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Abstract

Radianceandirr adiancecacing are ef cient globalillumination algorithmsbasedon interpolatingindirectillu-
minationfrom a spaisesetof cachedvalues.In this paperwe proposean adaptivealgorithmfor guiding spatial
densityof the cachedvaluesin radianceandirr adiancecacing. Thedensityis adaptedto the rate of change of
indirectillumination in order to avoid visible interpolationartifacts and producesmoothinterpolatedillumina-
tion. In addition, we discusssomepractical problemsarising in the implementatiorof radianceand irr adiance
cading, andproposeedniquedor solvingthoseproblemsNamelytheneighborclampingheuristicis proposed
asarobustmeandor detectingsmallsourcesof indirectillumination andfor dealingwith problemscausedy ray
leakingthroughsmallgapsbetweeradjacentpolygons.

Cateories and SubjectDescriptors(accordingto ACM CCS) 1.3.7 [Computer Graphics]: Three-Dimensional
GraphicsandRealism- RenderingGlobal lllumination

1. Intr oduction

One of the practicaland widely usedalgorithmsfor com-
puting diffuse indirect illumination is irradiance caching
[WRC88 WH92, TLO4]. The indirectillumination is com-
putedonly at a sparseset of pointson surfaces,storedin
a cache andtheninterpolatecelsevhere.Radiancecaching
[KGPBO5 Kri05] generalizesrradiancecachingto glossy
surfaceswith low-frequeng BRDFs.

To faithfully represenindirect illumination with only a
sparsesetof values their densitymustbe proportionalto the
rate of changeof indirectillumination; otherwise,interpo-
lation artifactsmay appearlIn irradiancecachingthe upper
boundon the illumination changes estimatedbasedon the
scenegeometry Eventhoughthe actualillumination condi-
tionsaredisreggardedin suchaninterpolationerrormetric, it
generates recorddensitythat gracefully follows the indi-
rectillumination changesand providesgoodimagequality
with arelatively low numberof cachedvalues.

In radiance caching, however, estimatingthe rate of
changeof indirectillumination is moredif cult. On glossy
surfaces,not only the illumination characteristicsbut also
the sharpnessf the surface BRDF andthe viewing direc-
tion in uence the actualrate of changeof indirect illumi-
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nation. It would be complicatedto designan interpolation
error criterion that takes all thosefactorsinto account,and

the resultingformulais likely to be quite computationally
involved. We believe thatan adaptve algorithmthatre nes

the densityof cachedvaluesbasedon a simple perceptual
metricis moreappropriate.

In this paperwe proposean adaptve algorithmfor con-
trolling densityof cachedvaluesin radianceandirradiance
cachingthatwe referto asadaptivecading. It startswith an
initial setof cachedndirectillumination valuesandthenre-
nes theirdensitywherenecessarjo eliminateinterpolation
artifacts.Themainsourceof artifactsin radianceandirradi-
ancecachingarevisible discontinuitiesat a boundaryof in-
uence areaf cachedvalues.The proposeckrror criterion
guiding the adaptve re nementis designedo detectthose
discontinuitiesThecriterionis, thus,perceptuain thesense
thatit doesnot primarily careaboutthe physicalcorrectness
of theimage,but aboutthevisible artifactelimination.

With adaptve caching,the recorddensityis adaptedto
the actualillumination conditionsbetterthanwith the orig-
inal criterion usedin radiancecaching[KGPBO03. If indi-
rect illumination is simple, without suddenchangesadap-
tive cachinggenerategewer recordsandrenderings faster
Undercomple indirectillumination, adaptve cachingcan
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generatanorerecordsthanthe original criterionwould, but
without the risk of compromisingimage quality by inter-
polationartifacts.Adaptive cachingis the mosteffective in
renderingof glossysurfaceswith localizedindirectillumi-
nationfeaturesyhereit locally increasesherecorddensity
With adaptve caching therecorddensityalsoautomatically
adaptgo the BRDF sharpnessAdditionally, recorddensity
is relaxed understrongdirect illumination, wherethe indi-
rectillumination quality doesnot mattermuch.

Besideghe adaptve cachingalgorithm,we discusssome
issuesonemustaddressn a practicalimplementatiorof ra-
dianceandirradiancecaching We proposea heuristiccalled
neighborclampingand shov how it is useful for solving
two problemsof radianceandirradiancecaching:(1) miss-
ing small sourcesof indirect illumination and (2) artifacts
causedy theray leakingthroughgapsbetweerpolygons.

