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Abstract
This paperintroducesa novel methodfor simulatingphotonmappingfor real-timeapplications.First we intro-
ducea new methodfor selectivelyredistributing photons.Thenwedescribea methodfor selectivelyupdatingthe
indirectillumination.Theindirectillumination is calculatedusinga new GPUaccelerated�nal gatheringmethod
and the illumination is thenstored in light maps.Causticphotonsare tracedon theCPU and thendrawnusing
pointsin theframebuffer, and�nally �lter edusingtheGPU. Bothdiffuseandnon-diffusesurfacescanbehandled
bycalculatingthedirectilluminationontheGPUandthephotontracingontheCPU. Weachievereal-timeframe
ratesfor dynamicscenes.

Keywords: photonmapping,real-time,global illumina-
tion, graphicshardware

1. Intr oduction and PreviousWork

Global illumination methodssuchasradiosity([GTGB84])
and photonmapping([Jen01])tend to be slow. Therefore,
many attemptshave beenmadeto optimizethe calculation
of globalillumination.

Recently, conceptsfor graphicshardwareaccelerationof
ray-tracinghave beensuggested([CHH02]). In [PDC¤03]
thephotonmappingalgorithmwasimplementedalmosten-
tirely on graphicshardware. Thesesolutionshave proven
that it is possibleto implementcomplex algorithmson the
GPUs.However, sofar theseimplementationsarenot faster
than CPU basedimplementations.In [PDC¤03] the �nal
gatheringstepis omittedandconsequentlytheimagequality
is low. The�nal gatheringstepis themostcomputationalex-
pensive stepandeven thoughthis stepis omittedthe frame
ratesare only nearinteractive when using progressive up-
dates.

Another researchdirection is to usea greatnumberof
CPUs([WKB¤02]). However, sucha setupis mostly avail-
ableatuniversities.

In [TPWG02], amethodfor calculatinginteractiveglobal
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illuminationis described.Thesceneis renderedusinggraph-
ics hardware and the illumination is storedin a hierarchi-
cal patchstructurein objectspace.At �rst, the top level is
usedbut basedon priorities calculatedin cameraspacethe
patchesarethensubdivided.The illumination is calculated
usinga pathtracingalgorithmandthe illumination of only
10to 100patchescanbecalculatedpersecondoneachCPU.
As aresultof thislow numberupto 16CPUsareused.When
thecameraor objectsaremovedquickly artefactswill occur.

In [Kel97], instantradiosityis introduced.Thetechnique
is basedonQuasi-Monte-Carlo(QMC) walk of photons.As
eachphotonhits a surface,a point light sourceis created
which is renderedusinggraphicshardware.The�nal image
is createdby renderingthescenealargenumberof timesand
addingtheimagesusingtheaccumulationbuffer. Therefore
whentheview is changed,theentireprocesshasto bestarted
over. Haltonsequencesareusedto distributethephotonsand
theseareupdatedbasedonanagecriterion.

In [DBMS02], photonsare divided into groupsand re-
emittedselectively basedon dynamicobjectscollision with
a boundingvolume aroundphoton groups.This solution
demonstratesinteractive frameratesin a purely diffuseen-
vironment.The photonsare also distributed using a QMC
method.Photonenergiesarestoredat thenearestverticesin
thescene,andthescenethereforehasto betesselatedheav-
ily. Thephotonenergiesarealsousedfor thedirect illumi-
nation,whichmakesthedirectilluminationvery inaccurate.
The weaknessof using selective photontracing using this
approachis that the �nal gatheringstepis not not include.
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The�nal gatheringstepis necessaryfor calculatingaccurate
indirectillumination ([Jen01]).

Real-timecausticshave beenapproximatedin [WS03],
but thesolutionis limited to singlespecularinteractionand
assumesthatthelight sourcesarefarawayfrom thespecular
re�ectors. Furthermore,occlusionbetweenthe light source
andthespecularre�ector arenothandle.

Thus,several attemptshave beenmadeto obtain an in-
teractive global illumination solution.However, no general
solutionhasbeenobtainedthatcanrunoncommodityhard-
ware.Severe limitations exist eitheron the computerplat-
form, in the scenecomplexity, the generalityof the global
solution,or thedynamicsof thescene.

However, for individual elementsin global illumination,
solutionshave beenproposedfor dynamicsceneson com-
modity hardware.Real-timedirect lighting hasbeenknown
for many years,but hasbeenmademoreversatilerecently
by the introductionof programmablehardware.Real-time
softshadowscanbeapproximatedusingdifferenttechniques
([HLHS03]). Specularinterre�ection betweenplanar sur-
faces,betweencurved surfaces,and betweenmixtures of
planarandcurvedsurfacescanalsobehandledin real-time
([NC02]).

