Improved Radiance Gradient Computation

SumantéPattanaik

Univ. of CentralFlorida

Kadi Bouatouch
IRISA/INRIA Rennes

PascalGautror
IRISA/INRIA Rennes
Univ. of CentralFlorida

Jarosla Krivanek
IRISA/INRIA Rennes
CzechTechnicalUniversity
Univ. of CentralFlorida
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Figurel: Right: Thegradientcomputatiorproposedy [K rivaneket al. 2005] doesnot properlyhandlesigni cant changeof occlusionin
the sampledervironmentandleavesvisible interpolationartifacts. Left: Theradiancegradientcomputatiorproposedn this paperhandles
occlusionchangesaindleadsto a smootheiindirectillumination interpolationon the glossy oor. Thetwo imagesin the middle arecut out

from thetwo imagesonthevery left andveryright.

Abstract

We describea new andaccuratealgorithmfor computingtransla-
tionalgradientof incomingradiancen thecontext of araytracing-
basedylobalillumination solution. The gradientcharacterizebow
theincomingdirectionalradiancefunction changeswith displace-
menton a surface. We usethe gradientfor a smootherradiance
interpolationover glossy surfacesin the framework of the radi-
ancecachingalgorithm. The proposedalgorithm generalizeghe
irradiancegradientcomputationby [Ward and Heckbert1992] to
allow its usefor non-difuse,glossy surfaces.Comparedo previ-
ousmethodfor radiancegradientcomputationthe new algorithm
yields bettergradientestimatesn the presenceof signi cant oc-
clusionchangesn the sampledervironment,allowing a smoother
indirectilluminationinterpolation.
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1 Intro duction and Previous Work

Irradiancecaching]Wardetal. 1988;Krivaneketal. 2005]is aray
tracing-basednethodfor computingindirect diffuseillumination.
It exploitstheindirectilluminationcoherencéy sparselysampling,
cachingandinterpolatingtheindirectdiffuseillumination over sur

facesjnsteadbf computingit independentlyor eachpixel. Indirect
illumination at a cachingpointis computedby samplingthe hemi-
sphereof incomingdirectionsthrougha numberof secondaryays,
andthenstoredasa new recordin thecache Later, whenaray hits
asurfacesufciently closeto the storedrecords,ndirectillumina-

tion canbe simply interpolatednsteadof computingit again by a
costlyhemispheresampling.

Ward and Heckbert[1992] found that the interpolationquality on

diffusesurfacescanbesigni cantly improvedby theuseof transla-
tionalandrotationalirradiancegradients Thetranslationagradient
characterizethechangeof irradiancewith asmalldisplacemenon

asurfaceandtherotationalgradientdescribeshe changewith sur

facerotation. The gradientsarecomputedsimultaneouslywith the
hemisphersamplingandstoredn thecacheto beusedater, during
theinterpolation to effectively raisetheinterpolationorder

In our earlierwork on radiancecacing [Krivaneket al. 2005],we

usedtheworkingsof irradiancecachingto ef ciently computendi-

rectillumination on glossysurfaces We achievedit by cachingthe
full directionalincomingradiancefunction (representedby hemi-
sphericalor sphericalharmonicgGautronet al. 2004]) insteadof

just a scalarirradiancevalue. Similarly to Ward and Heckbert
[1992], we also usedtranslationalgradientsto improve the inter

polation quality. However, someimportant differencesbetween
thewayshemispherés sampledn irradianceandradiancecaching
preventedus from directly adaptingWard's and Heckberts gradi-
ent computationalgorithm. Instead,we proposeda more general
translationalgradientcomputationmethodthat was applicableto

thehemisphersamplingschemesisedin bothradianceandirradi-

ancecaching.This previousmethodworkswell for mostsituations,
but it breaksdown whenthereis asigni cant occlusionchangewith

translation(Figurel).



In thispapemwe proposeanovel algorithmfor translationagradient
computatiorwhichworkswell in thepresencef occlusionchanges
andis generaknoughto beapplicableto radiancecaching.Theal-
gorithm is basedon the gradientcomputationproposedn [Ward
and Heckbert1992], but we reformulatethe problemwithout as-
suminguniform projectedareahemisphersamplingusedin irradi-
ancecaching.Our formulationallows anarbitraryweightingfunc-
tion to be usedfor incomingradiancesamplesallowing projection
of the incomingradiancefunction onto an arbitraryhemispherical
basis.