The restof the paperis organizedasfollows: Section2
presentsthe relatedwork; Section3 describesa common
formulation of irradianceand radiancecaching;Section4
thendescribesheadaptve cachingalgorithm;Section5 dis-
cussesomepracticalproblemsanddescribeghe neighbor
clampingheuristic; Section6 presentshe resultsand Sec-
tion 7 concludeghework.

2. RelatedWork

The techniquesproposedn this paperare tightly coupled
with irradianceand radiancecachingalgorithms,both de-
scribedn detailin Section3. Wardetal. [WRC8§ proposed
the recorddensitycriterion in irradiancecachingbasedon
the estimateof the upperboundof the irradiancegradient.
This hasbeenadoptedby Krivaneket al. [KGPBO05 Kri05]
for radiancecaching.The adaptve record density control
proposedn this paperis a simpleyet practicalextensionof
theWardetal.'s criterion. TabellionandLamorlette[ TLO4]
proposepracticalmodi cations of the original Wardetal.'s
irradiance caching algorithm, discussedn detail in Sec-
tion 5.2 Smyk et al. [SM0Z increasethe density of the
cachedvaluesbasedon the gradientmagnitudeto betterac-
commodatdo abruptchangesn indirectillumination, sim-
ilarly to the way donein the codeof the Radiancdighting
simulationsystem[War94 (describedn Section5.1 of this
paper).However, this approachs not sufcient for radiance
cachingdueto theview dependencef glossyBRDFs.

The adaptve algorithmwe usefor steeringthe densityof
cachedvaluesis closelyrelatedto adaptve meshre nement
in radiosity[ SP94CW93, with thedifferencehatourrepre-
sentationof illumination is independentf scenegeometry
In particulay our approachs similar to perceptually-drien
radiosity [GH97, MPT97], where a perceptualcriterion is
usedto controladaptve meshre nementin hierarchicakra-
diosity, basedn the perceved smoothnessf illumination.

In kerneldensityestimatiofWHSG97, thekernelband-
width is adjustedo reducevariancewithoutintroducingtoo

muchbias. However, samplef radiance(the photonhits)
aregivenand x edatthetime of thedensityestimationOn
the otherhand,we take new samplesasneededo perform
smoothradiancereconstructionin densitycontrol for pho-
ton maps[Suy03, the densityof photonsis limited by the
local tamget densityto avoid storingtoo mary photons.The
targetdensityis proportionalto pixel importanceo equalize
reconstructiorerrorover theimage.

3. Irradiance and RadianceCaching

In this sectionwe give a common interpolation formula
for bothirradianceandradiancecaching.rradiancecaching
[WRC88WH92] andradiancecaching KGPBO05Kri05] are
basedon the obsenation thatindirectillumination changes
slowly over a diffuse or a glossysurface.Both algorithms
computeindirectillumination only at a sparsesetof points
on surfacesandstoreit in acache Theindirectillumination
computatioris acceleratetby reusingthe cachedndirectil-
luminationthroughinterpolation.

CachedQuantity. In irradiancecaching,the cachedquan-
tity is irradiance E, at a point, thereforethe directionalin-
formation aboutincoming radianceis discarded.In radi-
ancecaching the directionalinformationis retainedwhich
allows to interpolate over surfaceswith view-dependent
BRDFs. The incomingradianceis representedby a coef-
cientvector L, with respectto sphericalor hemispherical
harmonics{GKPBO04. The cachedquantityis the only es-
sentialdifferencebetweenthe two algorithms;the caching
schemas the samefor both.

Caching Scheme.Wheneer indirectillumination needso
be computedat a point p, the cacheis queriedfor cached
nearbyindirect illumination values(called recods). If no
recordis foundnearp, interpolationcannote used.In such
a casethe hemisphereabove p is sampled,andirradiance
E (in irradiancecaching)or the coefcient vectorL (in ra-
diancecaching)is computedandstoredin the cachellf, on
the otherhand,cachedecordsarefound nearp, the cached
indirectilluminationis interpolated.