This paperintroducesa new methodfor simulatingpho-
ton mappingin real-timefor dynamicsceneson commodity
hardware.We will do this by exploiting the main ideabe-
hind photonmapping,namelythat thedifferentelementsin
global illumination can be calculatedindividually. The di-
rect,specular, caustics,andindirectilluminationsaresimply
addedtogether. Partsof theglobal illumination solutioncan
be derived from the resultsmentionedabove, and we will
needto �nd speci�c methodsfor the following four prob-
lemsthattendto becomputationallyintensivefor areal-time
application:

² First, we improve photonemissionfrom light sourcesin
dynamicscenes.Speci�cally, we introducean improved
methodfor exploiting the frame-to-framecoherencefor
moving objectsin ascene.

² Secondly, weintroduceastrategy for anapproximatedre-
constructionof thefull illumination of thesceneafterthe
photonemission.

² Thirdly, weusethisreconstructionto �nd theindirectillu-
minationin asceneusingahardwareoptimizedfastgath-
eringmethod.

² Fourthly, we introduceanoptimizedsolutionfor caustics
alsobasedonanadequatereconstructionmethod.

Our proposedmethodsfollow the photonmappingstrat-
egy closely([Jen01]).

The photonemission(Section2), reconstructionof the
photon map (Section3), �nal gathering(Section4), and
caustics(Section5) solve our four main problems.Section
6 handlestheremainingcontributions(suchasdirectillumi-

nation,shadows, andspecularinter-re�ections) andSection
7 integratestheindividualcontributionsinto a �nal solution.

2. SelectivePhotonEmission

In traditional photonmappingall photonsare tracedin a
�rst pass.But tracingall photonseachframein a real-time
applicationis too computationallyexpensive. The selective
photontracing introducedin [DBMS02] solves this prob-
lem in somewaysasonly intelligently selectedphotonsare
re-emittedeachframe.They give eachphotona �x ed ini-
tial directionusingQMC Haltonsequences,andthephotons
from the light sourcearedivided into groupswherethe ini-
tial directionof eachphotonis similar. Eachgroupcontains
an equalamountof photonswith equalenergies.The pho-
tonsaretracedon theCPU.We �nd this to beanattractive
strategy, but we distribute the photonsa bit differently. We
do this to avoid theweaknessesof themethodwhicharede-
scribedin theintroduction.

We enumeratethe photonsin eachgroup,and for each
frameonly onephotonfrom thegroupis traced.In thenext
frame,a new photonfrom the samegroupis selected.This
is donein a Round-Robinfashion.The path of eachpho-
ton is stored,andif thenew pathdivergesfrom theprevious
path,all photonsfrom thegroupwill bemarkedfor redistri-
bution. In this way, moreeffort is spentin areaswherethe
sceneis modi�ed. It is alsoguaranteedthat minor changes
will eventuallybeseenby aphoton.It mayneverthelesstake
more time to discover minor changesthanmajor changes.
This is the caseas only few photonsfrom the group may
beinvalidatedandthegroupmayact for a longertime asif
no changeshave occuredin its domain.Major changeswill
be registeredfasterasmany or all photonsfrom a particu-
lar groupwill beinvalidated.Photonbouncesarehandledby
usingRussianRoulette([Jen01]).

The photonsare storedas photon-hitson the surfaces
along the pathof the tracedphoton.The completepathof
eachphotonis alsostored.In this way, it is easyto remove
the photon-hitsfrom the scenein constanttime if the path
of the photon is invalidated.It is also fasterto determine
whetherthephotonpathhasbeeninvalidated.Eachsurface
alsohaspointersto thephoton-hitsthathave hit thatpartic-
ular surface,makingit fasterto determinethe total amount
of photonenergieson a surface.The extra storageneeded
per photonis an energy amountfor eachhit, anda pointer
fromthephoton-hitto thesurface,andapointerfromthesur-
faceto thephoton-hit.Theaveragelengthof a pathis fairly
shortwhenusingRussianRoulette.The memoryoverhead
for storingthephotonpathis thereforenot substantial.

As a resultof our chosenstrategy of storing the photon
paths,a moving light sourcewill causeall photonpathsto
beinvalidatedeachframe.
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3. ApproximatedReconstructionof the Full
Illumination

Thephotonsdistributedasdescribedin theprevioussection
carry information aboutthe full illumination in the scene.
Thesephotonsareusedfor reconstructinganapproximation
of thefull illumination.This processis describedin thefol-
lowing.