Apart from the papersalreadymentioned the following work on
translationalllumination gradientcomputatiorexists. Arvo [1994]
computegheirradiancelJacobiardueto partially occludedpolygo-
nal emittersof constantradiosity whereadHolzschuchandSillion
[1995] handlepolygonalemitterswith arbitraryradiosity Thegra-
dientcomputatiorpresentedy Annenetal. [2004]is equivalentto
our previousgradientcomputatiormethoddescribedabove.

Therestof thepaperis organizedasfollows. Section2 givesashort
review of radiancecaching,Section3 presentdhe main contritu-

tion — anew gradientcomputatiormethod.Resultsareshavcased
in Section4 andSection5 concludeghework.

2 Radiance Caching Overview

Radiancecachingis basedon sparsesampling,cachingandinter-
polating incoming radiancefunction over visible glossysurfaces.
Wheneer a ray hits a surface,the cacheis queriedfor nearbyin-
comingradiancaecordsand,if somearefound,theindirectillumi-
nationis evaluatedby a gradient-basethterpolationas described
in [Krivaneketal. 2005].

In this paper we deal with the situationwhen a ray hits a sur
faceandtheinterpolationis not possibledueto the lack of nearby
records. In this case,hemisphericaincoming radiancefunction
andits translationafradientarecomputedy Monte Carloquadra-
ture and storedas a new recordin the radiancecache. For ef-
cient representationthe incoming radiancefunction L' is pro-
jectedonto the basisof sphericalor hemisphericaharmonicsand
representedy a vector of projection coefcients L = f/ Mg as
Li(g;f) &l dal. |1™HM(g;f): In this formula, H™ arethe
basisfunctionsandn is the representatiomrder The coefcients
| ™ arecomputecby a strati ed Monte Carlo quadraturewith uni-
form hemisphersampling:
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where

L‘j;k is the incoming radiance from the sampled direction
(Gjx:fjx) = arccogl %);Zp% . It is computecby

tracinga secondaryay from the hemisphereenterin the di-
rection(gj; f j:k)-

zj, z¢ areuniformly distributedrandomvariablesin [0; 1),

N M isthetotal numberof sampledirectionsandN  4M.

See[Krivaneketal. 2005]for furtherdetailson radiancecaching.
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Figure2: Uniform hemispheresubdvision for radiancesampling.
The hemispherds subdvided into rectangularcells of the same
area.Onerandomdirectionis selectedwithin eachcell for tracing
secondaryays.

3 Novel Radiance Gradient Computation

This sectionpresentshe main contribution of this paper— anovel
radiancegradientcomputationalgorithm. The gradientcomputa-
tion problemconsistsin estimatingthe translationagradientf/ "
for eachcoefcient /™ from the hemispheresamplesdistributed
accordingo Equation(1).

We keepthe generalidea of the irradiancegradientcomputation
methodof Ward and Heckbert[1992], which consistsin dividing

the hemispherénto cellsandestimatingeachcell's contrikbution to

the gradientseparately A cell's gradientis given by the maginal

changeof incomingradiancewith the differentialtranslationof the
hemisphereenter

However, we cannotusetheirradiancegradientcalculationdirectly,
for two reasons.First, we distribute the samplesuniformly over
thehemispherewhereasrradiancegradientsarebasedn uniform
projectedsolid anglesampling. Thatis to say the hemispherds
samplednoredenselynearthepolefor irradiancegradientghanfor
radiancegradients.Second{o computethe projectioncoefcients,
we weight the incoming radiancesamplesby the basisfunctions
H™ evaluatedn the appropriatedirection. No weightingis applied
in the hemisphersamplingschemeusedfor irradiancegradients.

In therestof this sectionwe describeour approacho gradientcom-
putation, which relaxes the assumptionsabout hemispheresam-
pling madeby WardandHeckber{1992]in theirradiancegradients
algorithm. The strati ed samplingemplo/ed in radiancecaching
dividesthehemispherénto cellsof equalsolid angle,or equalarea
ontheunit hemispheregivenby
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The symbolsrelating to the geometryof the hemisphereadivision

areillustratedin Figure2 andde ned summarizedhere:

(j;k) isthecell index.
Ajx isthecell area.



qg; s the polar angleat the boundarybetweenthe currentcell
(j;K) andthepreviouscell (j 1,k), g; = arccogl ﬁ).

gj. is the polar angleat the boundarybetweenthe currentcell
(j;K) andthenext cell (j+ 1;k), gj, = arccogl J+1)

fx istheazimuthalngleattheboundarnbetweerthecurrentcell

(j;k) andthepreviouscell (j;k 1), fyx = Zpﬁ
fx is the azimuthalangleat the centerof the currentcell (j;K),
2p k+0 5

fk, |stheaznmuthalangIeattheboundarwetweenhecurrentcell
(i;K) andthenext cell (j;k+ 1), fy, = 2pkil.

