec-
tural changeghatwould improve the performanceof algo-
rithmslike photonmapping.

It shouldbe notedthathandcodingcanstill produceker
nelsmuchsmallerthanthosegeneratedy the Cg compiler
For example,we have handcodeda bitonic sortkernelthat
usesonly 19 instructionsinsteadof the 52 producedby Cg.
However, we determinedhatthe bene ts of usingCg dur
ing developmentoutweighedthe tighter codethat could be
achiezedby handcoding.As the Cg optimizerimproves,we
anticipateasubstantiateductionn thenumberof operations
requiredfor mary of ourkernels.
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(a)0.5s (b) 1.0s (c)2.0s

Figure 8: A detailedimage of the GLASS BALL causticover
time Reasonablyigh quality estimatesare availablemud
soonerthana fully convergedsolution.

3.3. SIMD Overhead

Our radianceestimatekernel is run by tiling the screen
with large pointsinsteadof with a single quad.Using the
NV_OCCLUSION_QUERY extensionwe areableto stopdraw-

ing a tile onceall its pixels have nished. By terminating
sometiles early, we areableto reducethe amountof SIMD

overheadn ourradiancesstimatekernel.

This early terminationof tiles substantiallyreducedthe
time requiredfor our scenesto converge. We found tiling
the screenwith 16 16 points resultedin the largestim-
provementsn convergencetime. The CORNELL Box scene
sav the leastimprovement,with the time for the radiance
estimateto fully corverge droppingfrom 104 secondsto
52.4 secondsFull corvergenceof the GLASS BALL scene
wasmoredramaticallyaffected,droppingfrom 102 seconds
down to 14.9 seconds.Theseresultsare expectedas the
CORNELL Box scenehasa fairly uniform photondistribu-
tion butthe GLASS BALL scenéhashigh variancein photon
density Ideasfor amoregeneralway to reduceSIMD over
headviaa ne-grained“computationmask”arediscussedh
sectiord.

3.4. Interactive Feedback

Oneadwantageof the incrementakadianceestimateis that
intermediateesultscanbedravn directly to thescreenThe
imagesin gure 7 requiredseveral secondsto fully con-
verge. However, initial estimateof the globalillumination
areavailablevery rapidly. Figure8 shows variousstagesn
the corvergenceof the radianceestimatefor thefull resolu-
tion GLASS BALL scene.

For smallerimagewindows, our systemcan provide in-
teractve feedback.When renderinga 160 160 window,
we caninteractvely manipulatethe camera,scenegeome-
try, andlight source Onceinteractionstops thephotonmap
is retuilt andthe globalillumination corvergesin only one
or two seconds.

4. Discussionand Futur e Work

In this sectionwe discusghe limitations of the currentsys-
temandareador futurework.

4.1. Fragment Program Instruction Set

The overheadof addresscorversion, simulating integer
arithmetic,and packingis a dominantcostin mary of our
kernels.Addressingoverheadaccountsfor nearly 60% of

the costof the stencilrouting, andover 72% of the costof

the binary search.Similarly, the radiance-estimat&ernels
currently spenda third to a half of their time on overhead.
Native supportfor integerarithmeticandaddressingf large
1D arraysneednotsubstantiallycomplicateGPUdesign put

would dramaticallyreducethe amountof overheadcompu-
tation neededin thesekernels.Providing multiple outputs
would remove the needfor aggressie packingof valuesin

theradianceestimatesswell. Evenwith theoverheacelim-

inatedfrom theradianceestimatekernels,they still execute
several arithmeticinstructionsandwould continueto bene-
t from increasedoating point performanceavithout being
limited by memorybandwidth.

4.2. Memory Bottlenecks

Texture readbackand copy canimposesigni cant perfor

mancepenaltiesWe have shavn timingsfor renderingsith

tensof thousand®f photons.The stencilrouting is partic-
ularly subjectto readbackperformancesincewe currently
mustreadbackhetexture of photonsn orderto usethemas
inputto thevertex processotWith alow numberof photons,
texture readbackconsumesabout 10% of the photonmap
constructiontime. However, as the numberof photonsin-

creaseghefractionof time dedicatedo photonreadbachn-

creaseso 60%andmoreof thetotal mapconstructiortime.

TheDirectX 9 API'8 supportdisplacementnapping effec-

tively permittingtexture datato control point locations.We

anticipatethatsimilar functionality will appearasan exten-
sionto OpenGL,which would eliminatethe needfor read-
backin our stencilsort.

4.3. Parallel Computation Model

We mentionedn section3 thatwe gaineda signi cant per
formanceincreasavhencomputingtheradianceestimateby
tiling the screenwith large pointsinsteadof a full screen
quad.Unfortunately tiling is only practicalwhenrelatively
few tiles areusedandwhen pixels with long computations
are clusteredso that they do not overlap too mary tiles.
Onenaturalsolutionto reducingthe SIMD overheador pix-
els with varying workloadsis whatwe call a “computation
mask”. Similar to the early fragmentkill discussedy Pur
cell etal2, a usercontrollablemaskcould be setfor each
pixel in animage.The maskwould indicate pixels where
work hascompletedallowing subsequenfragmentsat that
locationto be discardedmmediately We shaved a perfor
mancegainfrom two to tenusingacoarsailing, andobsene
thata computatiommaskwith singlepixel granularitywould
beevenmoreef cient.

¢ TheEurographicsAssociation2003.
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4.4, Uniform Grid Scalability

Oneissueassociatedvith renderingmore comple scenes
is that the resolutionof the grid usedfor the photonmap
needgo increasdf we wantto resolwe illumination details.
At somepointahighdensityuniformgrid becomesoolarge
to storeor addres®nthe GPU,andemptycellsendup dom-
inating the memory usage.One x is to simply storethe
photonsin a hashtable basedon their grid cell addres2.
High densitygridsnolongerhave emptycell overheadbr ad-
dressabilitissuesHandlinghashtablecollisionswould add
someoverheadto the radianceestimate however, as pho-
tonsin the hashbucket not associatedvith the currentgrid
cell mustbe examinedandignored.An additionalproblem
for our stencilrouting approachs that power redistritution
becomesion-trivial.

4.5. Indir ectLighting and Adaptive Sampling

Our currentimplementationdirectly visualizesthe photon
mapfor indirectlighting andcausticsWhile thisworkswell
for causticstheindirectlighting canlook splotcty whenfew
photonsareused.A large numberof photonsareneededo
obtaina smoothradianceestimatewhenthe photonmapis
visualizeddirectly. Instead,it is often desirableto usedis-
tributed ray tracing to sampleincidentlighting at the rst
diffusehit point, andusethe photonmapto provide fastes-
timatesof illumination only for the secondaryays.This -
nal gatherapproachs moreexpensve, althoughthe costfor
tracingindirectrays canoften be reducedusingtechniques
like irradiancegradient8® or adaptve sampling.

We have consideredan adaptie samplingalgorithmthat
initially computesa low resolutionimage and then builds
successiely higher resolutionimagesby interpolatingin
low varianceareasandtracingadditionalraysin high vari-
anceareasOur initial studieshave showvn thatthis canre-
ducethetotal numberof sampleghat needto be computed
by afactorof 10. However, sucha schemecannotbeimple-
mentedeffectively without supportfor a ne-grained com-
putationmasklik e thatdescribedn section4.3.

5. Conclusions

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

We hopethatby demonstratinghe feasibility of a global
illumination algorithm running completely in hardware,
GPUswill evolve to more easily enableand supportthese
typesof algorithms.

¢ TheEurographic#Association2003.
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