If enoughphotonsaredistributed,thephotonswill repre-
sentthe correctillumination in the scene,and they canbe
calculateddirectlyby usingdensityestimation([SWH¤95]).
The problemis that ”enough” photonsare many millions
andit is almostimpossibleto completelyremove thenoise.
Therefore,thephotonsareusedto reconstructanapproxima-
tion of the full illumination, andthenthis approximationis
usedin the�nal gatheringstepto calculateasmoothandac-
curateapproximationof theindirectillumination.Thenum-
berof photonsneededwhenperformingthe �nal gathering
is many timessmallerthanthe photonsneededfor density
estimation([Jen01]).

In orderto approximatethefull illumination we compute
theirradianceusinganN-nearestneighborqueryof thepho-
tons,andthetotal energy of thesephotonsis dividedby the
areathat they span.Theradianceof thesurfaceis storedin
reconstructiontexturemapsappliedto thesurfaces.We call
thesetexturemapsapproximatedilluminationmaps(AIMs).

Kd-treesarefastfor N-nearestneighborqueries.In order
to build the kd-tree,only photonsthat are locatedon sur-
faceswhich could possiblycontribute to the irradianceof
thecurrentsurfaceareconsidered.We usea techniquesim-
ilar to the onepresentedin [LC03]. In [LC03] the division
into surfacesis doneautomatically, however in our imple-
mentationwe have performedthe division by handusinga
3D modelling tool. Whena photonhits a surface,it is not
storedin a global structurebut in a structurebelongingto
the surfacethat washit (seethe discussionfor an analysis
of thischoice).A surfacecancontainanarbitrarynumberof
polygons.Figure1 shows a Cornellbox with a bumpy �oor
anduniquecolorsfor eachsurface.

Figure1: Left: A uniquecolor is displayedfor eachsurface,
Right:Samesceneshown usingwireframe(13.000polygons
and16surfaces

Updatingall theAIMs for eachframeis computationally
expensive andundesirable.Thereforewe usea deltavalue
for eachsurfaceto controlwhenits AIM shouldbeupdated.
Thevalue(Df ) is a deltavaluefor the full approximatedil-
lumination.The Df value is affectedby the energy of any
photonthat is removed or storedon a surface.Only when
Df is largerthanasmallthresholdvalue,theAIM shouldbe
updated.

In practiceit canbenecessaryto limit theamountof work
doneper frame.In our implementationwe �rst handlesur-
faceswith high Df dividedby thesurfacearea.We only up-
datea limited amountof surfacesperframe.

As only onephotonmapfrom a singlesurfaceis utilized
at any point in time, it is only necessaryto createa small
photonmapin thememory. Thismakesthememoryrequire-
mentsmallerthan if oneglobal photonmapcontainingall
thephotonshadbeenused.

4. Indir ect Illumination usingHardwareOptimized
Final Gathering

A hardware optimized �nal gatheringmethodwas intro-
ducedin [CG85], namelythehemi-cube.Thismethodneeds
to renderthe scene5 times for eachresulting�nal gather
value. The 5 renderingsareonefor eachsideof the hemi-
cube.Thefront sideof thehemi-cubecontributeswith about
56% of the value,while eachof the sideplaneseachcon-
tribute with about11% of the value.In [SP89]a methodis
introducedthat only usesthe front planeof the hemi-cube
andthenenlargesthis front plane.In this way, a moreaccu-
ratesolutioncanbeachieved,asweonly usethefront plane.
If e.g.the front sideis enlargedto doublesidelength,thus
makingthetotal area4 timeslarger, this accountsfor about
86%of thetotal incomingdirections(SeeFigure2).

Figure2: Finalgatheringusingasingleplane

We usethis methodfor the �nal gatheringstepandren-
der the scenewith the AIMs. Eachpixel of this rendering
mustbemultiplied with the fractionof thehemispherethat
it spansanda cosinefactorin orderto calculatethe irradi-
ance.Theirradianceis de�ned as:

E =
Z

W
L(w)(n¢w)dw (1)

whereE is theirradiance,L is theincominglight, n is the
normal,w is thedirectionof the incominglight, anddw is
thesolidangle.

Thecosineweightedareaonthehemispherewhichafrag-
menton therenderedsurfaceof therenderedplanespansis
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de�ned as:

Fh(x;y) =
1

p(x2 + y2 + 1)2 DAf (2)

whereFh is thecosineweightedareaof thehemisphereand
DAf is theareaof a fragment.The(x;y) componentsarethe
distancesfrom the centerof the plane([CG85]).The irradi-
ancecanthenbecalculatedas:

E = å
x;y

p(x;y)Fh(x;y) (3)

wherep(x;y) is the pixel valueof the renderedplane.The
irradiancevalueshouldbedividedby thepercentageof the
hemispherewhich therenderedplanespansin orderto com-
pensatefor themissingareas.