Oy istheunitvectorin direction(p=2; fy).
n istheunit vectorin direction(p=2; fx + p=2).
For eachcell (j;Kk), we obsere how its areachangeswith respect
to the hemisphereenterdisplacemenalongtwo nearperpendicu-
lar vectors(ly and i, de ned above. The displacemenglong Gy
causes shift of the wall separatinghe considerectell (j;k) and
its neighboringecell (j 1;k). Theinducedchangeof the cell area
is

TA
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where Ngk denotegthe (scalar)directionalderivative in the direc-
tion of 0y, andrj is the distancefrom the hemispherecenterto
theclosestsurfacein the sampleddirection(gj f j.x). Thederiva-
tive TA;.x=1q; = sing; (fx, fx ) follows directly from Equa-
tion (2).

Similarly, thedisplacemenalongfy, causes shift of thewall sep-
aratingthe consideredell (j; k) andits neighboringcell (j;k 1),
andtheinducedchangeof the cell areais

- ~ ﬁA';k
NacAjk = N fi ﬁ
- 1 (cosg;, cosgj )(3)
©singjuminfrigrix 19 - >
1

Msingjminf rj;rix 19"

Hereweusedheequality (cosgj, cosgj )= 1=M, whichholds
for uniform hemispheresamplingas follows from the way direc-
tionsaregeneratedn Equation(1).

Thechangeof incomingradiancearriving atthe hemisphereenter
throughthe cell is given by interpolatingthe radiancefrom two
neighboringcells with the areausedasthe blendingfactorandis
givenby

Nle-ij;k = NﬁkAJ;k(Lij;k Lij 1K)
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The nal gradientfor a coefcient ||™ is given by summingthe
mauginal radiancechangesver all hemispherecells weightedby

thebasisfunctionsH™
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The computedgradientdie in thetangentplaneat the hemisphere
center;in otherwords,we disregard the derivative with respecto
thelocal Z axis. Thisis justi ed by theassumptiorof locally near
at surfacesjn whichcasehedisplacementalongZ areverysmall
andthereforehardlyin uence theradiancechange.

The changeof occlusionis accountedfor by differentiatingthe

incoming radiance from the neighboring cells and using the

minfrj;rik 1gandminfrj.;r; 1,9 termsfor estimatingtherel-

ative wall movementbetweerthe currentandtheneighboringeells.

Theminimum of thetwo distancess importantsince“it is always
the distanceto the closersurfacethat determinesate of change

in occlusiori, aspointedout by Ward and Heckbert[1992]. On

the otherhand,the gradientcomputatiorby [K rivaneket al. 2005]

treatseachhemispherecell completelyindependentlyfrom each
other basedsolelyonthelocal geometricalnformationatthepoint

wherethe cell's samplingray hits anothersurface. Suchan ap-

proachdoesnot lenditself to estimatingthe occlusionchangesTo

sumup, the proposedormulais more accuratethanthe radiance
gradientformula of [Krivaneket al. 2005] and more generalthan
theirradiancegradientformulaof [WardandHeckbert1992].

Unlike Ward and Heckbert,we do not computerotationalgradi-
ents. They arereplacedy afull rotationof theincomingradiance
function which is requiredaryway in radiancecaching[K rivanek
etal. 2005]. Thisrotationis appliedafter theapplicationof transla-
tional gradientsandthereforehetranslationagradientshemseles
donothaveto berotated— they areappliedin thelocal coordinate
frameof theradianceaecordbeforetherotationtakesplace.

