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Abstract

In this paperwe presentan approximatemethodfor accelerated
computationof the nal gatheringstepin a globalillumination al-
gorithm. Our methodoperatesy decomposindhe radiance eld
closeto surfacesinto separatdar andnear eld componentshat
canbe approximatedndividually. By computingsurfaceshading
usingtheseapproximationsinsteadof directly queryingthe global
illumination solution,we have beenableto obtainrenderingtime
speedupson the orderof 10 comparedo previous acceleration
methods.Our approximatiorschemesely mainly on the assump-
tions that radiancedue to distantobjectswill exhibit low spatial
andangularvariation,andthatthe visibility betweera surfaceand
nearbysurfacescan be reasonablypredictedby simple location-
andorientation-basedtleuristics. Motivatedby theseassumptions,
our far- eld schemeusesscattered-dataterpolationwith spheri-
cal harmonicsto represenspatialand angularvariation, and our
near eld schemeemplo/s anaggressiely simplevisibility heuris-
tic. For ourtestscenestheerrorsintroducedvhenourassumptions
fail do notresultin visually objectionabletrtifactsor easilynotice-
abledeviation from a ground-truthsolution. We alsodiscusshow
ournear eld approximatiorcanbeusedwith standardocalillumi-
nationalgorithmsto producesigni cantly improvedimagesatonly
negligible additionalcost.

Keywords: Final gather approximateglobalillumination, spheri-
calharmonics.

CR Categories: 1.3.3[COMPUTERGRAPHICS]:Picture/ Im-
ageGeneration).3.7 [COMPUTER GRAPHICS]: Three Dimen-
sionalGraphicsandRealism

1 Introduction

Currentrenderingechniquesanproducehighly compelling beau-
tiful imagesthatrealisticallycapturea variety of interestingeffects
suchas color bleedingbetweennearbysurfacesor indirect shad-
ows dueto strongre ectedillumination. Capturingtheseeffectsre-
quirescomputinghow light propagtesandre ects within thescene
ervironment,andthe termglobalillumination refersto the classof
algorithmsthatperformthesecomputations.
Unfortunatelycomputingaglobalillumination solutionis afun-
damentallydif cult task, requiringsolutionsto integral equations
thatrecursvely expresstheradiancdeaving a surfaceasafunction
of theradiancdeaving othersurfaces.Thealgorithmsavailablefor
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Figurel: An imagerenderedvith our algorithm. Notice the fast
changen globalillumination nearsurfacerelief. Thisimagetakes
about5 minutesto render(from endto end)on a desktopPC.

computingthesesolutionsmust either discretizethe ervironment
or emplgy someform of stochasticsampling.However, producing
solutionsfree of objectionableliscretizatiorartifactsandsampling
noiseoften demandsmpracticallylarge computationtimesand/or
storagespace.

A widely adoptedtechnique,called nal gathering, approxi-
matesa high quality global illumination solution by combining
a relatively coarseglobal illumination solution with high resolu-
tion samplingof selectsurfaces.First, a standardylobal illumina-
tion method,suchasphotonmapping,is usedto computea rough
solution. Afterward, an imageis generatedusing Monte Carlo
techniquego integrateindirectirradiancefrom the roughsolution.
Monte Carlointegrationis performedonly for surfacesthataredi-
rectly visible, or clearlyre ected. Theresultcapturesllumination
featuresof the global solution, but becauseliffuseandglossysur
facesblur re ections, objectionableartifactspresentin the rough
solutiondo not appeaiin the nal image.Although nal gathering
provides a large overall improvementin total renderingtime (for
anequalquality result),onetypically nds thatthe costof the nal
gatherdominateghe costof computingthe coarseglobalillumina-
tion solution.As aresult,improving the speedf the nal gatheris
aneffective way of reducingoverall renderingtime.

Onesuchapproachis irradiancecachingwhich takesadwantage
of the smoothingpropertyof diffusesurfacesby cachingthe value
of theirradianceintegral at pointson surfaces. The cachedvalues
arethenre-usedfor nearbypoints using scattereddatainterpola-
tion. Details,suchasprecisesamplingregime andtheinterpolation
schemevary from implementatiorto implementation.

However, irradiancecachesare not ef cient aroundgeometric
detailbecaus¢éhey mustmaintainadensesetof samplego account
for the potentiallyrapidly changingrradiance.Onecanarbitrarily
limit thesampledensity but doingsooftenobliterategperceptually



importantlighting variationsthatreveal surfacedetailandgeomet-
ric texture.