The calculationabove canbe implementedon the GPU.
Thewaywehaveimplementedthisis �rst to renderthescene
to a pixel buffer (pbuffer). Thenthis pbuffer is usedasinput
to a fragmentprogramwhich multiplies eachpixel with a
valuecalculatedusingEquation2. Thenthe resultingsum-
mation is calculatedusing hardware MIP map functional-
ity (weusetheOpenGLextensionSGISgeneratemipmap).
The MIP map function calculatesthe averageof a texture
in thetopmostlevel of theMIP map.Thereforewe multiply
eachpixel by thetotalnumberof renderedpixels.Thisisper-
formedin thefragmentprogramwhichis runbeforetheMIP
mapis executed.We copy this �nal pixel to a texturethat is
appliedto the surfacein the scene.We call this texture the
indirectilluminationmap(IIM) (In our implementationthey
have thesameresolutionastheAIMs). All thestepsareex-
ecutedon theGPU,andno expensive read-backto theCPU
is necessary.

Calculatingtheradiancefor the indirect illumination can
be donein several ways.If a texture is appliedto the sur-
face,the irradianceshouldbe storedin the IIM andmulti-
plied with the texture during rendering.But if the surface
hasauniformcolor, theradiancecouldjustaswell bestored
directly in theIIM. This canbedoneby pre-multiplyingthe
irradiancevalueswith the re�ectanceof the surfacein the
fragmentprogram.

Displayingtheillumination is oftendonein real-timeap-
plicationsby usingtexturemapswhich arealsocalledlight
maps.Light mapsusuallycontainbothdirectandindirectil-
luminationandthey areoftencoarse.Sincetheindirectillu-
minationusuallychangesslowly overasurfaceit is possible
to useanevencoarsertexture.

It is notedthat whenwe usethis approach,only diffuse
reconstructionof theindirectilluminationcanbehandled.

Many techniquescanbeusedfor applyinga texturewith
uniformsizeto a model,andseveralfull automaticmethods
havebeenproposed.In ourimplementation,wehaveapplied
thetexturesmanuallyby usinga3D modellingtool.

As with theAIMs, it is computationallyexpensive to up-
dateall theIIMs for eachframe.Therefore,we introduceDi

which is the deltavalue for the indirect illumination. This
valueis similar to Df exceptthat it is only affectedby pho-
tonsthathave bouncedat leastonce.As with theAIMs the
surfacewith thehighestDi will have its IIM updated�rst.

In our implementation,we restrict the numberof texels
whichcanbeupdatedperframein ordertokeepahighframe
rate.

We usetwo texturesfor the IIMs. Onethat is visualized
andonethat is beingupdated(doublebuffering). Whenthe
updateof a texture is done,the two texturesare switched
usinga blendbetweenthetextures.This is donein orderto
avoid popping.But for the indirect illumination to be up-
datedthis is a trade-off betweenpoppingandlag. We have
thereforesettheblendfunction to be fairly fast.Whethera
quick or a slow blendshouldbeuseddependson theappli-
cation.

5. Caustics

Causticsarisewhenaphotonhitsadiffusesurfaceafterhav-
ing beenspecularlyre�ected one or several times directly
from the light source.Whenusingphotonmapping,caustic
photonsaretracedin thesamewayaswith thephotonsused
for the indirect illumination. But photonsareonly tracedin
directionswhereknown causticsgenerators(specularre�ec-
tors) are located([Jen01]). Whenthe photonhits a diffuse
surface,its location is stored.Our methodis basedon this
strategy, whichmeansthatwe do not have thelimitationsof
thereal-timecausticmethoddescribedin [WS03].

We distribute the photonsevenly usingQMC Halton se-
quencesin orderto lower thenoiseandavoid �ick ering.The
photonsaretracedby usinga standardCPU ray-tracer. We
storethephotonsin a simplelist. We do not divide thepho-
tons into groupsas with the indirect illumination because
causticsarevery localized.

In orderto reconstructthecaustics,we do the following.
Firstwedraw thesceneby usingthecolorblackto apbuffer
with the depthbuffer enabled.This is donein order to get
theright occlusionof thephotons.Thenall thephotonsare
drawn additively aspointsby usingblending.Afterwardsthe
pbuffer containsa countof the photonsthat have hit a par-
ticular pixel. This pbuffer is usedasa texture,which makes
it possiblefor a fragmentprogramto readthe color value
of the currentpixel from the previous rendering.A screen
sizepolygonwith this texture is thereforedrawn by usinga
fragmentprogram.