Indir ect lllumination Inter polation. Here, we unify the
interpolationformulasof irradianceandradiancecachingby
interpolatingthe outgoingradiancecontritutions:

a L(pwi(p)

Lo _ i2s . :

s =" wm
i2S

1)

whereL?(p) is thecontritution of thei-th recordto theout-
going radianceat the point p. For irradiancecachingat a

pointwith diffusere ectancer (p), LP(p) is:
LP(p) = [Ei+ (ni n) NeEi+(p pi) NeEi]r (p)=p:
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For radiancecaching,the outgoingradiancecontritution is
givenby thedot product:

L; L;
LP(p)= Ri Li+ dx%"‘ ﬂTyI Cloime):
Varioussymbolsusedherearesummarizedelow:
p pointof interpolation.
n normalatp.
pi locationof thei-th cacherecord.
N normalat p;.

dx, dy displacementsfp p; alongthex andy axesof
thelocal coordinatérameatp;.

wi(p) weight of the i-th cacherecord with respectto
pointp, de ned belaw.

S setof recordsusedfor interpolationat p, de ned
below.
E cachedrradiancevalueatp;.

N/E; cachedotationalirradiancegradientat p;.

KtE; cachedranslationalrradiancegradientat p.

Li coefcient vectorfor theincomingradianceatp;.

% cachedderiative of L; with respecto translation
alongthelocal x axis.

oY cachedderivative of L; with respecto translation

Ty .
alongthelocaly axis.

R; rotationmatrixusedo alignthecoordinatdrames
atp andp;.

Cip;w,) coefcient vectorrepresentinghe BRDF lobe at
p for the outgoingdirectionwg.

Weighting Function. Weight of the i-th cache
record with respectto point p is given by wi(p) =
1

ik, PI—m : The harmonic mean distance,

R, to the objectsvisible from pj, is computedrom the ray
lengthsin hemisphersamplingandstoredin the cache.

Inter polation Criterion. The de nition of the setS of

recordsusedfor interpolationis of particularinterestfor this

paper S isdenedasS = fijwj(p) > 1=ag; wherea is

a userde ned maximum allowed interpolationerror. The
higherthe value of a, the biggerthe allowancefor interpo-
lation andthe smallerthe accurag of the nal image.The
de nition of thesetS meanghattherecordi canbe used
for interpolationin the neighborhoodf its location,where
wi(p) > 1=a holds.This neighborhoods largerin at open
areaswherethe indirect illumination changesslowly, and
smalleron curved objectsand nearscenegeometry where
theindirectillumination changesnorequickly. This adapts
the density of the cachedradiancevaluesto the expected
rate of changeof the indirect illumination. The interpola-
tion schemewas derived in [WRC8§ for diffuse surfaces.
Even thoughthe derivation doesnot hold for glossyones,
the interpolationgives surprisinglygoodresultsevenin ra-

diancecaching.However, in somesituationsit fails. Thisis

why we have developeda perceptuakrrorcriterionto guide
therecorddensity describedn thefollowing section.
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4. Adaptive Caching

In this sectionwe presentthe error criterion usedto guide
recorddensity and an algorithm that usesthis criterion to
distributerecordson objectsurfaces.

4.1. Error Criterion and Adaptive Re nement

Adaptive cachingusesthe original irradiancecachingin-

terpolationschemedescribedabove, andan adaptve record
densityis achiezed by modulatingthe approximationerror

value a, ona perrecod basis basedon our error criterion.
Soeachrecordi how storesits own valueof approximation
error, &, insteadof having one global value for the whole
scene.

Thegoalof theadaptve recorddensitycontrolis to elim-
inateimageartifactscauseddy interpolationin placeswith
high rate of changeof indirectillumination. Thoseartifacts
exhibit themselesasdiscontinuitiesat the boundaryof in-
uence areasof two or morerecords(seethe cutoutin Fig-
ure7, top). Thein uence areaof arecordis de ned asf p;
wi(p) > 1=ag. Our error criterion reportsa visible discon-
tinuity if two recordshave a visibly differentoutgoingra-
diancecontribution somavherein the overlapof theirin u-
enceareasWheneer avisible discontinuityis detectedye
decrease records value of g;, effectively locally increas-
ing therecorddensity In otherwords,we forcetheradiance
contributionin theoverlapareago beindistinguishablérom
eachother

Considera point p at which the outgoing radianceis
computedwith the interpolationformula (1) from a setS
of at leasttwo records.We say that the overlap of those
recordscauses discontinuityif arecordi existsin S , such
thatthe outgoingradiancewithoutthis records contrikution,
Lg rmg(p), is discernablegrom the outgoingradiancewith

this records contriution, L (p).