In this paperwe proposeanapproximatenethodfor accelerated

nal gatheringthat splits the irradianceintegral into separatdar
andnear eld componentshatcanthenbeapproximatedndividu-
ally. Asthenamesuggestshefar eld termaccountgor thepower
coming from distantsurfaces,while the near eld term accounts
for there ections andocclusiongdueto nearbygeometry Our ap-
proximationschemesely mainly on theassumptionshatradiance
dueto distantobjectswill exhibit low spatialandangularvariation,
andthat the visibility betweena surfaceand nearbysurfacescan
be reasonablypredictedby simplelocation-andorientation-based
heuristics. Motivated by theseassumptionsour far- eld scheme
usesscattered-datmterpolationwith sphericalharmonicsto rep-
resentspatialandangularvariation,andour near eld schemesm-
ploys an aggressiely simplevisibility heuristic. The assumptions
underlyingourfar eld schemearesimilarto thosewhich motivate
irradiancecaching,exceptwe cacheradiance ratherthan irradi-
ance. Sinceonly the radiancedueto distantobjectsis cachedour
requiredsamplingdensityis notimpactedby local geometry

Usingthis decompositionywe areableto approximatenal gath-
eringin comple sceneglisplayinga variety of globalillumination
effects(seeFigurel). Ourtestsshav thatthemethodusedarfewer
visibility queries(ray traces)and achieves an order of magnitude
speedumn averagecomparedo irradiancecaching. For our test
scenesthe errorsintroducedat locationswherethe underlyingas-
sumptionsfail do not resultin visually objectionableartifacts or
easilynoticeabledeviation from a ground-truthsolution.

We alsodiscusshow our near eld approximationcanbe used
with standardocalillumination algorithmsto producesigni cantly
improved imagesat only negligible additional cost. This local
enhancemerghouldbe particularly usefulin productionerviron-
mentswhere artists often employ unrealisticlight placementto
achieve a desiredlook. Like ambientocclusionshading,our local
enhancemergreatlyenhancegherealisticappearancef anobject
but it is signi cantly cheapeto compute.

2 Related Work

Global illumination hasbeenone of the mostheaily researched
branchesof computergraphics. A thoroughreview of available
methodscannotbe presentechere, but [Sillion and Puech1994]
and[Dutré et al. 2003] provide a good overview of nite element
andMonteCarlobasedylobalilluminationtechniquesWe usepho-
ton mapping[Jenser2001],to generatehe globalillumination so-
lutionsusedwith our nal gatheringalgorithm.

Originally, nal gatheringwasdevelopedfor usewith radiosity
methodgo obtainvisually pleasingresultsfrom blocky piecavise-
constantsolutions. [Lischinski et al. 1993] introducedan object
spacere nement methodfor increasingthe visual quality of the
solutionof a hierarchicaradiositystep.[Rushmeierl988],[Rush-
meieretal. 1993]usea coarsegeometricnodelfor a radiosityso-
lution which is queriedby a Monte Carlo algorithmto createthe

nal picture.[ZimmermanandShirley 1995]decreas¢hevariance
causeddy Monte Carlointegrationby re-classifyingbright re ect-
ing surfacesn a coarseadiositysolutionaslight sourcego ensure
thatthosesurfacesaresampled[Scheelet al. 2001]demonstrated
thata nal gathercouldbeacceleratetly usingthelink information
from a prior radiosity stepto identify importantsenders[Scheel
etal. 2002]alsouseshelink informationto nd thesendersvhose
power contritutioncanbeinterpolated A similarideahasalsobeen
exploredby [Bekaertet al. 1998] whereper pixel nal gatherwas
obtainedusing a Monte Carlo integration schemewhich usesra-
diosity solution for importancesampling. All of thesemethods
generatea visually pleasingresultfrom a coarseglobal illumina-
tion solution.However, they still resultin anexpensve nal gather
stepthat mustcomputeexpensve irradiancefor eachpixel in an
image.

In anin uential paper [Ward et al. 1988] introducedthe con-
ceptof performingvery accuratenal gatheron surfacesonly at
scatterecgpointsandtheninterpolatingthosevalues. Known asir-
radiancecaching,their methodadaptsthe samplelocationsbased
onhow quickly thesamplednal gatherresultchangesA laterpa-
per[WardandHeckbert1992]re ned thealgorithmto decreas¢he
discontinuitiedueto theinsertionof new samplesvhile rendering.