Furthermoreit is alsopossibleto readthe photoncount.
Basedon the photoncountof the nearbypixels, a �lter is
appliedto thepixels:

c(x;y) = s
k

å
i= ¡ k

k

å
j= ¡ k

t(x+ i;y+ j)
q

1+ 2k2 ¡ (i2 + j2) (4)
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where c(x;y) is the resulting color at position (x;y) and
t(x;y) is the texture value at position (x;y). s is a scaling
value that adjustspower of the photonenergies.We usea
�lter of size7x7 (i.e. k = 3).

This is ascreenspace�ltering while photonmappingtra-
ditionally uses�ltering in world space.If the depthbuffer
is also madeavailable to the fragmentprogram(which is
possibleon the GPUsof today), it is possibleto calculate
the world spacepositionof the photonby multiplying the
depthwith theinversemodelview projectionmatrix(afterre-
scalingto thecanonicalview volume).In thisway, it ispossi-
bleto performthecaustic�ltering in world space,whichwill
producemorecorrectcaustics.Eventhoughthis will create
moreaccuratecaustics,it will alsomake the fragmentpro-
gramlongerandconsequentlyslower asthis calculationhas
to be donefor all fragments.In our casethat would be 49
times.We have thereforechosenonly to implementscreen
space�ltering.

By usingthis method,it is possibleto count255photons
(8 bits)ateachpixel,andthiswill besuf�cient in mostcases.
Whencountingthephotonsin theframebuffer it is assumed
thatall lightsandall causticsgeneratorshavethesamecolor,
otherwisea �oating pointpbuffer is needed.

Tracingall photonsin every framemaynot benecessary.
If the applicationrun at e.g.30 fps, it may not be notable
if eachphotonis only retracedevery secondto every tenth
frame.If the specularobject is moved fast, it will be pos-
sible to seea trail after thespecularobject.Whetherthis is
visually acceptabledependson theapplication.In our expe-
rience,the delayedphotondistribution doesnot disturbthe
visualappearance,andif theobjectmovesslowly it is hard
to notice.

The implementationof equation4 is a time consuming
fragmentprogram.Whenusinga �lter of size7x7, thesum-
mationsareunrolledto a programthat hasabout400 lines
of assemblycodeand49 lookupsin thetexture.Thereforeit
is desirableto limit theuseof thefragmentprogramto areas
wherecausticphotonsareactuallypresent.This is doneby
usingthefollowing method.

Before the photonsare drawn to the pbuffer, stenciling
is enabled.The stencil is set to incrementon zpass.When
the photonsaredrawn, they arealsomarked in the stencil
buffer. Thenthescreenis dividedinto anumberof grid cells.
For eachgrid cell, anocclusionqueryis startedasa quadis
drawn. The stencil function is setonly to let pixel be writ-
tento thepbuffer if thestencilvaluein thepbuffer is greater
thanzero.Whenthequadis drawn, theocclusionquerywill
returnthenumberof pixels thatweremodi�ed. If no pixels
weremodi�ed, no photonsneedto be �ltered in this area.
In thisway, theinexpensiveocclusionquerycanidentify the
areasthathavecausticphotons.Oftenthecausticonly �lls a
few percentof thescreen.Theprocessis illustratedin Fig-
ure3.

Figure 3: Left: photonsare drawn on the screen.Middle:
Areason thescreenaretestedfor photons.Right: Areasare
�ltered in screenspace.

6. Dir ect Illumination, Shadowsand Specular
Interr e�ections

By usingmoderngraphicshardware,it is possibleto evalu-
atetheshadingof eachpixel individually ([MGA03]). In our
implementation,we usea fragmentprogramfor calculating
the direct light, andwe usestencilbuffer shadow volumes
for calculatingthe shadows. Our implementationuseshard
shadowsbut realtimehardwarerenderedsoftshadowscould
just aswell have beenusedasdescribedin [JCLP04] or one
from [HLHS03] could be selected.Any soft shadow algo-
rithm is equallywell suitedastheshadow renderingis done
in a separatepass.Whencombiningthe light contributions
theshadow is appliedby usingascreensizetexture.

We usea dynamicenvironmentmapfor specularre�ec-
tions.This is doneby usinga cube-mapandfor eachframe
thesceneis renderedsix timesin orderto updatethesidesof
the cube.Multiple interre�ectionscould have beenusedas
well ([NC02]).

7. Combining the Light Contrib utions

Combiningthevariouscontributionsis anadditive process.
Wecreateaseparatepbuffer for theshadowsandanotherfor
thecaustics.Whenthesceneis rendered,thedirectillumina-
tion is calculatedfor eachpixel andmultipliedby thecontent
in the shadow pbuffer. The texturevaluefor the indirect il-
luminationis sampledin theIIMs whichareappliedto each
surface.Thesevaluesareaddedto the�nal coloralongwith
the caustic's value(seeFigure4). In this way, we combine
thecontributionsin a �nal pass.