Irradiance Gradient. The gradientformula abore wasderived
for uniform hemispheresamplingwith radiancesampleswveighted
by the basisfunctionsH™. However, the sameapproachcan be
usedto infer anirradiancegradientfor the hemispheresampling
employed by Ward and Heckbert. Two slight changeshave to be
made.First, theweightingby H™(gj.«; f j.«) is replacedy cosg; .
Secondasaconsequencef theuniform projectedsolid anglesam-
pling, thede nition of gj.x, g; andg;, is differentfrom oursand
the equality (cosgj, cosgj ) = 1=M doesnot hold arymore.
Insteadthevalues (cosgj, cosq; ) haveto beuseddirectlyin
the nal irradiancegradientformula:
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The g relaaed quantities are de ne% as gjx = sin 1 'J,rvl—z’

g =sin! & and g, =sin® 11 [wardandHeckbert
1992]. This formulayields numericallyvery similar resultsto that
of Ward andHeckbertandthe imagesgeneratedvith the two for-

mulas are indistinguishablefrom eachother The computational
performanceof both methodsis equalsinceall termsexceptfrom

the hit distances j.x andthe sampledncomingradianced j can
be precomputed.
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Figure3: Indirectillumination on the teapotcomputedwith radiancecachingusinggradient-baseahterpolation. The new gradientgon the
left) provide smootheiinterpolationonthelid thanthe gradientsof [K rivaneketal. 2005] (on theright).

4 Results

Thescenean Figurelis apathologicakasefor thegradientcompu-
tationof [Krivaneketal. 2005],but is handledcorrectlyby thenew
gradientcomputationwe have just presented.The sceneconsists
of aglossy oor plane(isotropicWard BRDF, rs= 0:9, a = 1.5,
[Ward 1992]) with a diffusesphereon it, which is the only source
of indirectillumination for the glossy oor. Consequentlythereis
alarge changeof occlusionfor the partof the oor thatre ect the
edgeof the sphere. Sincethe gradientcomputationof [K rivanek
etal. 2005]assumesontinuityof there ectedenvironment,it does
not handlesucha situationcorrectly and the interpolationshavs
discontinuitiegFigure 1 on theright). Onthe otherhand,the new
gradientcomputationdoeshandlethe occlusionchangecorrectly
andthe spherere ection onthe oor is muchsmoother(Figure 1
ontheright). Notethatthe interior of the spherere ection is ren-
derednearidenticallyby bothmethodssinceno occlusionchanges
preventthe methodof [K rivaneketal. 2005]to performwell in that
area.Bothimagestook approximatelysametime to render

Figures3 and4 illustrateagain the samegenerabbsenations.The
methodof [Krivaneket al. 2005] breaksdown whena severe oc-
clusionchanges re ected on aglossysurface.In Figure3 it is the
partof thelid thatre ectsthelid handle(shavn in the blow-up),in
Figure4 it is the oor re ecting the edgesf thebox andthe pyra-
mid (alsoshawvn in the blow-up). Onthe otherhand,bothmethods
performsimilarly whenno signi cant occlusionchanges present.

Theteapotin Figure3 is assignedheisotropicWard BRDF [Ward
1992]with rs= 0:9, a = 2 andthe Cornellbox oor in Figure4
usesmeasurednetallicBRDF t with threeLafortuneBRDF lobes
[Westin2000;Lafortuneetal. 1997].

5 Conclusion

We presenteda new algorithmfor computingtranslationalgradi-
entof incomingradianceunctionprojectedontoanarbitraryhemi-
sphericalbasis. On the testrenderingwe illustratedthat the ra-
dianceinterpolationbasedon the new gradientestimateleadsto
smootherresultswithout visible discontinuityartifacts. Compared
to the previous method[Krivaneket al. 2005], the new gradient
computatiordoesnotinvolve ary additionalcomputationatostand
is eveneasielto implementsincederivativesof the basisfunctions
donothave to beevaluated.

In future work, we would like to devise a gradientformulafor lo-
calizing basessuchassphericawavelets[Schidderand Sweldens
1995], for which the gradientcomputatiorproposechereis not di-
rectlyapplicablebecausef theirhierarchicaladaptve nature.This
shouldallow usto usesmoothgradient-baseahterpolationon sur
faceswith higherfrequeny BRDFs.
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Figure4: Indirectillumination on the glossy oor computedwith pathtracing(left) andwith radiancecachingusinggradient-basethter
polation(middle andright). Comparedo the gradientsof [Krivaneket al. 2005] (on the right), the new gradients(in the middle) provide
smootherlinterpolationnearthe occlusionchangesausedy the box andthe pyramid, and provide an imagevisually much closerto the

referencesolution.
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