Insteadof cachingirradiancepurfar eld approximatiorcaches
incidentradiance.Our near eld correctionthenadjuststheirradi-
anceintegral obtainedfrom the cachedepresentatioby explicitly
accountingfor nearbygeometry This will allows usto cachethe
incidentradianceat a relatively smallnumberof locationsandstill
approximatethe high-frequeng detail in indirectillumination. A
similarideafor extendingirradiancecachedy cachingtheincident
radiancehasbeenexplored by [Krivaneket al. 2005]. However,
their methodaimsat handlingglossysurfaceswhereasour method
attacksoversampling[TabellionandLamorlette2004] presentan
improvementover irradiancecaches,but they must also sample
more denselyaroundgeometricdetail andtheir limit on the sam-
pling densitycanleadto smoothednterpolation. Similar to our
work, [Greger et al. 1998] storesincident radiancein space,but
their methodsuffers from the samedensesamplingproblemof ir-
radiancecaches.

The behaior of diffuse surfacesin close proximity to other
surfaces(suchas corners)hasbeenexploredin [Rathsfeld1999]
and[Atkinson 2000]. Their resultscon rm the existenceof high-
frequeng changeopr light re exes,aroundcorners.

The quality of the resultsfrom mary of the methodsabove can
be explainedby researclton the relationshipbetweenthe appear
anceof diffuse surfacesandincidentillumination. [Epsteinet al.
1995]and[Basri and Jacobs2000] shaved thatthe color of a dif-
fusesurfacewasafunctionof thelow dimensionatepresentatioof
theincidentillumination.[RamamoorthandHanrahar2001bJused
low ordersphericaharmonicsanddemonstratetiarmonicgo bea
goodandcompactrepresentatiorfGautronet al. 2004] extendthe
ideaontohemisphericabasisfunctionswhich provideamoreaccu-
raterepresentatiofor functionsde ned on hemispheresSpherical
harmonicshave alsobeensuccessfullyusedin [Ramamoorthiand
Hanrahan2001a]to represenervironmentmapsfor diffuse sur
faces.This ideahasbeenexpandedn [Sloanet al. 2002] with the
introductionof transferfunctionsto take self occlusionsor inter-
re ectionsinto account.However suchmethodsrequireexpensve
precomputatiorto obtainthetransferfunctions.

3 Overview

The nal gatherin a renderingprocesscomputesshadingfor the
surfacesthat are eitherdirectly visible, or visible by a mirror-like
re ection. Presuminghatthe BRDF of thesesurfacescanbe sep-
aratedinto diffuse and specularcomponentsye obsene that the
directionaldependencef the specularcomponentmalesit well
suitedfor fastcomputatiorusingstandargamplingmethodswhile,
in contrast,computingthe diffuse re ection by samplingcan be
quitecostly Accordingly our methodfor acceleratingnal gather
ing focuseson speedingup this bottleneckby replacingthe costly
irradianceintegral usedfor computingdiffuseillumination with a
fastapproximation.

Let P bea point on somesurfacewe wish to shadewith normal
vectorN. TheincomingradianceatP from adirectionw is L(P, w).
If wede ne r asthediffusere ectivity (albedo)of thesurface,the
diffuselyre ectedlight, oriadiosity, is de ned asfollows:

B=_ (N w)L(Pwdw )
P w

The integral in this equationcomputesthe power that P receves
andis calledirr adiance

The de nition of irradianceis implicitly recursve: Finding the
incomingradiancel (P, w) involvescomputingtheirradianceinte-
gral at the sourceof the radiance.One could performthe compu-



Figure2: Theleftmostimageshows the locationsof theirradiancecachesamplesaswhite dots. The samplesare concentratedroundthe
cornersto accuratelycapturethe swift changen illumination. The centerleft imageshaws the locationsof our sphericaharmonicsamples.
Sincethehigh-frequeng changesn diffusebrightnessaroundcornersarecapturedexplicitly by our correctionterm|y, we requirefar fewer
samples.Theimageon the centetrright shavs the samplepointsremaved to shav the nal imagecomputedusingour technique andthe
rightmostimageshaws the groundtruth, whichis obtainedby estimatingtheirradianceintegral (equationl) usingMonte Carlotechniques.

tation using path integration (Monte Carlo variants)or discretize
the sceneand corvert the probleminto a linear system(radiosity
variants,not to be confusedwith the term for diffusely re ected
light). However, thesemethodsare often too expensve to obtain
high quality solutionsby themseles.

As we have discussedthe commonpracticeof nal gathering
usesa Monte Carlotechniqueto computetheirradianceintegral at
visible surfacesbut it avoids costly recursionby usinga precom-
puted coarseglobal illumination solution as a proxy for L(P, w).
This practiceis called Final Gathering,becausét “gathers”from
the coarseglobalillumination solution.

Final gatheringis expensve becauset involvesshootingmary
sampleraysfor eachpoint to be shaded.Although computingthe
irradianceintegraliis expensve, it canoftenbere-usedif thevalue
of the integral is not changingvery rapidly on a surface, it can
be computedsparselyandbe interpolatedusing scatterediatain-
terpolationtechniques. This techniqueis often called irradiance
caching[Wardetal. 1988;WardandHeckbert1992].