Theformulais asfollows:

L = Lindirect + Lcaustics+ Lspecular + Ldirect ¤shadow (5)

Whenseveral lights arepresentin the scenethe formula
is asfollows:

L = Lindirect + Lcaustics+ Lspecular +
l ights

å
i= 0

Ldirect (i) ¤shadow(i)

(6)
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Figure 4: Top left: The direct illumination without shad-
ows. Top middle: Shadows. Top right: Re�ections.Bottom
left: Indirectillumination.Bottommiddle:Caustics.Bottom
right: Completeillumination

8. Results

We have implementedour applicationon a Pentium4, 2.4
Ghz with a GeForceFx 5950 graphicscard running Win-
dows.All codehasbeenwritten in C++andcompiledby us-
ing VisualStudio6. Cgwasusedfor all vertex andfragment
programs([MGA03]). Our photon-tracerutilizesa standard
axis-alignedBSP-tree.

Eachdynamicobject in the scenesusesa separateBSP-
tree.Any photontracedin the sceneis thereforetestedfor
intersectionwith all BSP-trees.

Thescenein Figure4 with indirectilluminationandcaus-
tics runs a 35+ fps. The cubeand the sphereare dynamic
objects.10000photonsareusedfor the caustics,and they
arecompletelyupdatedover 8 frames.For the indirect illu-
mination,77 photongroupsareusedeachwith 40 photons.
A maximumof 20 texelsperframeareupdatedby using�-
nalgathering.Thebig surfaceson thewallshave texturesof
5 by 5 texels for both the AIM andIIM. In total, the scene
has140texelsfor theAIMs andsimilarly 140texelsfor the
IIMs. The sceneis renderedat a resolutionof 512 by 512
pixels andall pbuffers arealso512 by 512 pixels.The en-
vironmentmapis renderedasa cube-mapandthe sceneis
rendered6 timesperframe.Eachsidein thecube-maphasa
resolutionof 128by 128pixels.Thememoryusedfor stor-
ing thephotonsandtheir pathsis in this casethenumberof
photonsmultiplied by 3 �oats for the energiesandthe size
of two pointersmultipliedby theaveragepathlength,which
in our caseis approximately2. This givesa total memory
requirementof approximately120Kb.

If weconsidertwo unconnectedrooms,andmodi�cations
only occurin oneof therooms,thennoupdateswill benec-
essaryin theotherroom.Onlyminimalcomputationalpower
will bespentin theotherroomasno photonswill beinvali-
dated.This caseis shown in thetop-mostscenein Figure5.

Photons Irradiancelookup(100photons) Balancingtime

300 0.023ms 0.10ms

500 0.027ms 0.18ms

1000 0.029ms 0.39ms

2000 0.034ms 0.84ms

Table1: Timingsfor balancingakd-treewith photons

Whentheroomsareconnected,updatesmadein oneof the
roomswill now affect the illumination in both rooms(see
middle imagein Figure5). Thebottom-mostimagein Fig-
ure 5 shows a scene,wherethe right room is illuminated
primarily by indirectillumination.

Figure5: Top: A scenewith two divided roomseachwith
two light sources.Middle: Theroomshave beenconnected.
Bottom:Two of thelight sourceshavebeenturnedoff.

Balancinga kd-treefor fastsearchingis computationally
cheapwhenthenumberof photonsin thekd-treeis low. In
Table1, timingsfor balancingakd-treeareshown. Thetime
for �nding thenearest100photonsis alsoshown.

Whenthe indirect illumination is updatedit is important
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Rendersize Fragments Polygonsin scene Timings

8 8x8 34 0.75ms

16 16x16 34 0.76ms

32 32x32 34 0.78ms

8 8x8 13,000 0.90ms

16 16x16 13,000 0.91ms

32 32x32 13,000 0.97ms

8 8x8 133,000 1.55ms

16 16x16 133,000 1.57ms

32 32x32 133,000 1.59ms

Table2: GPU�nal gatheringtimings

that the �nal gatheringstepis fast.We have measuredhow
muchtimeasingle�nal gatheringtakes.A single�nal gath-
eringincludesa renderingof thesceneusingtexturesof the
approximatedillumination, a fragmentprocessingof each
pixel,summationof thepixelsusinghardwareMIP mapgen-
eration,andacopy of the�nal pixel to a texture(seesection
4). We have timed thesestepsusing sceneswith different
polygoncount.The sceneswith 13,000and133,000poly-
gonsweremadeby subdividing thesurfacesandmakingthe
surfacesmorebumpy. Theresultscanbeobserved in Table
2. It is notedthat the timings arenot very sensitive to the
numberof polygonsin thescene.