As a point movesacrossa surface,far away surfacesmove less
on theincidenthemispheref the point thannearbysurfaces(par
allax effect). This meangheirradianceintegral in Equationl does
not changevery rapidly (as P moveson a surface)if the source
of the incomingradianceL (P, w) is far awvay. Similarly, if there
are other surfacesnearby thenthesesurfacescanre ect and ob-
structlight andcreaterapid changesn theirradianceintegral. For
thisreasonijrradiancecachingmethodsareforcedto form spatially
densecachesn regionsof geometriadetail (asshavn in Figure2.).
Even a phenomenoras familiar as a cornerattractsmary cache
samplego capturepotentialchangesn theirradiance.

Letusdesignatall thevisible pointsthatarefartherfrom P than
adistancehresholda asdistant andall otherpointsasnearby The
incidenthemispher&V over P canthenbe partitionedinto W and
WN (W= Wp [ WN) accordingto whethera distantor nearpoint
projectsonto a given portion of the hemisphere.Given this dis-

tinction, we cansplit the irradianceintegral into two components:

Pawercomingfrom distantsurfacesandpowercomingfrom nearby
surfaces.Paowver comingfrom distantsurfacescanbe handledeas-
ily, becausét doesnot changerapidly on surfaces.Paver coming
from nearbysurfacescanalsobe handledeasily becauset is by
de nition, alocal computationFormally, we write:
r 4
B = — (N w)Lp(P,w)dw
P
+ I (N wln(Pwydw )
P wy

Here we denotethe incidentradiancefrom distantpointswith
Lp andfrom nearbypointswith Ly. In practice,it is dif cult to

determineWp directly. However nding Wy is relatively straight-
forward by looking at the nearbyscenetrianglesand nding the
solid anglethey subtend.Thesepropertiessuggesthatwe de ne

LB — anextensionof Lp from Wp to Wby ignoringary occlusions
dueto nearbysurfaces.Now L?D = Lp onWp sowe canrewrite the
integral above asfollows:

Z
(N w)LA(P,w)dw
ZW

B

[>T

(N WLn(Pw) L3P w)ldw

P ow
= %(ID+ In) @3)

In equation3, thelp canbethoughtastheirradiancedueto dis-
tant surfaces(distantterm) andly canbe thoughtasa correction
termthataccountdor the power beingre ected or beingoccluded
dueto nearbysurfaces(nearterm). Sections4 and5 will explain
how thesetermsrespectiely canbe approximatedf ciently. Sec-
tion 7 will discusgheeffectof theparametea whichdistinguishes
distantfrom nearbysurfaces.

4 Distant Term

The distant illumination Ip = (N w)L3(P.w)dw does not
changerapidly over surfaces.We could cachelp sparselyanduse
scatteredlatainterpolationtechniquesan approactthatwould be
similartoirradiancecachingout with thedifferenceof separatingr-

radiancedueto farandnearsurfaces . However, ratherthancaching
thevalueof Ip (irradiance)we cachea compactrepresentatioof

LY (radiance).CachingL) insteadof Ip will allow usto compute
the seconderm of the correctiontermwhich subtractghe portion
of Ip thatcorrespondso distantsurfacesobscuredy nearbyones.
It alsofacilitatesusing bump or displacementsnapswhererapid
variationin the surfacenormalcausegapid changesn Ip but not
L?D. [Krivaneket al. 2005] demonstratesdditionaladwantageof

storingtheincidentradianceanddescribediow theinformationcan
beusedto ef ciently handleglossysurfaces.

L?D is a function of positionanddirection: It givesus theinci-
dentdistantradiancefrom a givendirectionarriving at a given po-
sition. Sphericalharmonicsprovide a nice representatioffior such
functionsde ned over a sphere.As demonstratethy [Ramamoor
thi and Hanrahan2001b], for the diffuse componentof a BRDF,
only 9 coefcients provide asufcient representationf theincom-
ing radiance,and so we usethese9 coefcients for representing
LB ata x edpoint. Given a query point, the distantincidentra-
dianceis obtainedby interpolatingsphericaharmoniccoefcients
from nearbysamples Note thatour querypointswill be pointson
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Figure3: (a) Constructingsphericaharmonicsampledy shootingraysfrom a singlelocationcanundersampleertaindirections.Sincewe
only considersource®f incidentradiancehatarefartheraway from the samplepointthana, a samplecomputedattheredpointwould only
have samplexomingfrom avery narrav rangeof directions.Thebluesamplealsohasa similar problembecausé& doesnotcontainary rays
shootingtowardstheright. (b) To avoid this situation,we spreadhe origin of our raysonto surfaces.We still considertheintersectionghat
arefar enoughaway. But whenwe computethe harmoniccoefcients, we assumaall theraysoriginatefrom the geometricabverageof the
originsof therays. (c) This way whenwe computethe harmonicsamplefor thered pointwe do not suffer from theundersamplingroblems.

surfacesvherewewishto performashadingcalculation put thelo-
cationsxvherewecachd_?D maybearbitrarypointsin spacethough
presumablythey will be nearsurfaceswe wish to shade.Because
sphericalharmonicsprovide an orthonormalbasis,|p canbe ef-
ciently evaluatedusinga dot productof harmoniccoefcients for
maxN w;0) andL} (P, w).

We computethe projectionof L'-E, onto the harmonicbasisus-
ing a sampling t procedure.The incidenthemispheraV of P is
randomly sampledand incoming radianceat thesesamplepoints
areobtainedby ray-castjueriesinto the coarseglobalillumination
solution. Rayswhoseintersectionsarecloserto P thana aredis-
carded.The sphericalharmoniccoefcients approximating_?D are
computedoy aleast-squares to theseincidentradiancesamples.

4.1 Sampling

Irradiancecachingalgorithmstypically cacheirradiancevaluesat
speci ¢ pointsonthevisible surfaces. Thecorrespondingpproach
would befor usto selecta setof surfacepoints,sampletheincom-
ing radianceoverahemisphereenteredteachof thosepoints,and
thenstorethe resultingharmoniccoefcients at eachpoint. How-
ever, we have noticedthatdoing so cancreateugly biasartifactsif
our implicit assumptionaboutthe smoothnessf distantillumina-
tion fails. Insteadwe opt for a procedurehatwill producea more
benighsmoothedsolution.

We start with the set of all shadingpoints that will needthe
globalillumination computatiof. We thenattemptto t a spheri-
cal harmonicto theincomingradiancefor thesepointsby shooting
raysfrom randompointsin thissetin randomdirectiong(in theinci-
denthemispheref the selectedboints). A singleharmonicsample
is not good enoughto representhe incoming distantradianceif
ary of theseraysintersectsa surfacewithin the boundingsphere
of thesampleslf thisis the case we split (usingk-means)}he set
of shadingpointsinto two, andattemptto t harmonicsfor each
of the subsetgecursvely. A setis not split if the diameterof the
boundingspherdor theshadingpointsin thesetis lessthana, or if
theraysdo notintersecbthersurfaceswithin theboundingsphere.
This methodensureghatthe harmonicssampleswill notbe closer
to eachotherthana andthatthe placeswithout geometricdetail
will notcreatelots of harmonicsamples Spavning raysfrom ran-
domshadingpointscorrespond$o spreadingheoriginsof therays
usedto computethe harmonicsonto the surfaces. (SeeFigure 3.)
The numberof raysthatwe useto computea harmonicsampleis
roughlyequialentto the numberof raysthatirradiancecachesise
to computea sample.In practice we use512raysperharmonicin
all of our examples. Oncea harmonicsampleis computedusing
leastsquarest to theincidentradiancesomingalongtheserays,
it is storedat the geometriccenterof the shadingpointsin the set.
For eachsample we alsostoretheradiusof theboundingsphereof

1if renderinga 640 by 480 imagewith one sampleper pixel, we have
640 480= 307200shadingpoints.

(©

theshadingpointsfor whichthesamplewvascollected.Thesamples
areinterpolatedusingscatterediatainterpolation similar to irradi-
ancecachesfor aquerypoint, we locateall theharmonicsamples
that are nearthe query point and perform a normalizeddistance
weightedsumof theharmoniccoefcients.

5 Near Term

While distantillumination generallyexhibits slow variation over
surfacestheillumination arriving from, andoccludedby, nearsur
facescanvary relatively rapidly. In fact, asillustratedby Figure7,
lighting variationinducedby nearsurfacesoften providesmary of
the cuesthat reveal the geometricstructureof anobject. As are-
sult, the smoothness-dependenterpolationmethodwe usedfor
distanttermscannotwork well for estimatingthe irradiancefrom
nearsurfaces.

Insteadwe computean approximationof Iy directly at each
shadingpoint. By de nition, this computationis local and only
involvessurfaceswithin distancea. However, evenlimited to this
small neighborhoodwe have found the requiredvisibility teststo
beexpensve. Soratherthanactuallycomputingthevisibility terms
we make useof afast,aggressie heuristicthatapproximatewisi-
bility basedntherelative locationandorientationof the surfaces.