Anotheroptionwouldbeto usetraditionalray-tracingfor
the �nal gatheringstepandsendthecalculatedvalueto the
graphicshardware.Our timingsshow that copying a single
texturevaluefrom theCPUto theGPUtakes0.65ms.Trac-
ing 1024(32x32)rays in a scenewith onedynamicobject
(i.e. two BSP-trees)and 8000 polygonstakes 16.7 ms us-
ing our implementationof the axis-alignedBSP tree.Fur-
thermore,the radianceshouldbe calculatedat the surface
that eachray hits and a �nal cosineweightedsummation
shouldbeperformed.Usingourmeasurements,it canthere-
fore be concludedthat our hardware optimized�nal gath-
ering methodis many times fasterthan a ray-tracerbased
approach.

The �ltering of causticsin screenspaceis optimizedby
usingthe occlusionquerywhich is describedin a previous
section.Ourtiming of theocclusionqueryshowsthatit takes
0.33 ms to run 100 occlusionqueriesover an areaof 512
times512pixels.UsingourGPUcaustics�lter onanareaof
512times512takes37.6mswhile only �ltering 1% of this
areatakes0.38ms.In a typical scene,thecaustics�lls less
than5% of thescreen(seeFigure6). Thetime spenton the
occlusionqueryis thereforewell worth theextraeffort.

Figure 6: Top:Causticsbeing cast from a dynamicobject
ontoanotherdynamicobjectandabumpy �oor . Bottom:The
samesceneshown usingwireframe

9. Discussionand Futur eWork

Many methodscan be usedfor optimizing a 3D applica-
tion. Popularmethodsare culling, LOD, tri-stripping, and
front-to-back renderorder, but many otherscan be used
([AMH02]). Theseall work well with ournew methods.

The�nal gatheringmethodrenderstheentirevisiblescene
using the centerof the texel that shouldbe updatedas the
camerapoint.Sinceall pixelsof this renderingareaveraged
usingMIP mappingbeforethey areused,it is not necessary
to renderanextremelyaccurateimage,andthe lowestlevel
of detailfor all objectsin thescenemightaswell bechosen.
Culling algorithmsshouldof coursealsobe enabledusing
the�nal gatheringrenderings.

Tracingphotonsis doneusingan axis-alignedBSP-tree.
If the sceneis divided up into a numberof cells e.g.using
portalstheBSP-treecanjust aswell bedividedup into sev-
eral trees.But sincephotontracing using a BSP-treeonly
takesO(logn) it maynotbedesirableto split theBSP-tree.

Both our methodfor �nal gatheringand photontracing
scaleswell with regard to the numberof polygonsin the
scene.Thelimiting factoris themovementof objectsin the
scenethatcausesphotonsto be invalidatedandthe indirect
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illumination to be updated.Particularly the accuracy of the
indirectillumination,i.e. thenumberof texelsin theIIMs, is
a limiting factor. Consequently, makingthescenelargere.g.
with moreroomsand�oors, will notaffect thelagandframe
rateif modi�cationsoccurlocally. But thecomputationtime
will beaffectedheavily if theobjectsgetmoredetailedand
moreandsmallertexelshave to beusedfor representingthe
illumination. Our methodscaleswell with the size of the
scenebut not with a lot of �ne detailsin thegeometry. Nev-
ertheless,afractal�oor , asdemonstratedin ourexample,can
behandledappropriately. Avoidingmany smalltexelsin the
IIMs is anareaof futureresearch.

As eachlight sourcehasa �x ednumberof photongroups
it maybeexpensiveto traceasinglephotonfrom eachgroup
every frameif many light sourcesarepresentin thescene.It
maythereforebedesirableto tracefewerphotonsfrom each
light sourceperframe.Whetherto tracea photonfrom each
photongroupor tracefewerphotonsfrom a light sourcecan
e.g.be determinedby the distancefrom the light sourceto
theviewer.

We have implementedthesummationof all pixels in the
�nal gatheringstepusinghardwareMIP mapping.Currently
this canonly bedoneusing8 bit precision.In thenext gen-
erationof GPUsit is likely thatthis canbedoneusing�oat-
ing pointprecision.Anotheroptionwouldbeto calculatethe
MIP mappingusingfragmentprogramswhichis donein e.g.
[NPG03].

Aliasing is usually a problem when using hemi-cube
basedmethods.Weusethehemi-cubefor gatheringradiance
valuesfrom textureswith large texels.The large texels is a
�ltering of theradianceswhichreducesthealiasingproblem.
Furtherit is cheapto increasethesizeof thehemi-cube(See
Table2).