First we rewrite the nearbycorrectionterm of equation3 asa
sumover all nearbytriangles:

In a FFOBM=p LA(Pw)] 4)
12T

In this equationT is the setof triangleswhosecentroidsarecloser
to theshadingpointthana. We nd suchtrianglesusinganoctree
decompositiorof thescene w is thedirectiontowardsthe centroid
of thetriangle,FF(t) andB(t) respectiely standfor theform factor
of thetrianglet to P andits radiosity which we assumes constant
overthetriangle.

To avoid problemscausedy largetrianglesthathave signi cant
portionswithin and without a distancea, triangleslarger than a
aresplit into smallerones. Splitting trianglesalsojusti es treating
the radiosity as constantover a triangle, as doesthe fact that we
arereferringto radiosityfrom the coarseglobal illumination solu-
tion. A third bene t of splitting trianglesis thatit preventsshading
discontinuitiesthat would be generatedf a large triangle's center
movedfrom insidea to outsidea aswe movedasmalldistanceon
therenderedsurface. For the sceneghatwe renderedthis process
did not morethantriple the numberof scendriangles becausghis
splitting only attacksthe big sceneriangles.

Ourvisibility heuristicdiscardsary trianglesthatareeitherback-
facingto the shadingpoint, P, or that are completelybelown the
planepassingthroughP with normalN asthosetrianglescannot
provide directillumination to P. We thenassumehat all othertri-
angleswithin distancea are visiblefromP. Althoughonecaneas-
ily comeup with examplegeometriesvherethis aggressie, gross



Figure5: This scenedemonstratea deformedfractalin a Cornell
box. Theimageontheleft is thegroundtruth obtainedusingMonte
Carlointegration. Theimageon theright is the resultof our algo-
rithm. Thefractalviolatesour visibility assumptionbecausé con-
tainsmary smalltrianglesthatre ect/occludepowerfrom far away
surfaces.Evenin this contrived scenariothe errorsintroducedby
our algorithmarenottoo distracting.

approximatiorwould be wrong, we have found that it works sur
prisingly well in practice. Later, in section7, we will discussthis
approximatiorfurther

RecallthatLE,(P, W) is the approximatiorof incomingradiance
from directionw dueto distantsourcesomputedusingour spher
ical harmonic-basedhterpolation. We also treat this quantity as
constanbver directionsspannedy oneof the split triangles,and
justify the approximatiorwith Lp's smoothnesandthe smallsize
of thesplit triangles.

The remainingquantitythatmustbe computeds the form fac-
tor betweenP and a triangle, FF(t). It is this computationthat
would normally involve visibility information. Standardmethods
would renderthetrianglesontoa hemi-cubeor determinevisibility
by sampling.While we couldeasilyuseoneof thesemethodsn our
formfactorcomputationgdoingsowould reducehespeedmprove-
mentof our algorithmover irradiancecaching.Insteadwe assume
thatthe trianglesselectedby our heuristicareall completelyvisi-
ble,andcomputeform factorsusingthe analyticalpolygonto point
form factorformulagivenby [Hottel and Saforim1967].

6 The Whole Algorithm

Oncea coarseglobal illumination passhasbeencompleted,our
algorithmconstructshe imagein two passeslin passl, we com-
putethesphericaharmonicscapturingtheincidentradiancedueto
distantsurfaces Becausehe sphericaharmonicsamplesepresent
only thedistantilluminationandareusedfor thediffusecomponent
of the BRDF, they canbe scatteredsparsely The nearfar thresh-
old a determineghe minimum spacingbetweerthesesamplesin
passl, we alsocomputethe averageradiosityvalueover all visible
trianglesandsplit themif necessary

In pass2, for every point we needto shadewe rst interpolate
thesphericaharmoniccoefcients to obtainarepresentationf the
incidentradiancedueto distantsurfaces(L%). We then compute
thedistantterm (Ip) andthenearbycorrectionterm(ly) by nding
nearbytrianglesand computingthe sumin equation4. The nal
diffusere ected power is obtainedby equation3.

7 Nature of the Approximation

As with ary approximatiormethodthefar andneartermapproxi-
mationswe usecanintroduceerrorinto therenderedmage.For the
interpolationmethodwe usefor distantillumination, the potential
dif culty is thatit may smoothover andobscuresomeperceptible
illumination feature. For our simplevisibility heuristic,we expect
thatit maybewrongandtreatanoccludedriangleasvisible.
Thepotentialproblemsdueto ourradiancenterpolatioraregen-
erally similar asthosethatmay occurfor irradiancecaching.How-

ever, we gainsomeadwantage®y interpolatingradianceatherthan
irradiance.In particular irradiancechangeslueto variationin sur
faceorientationwill notcauseproblemfor interpolatingradiance.

Radiancenterpolationcanstill encountedif culties for sharp
changesn indirect illumination causedby a distantoccluder In
practicethis happengarely as mostindirect illumination sources
tendto appearas areasourcesand so createsoft shadevs. Nev-
erthelesswhen the situation doesarise, our samplingprocedure
shouldtendto clustersamplesnearthe illumination boundaryto
helpresoheit.

Our simplistic near eld visibility heuristicwill certainly pro-
duceerrors,andon rst consideratiorone maybesurprisecdhatit
works at all. In fact, we originally experimentedwith fastmeth-
odsto actuallycomputdocalvisibility correctly andif desiredone
couldstill usesuchamethodin conjunctionwith ourincidentradi-
anceinterpolation.However, we have foundthatfor generakcenes
our muchcheapeteuristicresultsin signi cant computationsav-
ing with little perceptibleerror

Onepossiblexplanatiorfor why it workswell in practicecomes
from consideringwhich situationsbreakour visibility assumption.
Themostobviousis a surfacethatis surroundedy mary mutually
occludingsurfaces. Onecaneasily contrive suchan example,but
exceptfor someparticularexamplessuchashair or treeleaves,we
believethesituationdoesnotoftenarisein real-world scenesAddi-
tionally, mostrenderedscenesontainsigni cantly lessgeometric
detailthantherealworld. Furthermorghecommonlyoccurringex-
amplesoftenrequiresomespecialtreatmenthatwould in ary case
precludemost genericacceleratiormethods. (For example, spe-
cial shadav structuredor hair, transluceng for leaves.) We also
obsere thatit may bedif cult to seesurfacesthataresurrounded
by mary occluderssothatshadingerrorson thosesurfacesmaybe
somevhatexcusable.

Finally, thereare usertunableparametersn both the near and
far eld approximationgndtheseparametersanimpactthequal-
ity of the renderedmage. The criteria usedfor placinginterpola-
tion samplesandbuilding clustersaffectsthe ability to resolhe fast
changesn distantlighting. Theparametea changestwhatscale
occlusionsare computedbut lighting smoothed,and the scaleat
which we ignore occlusionsbut do not smoothillumination. The
effectof varyinga is illustratedin Figure4.

In Figure 6 we include a magni ed differenceimage between
the our methodandthe groundtruth. The errorswe make arecon-
centratedaroundthe cornerswherethe nearbycorrectionterm is
approximatedThereadelis encouragetb evaluateour resultsper
ceptuallyagainstthe groundtruth.

In the next section,we discussthe qualitative propertiesof our
approximatioranddemonstrateur results.

8 Results

To demonstrat@ur method,we have renderedseveral scenesand
comparedhemto groundtruth resultsobtainedby estimatingthe
irradianceintegralin equationl usingMonte Carlotechniquesvith
a high numberof samplesWe alsocomparedheimagesrendered
usingour algorithmto irradiancecaching.lrradiancecachingvari-
antsrepresenthe currentstateof artin approximatenal gathering
andareavailablein mary commerciakrenderingpackages.

Figuresl, 4, 6, 8 demonstratéhe quality of our approximation
in complex ervironments,displayingcomple diffuseinterre ec-
tions?. Notice thathigh-frequenyg componenbf the diffuseinter
re ection is presered. For example,in these gures, the niches
arecorrectlyshadeved by the nearbygeometry Similarly, there-
ections dueto nearbygeometryarevisible in Figure6 wherethe
pillars ontheright touchthegroundandaroundthetop right corner
of theatrium.

2Thefull resolutionversionsof all our gures areavailableon Siggraph
2005DVD.



Figure4: This gure demonstratethe effect of the a parametefusedby our approximation)n quality andrenderingtime. Theleft image
is renderedvith a = 0:25in 12 minutes.The overlaidthumbnailshawvs the locationsof the sphericaharmoniclocationsasgreendots. The
middleimageis renderedusinga = 1in 5 minutes.Noticethattherearefewer samplesvhich explainsthe speedifference.Therightmost
imageis renderedvith a = 8 in 6 minutes.Thisimageusesevenfewer sphericaharmonicsamplesut takeslonger Thisis becausenore
trianglesare considerechearbydueto the biggera andthe summationin equation4 contritutesto the renderingtime. Someof the errors
madeby our approximationalso becomevisible. For example,the underside®f the archeson the left side are brighter becauseof the
illumination leakingfrom the brightly illuminatedspots. This effort is dueto the sphericaharmonicsheingseparatedoo far apartandnot
beingableto representheincidentradiancefor the pointsvery accurately

@) (b) (c) (d)
Figure6: (a) shawvs the resultof our algorithm. The overlaid thumbnailshavs the locationsof sphericalharmonicsamplesasgreendots.
Theminimumdistancebetweerthe harmonicsampleds our a parameter(b) is the groundtruth obtainedusingMonte Carlointegrationof
theirradianceintegral. (c) shavs a 4 timesmagni ed differenceimagebetween(a) and(b). Most of the erroris concentrateéroundhigh
geometriadetail. (d) shavstheresultobtainedusingirradiancecaching.Theoverlaidthumbnailshavs theirradiancecachesamplesasgreen
dots. The costof computinga sphericaharmonicsampleis aboutthe sameasobtainingoneirradiancecachesample(the costof thegreen

dotsin (a) and(d) is the same).Thedifferenceimagebetween(b) and(d) canbefoundon the Siggraph?005DVD.