Oneof the biggestadvantagesof usingphotonmapping
comparedto e.g. radiosity is that it is meshindependent.
Whenusingour approach,we groupthegeometryinto sur-
facesanduselocal photonmaps,andthis suggeststhatour
methodis lessgeometryindependentthantraditionalphoton
mapping.But whencalculatingthe irradianceby usingtra-
ditional photonmappingwith ann-nearestneighborsquery,
only photonswith normalssimilar to thecenterof thequery
areusuallyused.This canbeviewedasanimplicit division
of thegeometrysimilar to ourgroupingof thesurfaces.

By usingour method,shadows anddirect illumination is
updatedin every framewhile theindirectillumination is up-
datedprogressively. We �nd this to bea goodstrategy since
our observation is thatcorrectdirect illumination andshad-
ows are more important than indirect illumination for the
visualimpressionof ascene.

Our strategy for updatingthe indirect illumination is in
somewayssimilar to [TPWG02] astheindirectillumination
is updatedselectively. Webasedourprioritieson invalidated
photonsin objectspacewhile they calculatetheir priorities

in cameraspace.Whenusingourmethodit is thereforepos-
sible to move the cameraquickly without severeartefacts.
This is somethingthat is often donein e.g.games.This is
possiblebecausetheindirectilluminationof theentirescene
is cachedandbecausethe indirect illumination is assumed
to bediffuselyre�ected.

The texture resolutionfor the indirect illumination (IIM)
is �x ed in our implementation.Furtherresearchshouldbe
madeto addressthe problemof dynamicallychoosingthe
textureresolutionin orderto reconstructtheindirect illumi-
nationmoreaccurately. Onedirectionfor thisresearchcould
beto applya �lter to thetexturein orderto �nd highsecond
orderderivatives,asthis is probablya goodlocationfor in-
creasingthe texture resolution.Anotherdirectionwould be
to usemethodsthat dependon distancesto other surfaces
similar to what is usedin irradiancecaching([WRC88]). A
hierarchicalmethodsimilarto [TPWG02] couldalsobeused
for subdividing thesurfacesalthoughit requiresa�ne mesh-
ing or aconstantre-meshingof thescene.

It shouldbeeasyto addourmethodsatspeci�c locations.
E.g.in oneroom,indirectilluminationcouldbeenabledand
atanoutdoorlocation,causticscouldbeenabledfor asingle
object. In this way, the designerof e.g. a gamecan make
surethat the applicationalways runs at a suf�cient frame
ratewhile addingadditionalfeaturesonly whereit will not
compromisetheframerate.

10. Conclusion

We have introduceda solutionfor simulatingphotonmap-
ping for real-timeapplications.The methodusesa combi-
nationof CPUandGPUbasedalgorithmsandusesfeatures
thatarecurrentlyavailablein mostcommodityGPUs.

Our main contributions in this paperare the fast calcu-
lation of indirect light and the fast calculationof caustics.
Thesetwo elementscan be implementedindividually and
addedto theremaininglight contributionssuchasdirectillu-
mination,shadowsandspecularre�ectionsto producea full
globalilluminationsolutionsimilar to thestrategy of photon
mapping.

Both the photontracing and the direct illumination can
handlediffuse and non-diffuse surfaces.However, the re-
constructionof the indirect illumination is restrictedto dif-
fusesurfacesasthe indirect illumination is currentlystored
in textures.

We have usedselective updatesin several levels for the
indirect illumination andin this way obtainedan intelligent
cachingmechanismwhile still keepingall the elementsof
thephotonmappingmethod.Thekey parametershave been
animprovedselectivephotonemissionandtracing,together
with localselectively updatedphotonmaps.Furthermorewe
haveexploitedgraphicshardwarefor fast�nal gatheringus-
ing a hemi-cubebasedmethodwith negligible aliasingarte-
facts.
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Our causticalgorithm can run in real-timewithout the
limitationsof previousmethods.Themethodis fastbecause
of a simpleselective �ltering andthe imagequality is rea-
sonableeventhoughwehaveonly implementedscreenspace
�ltering.

We have proven that our indirect illumination method
works well for small scenesbut arguedthat it scaleswell
to larger scenesif the geometricdetailsdo not demandtoo
heavy useof detailedtexture maps.Furthermoreusingtex-
turemapsweavoid heavy meshingof thescenes.
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Figure4: Top left: Thedirectilluminationwithoutshadows.
Topmiddle:Shadows.Top right: Re�ections.
Bottomleft: Indirectillumination.Bottommiddle:Caustics.
Bottomright: Completeillumination.

Causticsbeingcastfrom a dynamicobjectontoanotherdy-
namicobjectandabumpy �oor .
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