All our gures have beenrenderednadual Athlon 2.2+system
with 2GB of main memory Only onerenderingthreadwasused.
All gures (exceptthe Cornellbox) have 1280x960resolutionwith
4 sampleger pixel. The sourcecodefor our method(andour im-
plementatiorof irradiancecaching)is availableasapartof anopen
sourcerendererPixie .3

Figure6 wasrenderedn 0:08(photonmapping)+ 1:24(1% pass)
+1:18(2d pass)y 2:50(mm:ss)usingour methodandin 37:04us-
ing irradiancecaching.This gure alsocompare®urresultagainst
thegroundtruth. The sameatriummodelin Figure8 wasrendered
in 10:01(0:46+ 2:17 + 6:58) usingour methodandin 56:25using
irradiancecaching.Thetimeit takesto renderthis sceneusingonly
directillumination is 8 minutes. The cathedralscenein Figure4
wasrenderedn 5:51(2:02 + 2:22 + 1:31) using our methodand
in 66:55usingirradiancecaching. The night time versionof this
scenein Figurel wasrenderedn 7:41(0:16+ 2:13+ 5:12) using
our methodandin 70:14usingirradiancecaching.

Becauseursphericaharmonicsamplesareseparatety atleast
a, we collectfewer sampleghanirradiancecaching. The number
of raysshotto computeonesphericaharmonicsamples the same
asthe numberof raysthatwe useto computean irradiancecache
sample.Thusthe work of computinga sphericaharmonicsample
is equivalentto work donefor eachirradiancecachesample Fewer
sampledranslateto fewer raystracedand quicker results. On av-
erageour methodis an order of magnitudefasterthanirradiance

Shttp://pixie.sourceforge.net

cachingwhile providing the samequality images.

Our methodcomputeghe diffusely re ected power. This does
not meanit is limited to diffuse surfaceshowever. Most BRDFs
canbe split into diffuse and speculardobesto capturere ections
andrefractions. The usually narrav speculadobescanbe impor
tancesampledef ciently. The dif cult termsto computearethe
diffuseandvery glossy(wide) speculalobes. Our methodattacks
the commondiffuse componenibf BRDF. We believe that by in-
creasingthe orderof our sphericalharmonicsthe glossyspecular
surfacescanalsobehandledusingour methodasin [Krivaneketal.
2005].

9 Detail Enhancement

The nearbycorrectionterm itself is responsibleor capturingthe
high-frequeng re ection / refractioneffects dueto nearbyscene
geometry Thelocal effectcanbeaddedwithoutglobalillumination
to enhancehevisualdetailin ascene Theleft portionof Figure7
shavs arenderingof astatueon anin nite redplane.This scends
illuminatedby a white spotlightanda reddishbouncelight, placed
underneatltheplane.Therightimagein Figure7 hasourcorrection
termadded.For ever;/shadingpoint, we usetheillumination from
the bouncelight asLj andcomputethe near eld correctionterm.
We alsosetthe radiosity of the trianglesto zero. This essentially
is usedto approximatethe portion of the power coming from the
bouncdight (whichis itself not physically correct)thatis occluded
by nearbytriangles.To computehisimage noraysweretracedand
the overheadof addingthe nearbycorrectiontermwas20 seconds



Figure7: Our methodcanalsobe usedwithout globalillumination
computationsOntheleft, the statueis illuminatedwith a spotlight
from the top anda bouncelight to simulatethe light re ecting off
the oor. The bouncelight is a red point light sourcewithout a
falloff placedunderneattthe oor. To computethe right image,
we substitutedhelight contritution from the bouncelight asLg in
equatiord. Thecomputedy is thenaddedon the diffusecolor of
the objectcomputedusingthe mainlight andthebouncédight.

(lessthan 10% of the total renderingtime). This techniquecan

easilybeusedin atraditionalpipelinewhereglobalilluminationis

often approximatediusing mary physically incorrectlight sources
in orderto enhancehe surfacerelief and simulateocclusionsdue
to nearbygeometry
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