If a discontinuity-causingecordi is found, its contritu-
tion is excludedfrom the interpolatedradianceat p by de-
creasingts approximatiorerrorto g; := M e, where
eisaverysmallnumber(seeFigurel). Thisensureshatthe
conditionw;(p) > 1=a doesnot hold anymoreandrecordi
doesnot contributeto theinterpolatedadianceat p. If there
are more than one candidatefor exclusion,we choosethe
onewith the lowestweight wi(p), remove it from S , and
reiteratethe processlintuitively, the recordwith the lowest
weightis relatively the farthestfrom point p andshouldbe
excluded.Themetricusedto assesghediscernibility of two
radiancevaluesis discussedh Section4.3.

4.2. Full Convergence

The criterion describedabose can be usedto compute
indirect illumination at a point p in a straightforvard
way:

S := look_up_cachép;n)
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a,= Hp - p:H/Rx' € )

(a) (®)

Figure 1: (a) If theoutgoingradiancel.2 (p),S =f1;2;3g
at the point p is visibly different from Lg nfig(p) for some
i 2 f1;2;3g, theoverlapareais saidto causea discontinuity
(b) If a discontinuityis detectedthe approximationerror a;
of the recod contributing with the minimumweightw; (p)
is deceasedhere recod #3), sothat point p be outsidethe
recod'sin uencearea.

If S is empty addnew record.

If jS j = 1, interpolatefrom thesinglerecordin S .

If jSj> 1, runthe adaptve re nement and interpolate
from therecordsthatremainin S .

However, thisapproactdoesnotwork well, sinceacontritu-
tion from arecordthatwill beshrunklatermighthave been
mistalenly usedearlier for interpolation.For a correctre-
sult, therecorddistribution mustfully corverge with respect
to a setof shadingpoints,beforeary recordis usedfor in-
terpolationat ary of thosepoints.We call shadingpointsall
the pointswith indirectillumination computedby meansof
radianceor irradiancecaching(eitherby interpolationor by
addinga new record).Typically thosearethe surfacepoints
visible throughimagepixels eitherdirectly or afteranideal
speculare ection or refraction.

De nition. Givenasetof shadingpointsP , we saythatthe
recoid densityhasfully convergedfor pointsin P if:

1. eachpointin P hasatleastonecontrikbution from exist-
ing recordsand

2. for all points having contrikutions from two or more
recordsthe error criterion doesnot reporta visible dis-
continuity

Algorithm 1 describesan ef cient procedurefor attain-
ing full corvergencefor a given setof shadingpoints. For
the sale of ef ciency, we storeallist of recordcontritutions
with eachshadingpoint, sothatthe (ir)radiancecachedoes
not have to be queriedrepetitvely to nd the contributing
recordsfor ashadingpoint (line 7). Eachcontrikutionin the
list storesa pointerto the contrituting record,weightw;(p),
outgoingradiancelL?(p) (evaluatedlazily asrequestecby
theerrorcriterion)anda changecounter(describedelow).

The basicstepsof Algorithm 1 aremotivatedby the two
following situations,llustratedin Figure2: (a) After a new

Algorithm 1 Full convergencefor a setof shadingpoints.
Input:

The set of shadingpoints P for which indirect illumina-
tion is to be computedby radianceor irradiancecaching.
Eachshadingpointcontaingosition,localcoordinatdrame,
BRDF pointer anda list of recod contributions empty at
start.

Ensures:

All the shadingpointsin P have at leastone contritution
from a cacherecordandfor all pointshaving contrikutions
from two or morerecordstheerrorcriteriondoesnotreport
avisible discontinuity

1: pointQueue.pusk()

2: while pointQueuenotemptydo

3: /I new passstartshere

4:  while pointQueuanot emptydo

5: // for all pointsto be processedh this pass

6 ps := pointQueugop)

7 remove invalid contributions from the shading

point ps
8: if zerocontrikutionsin ps then
9: addanew recordat the positionof ps
10: add a contrikution to eachshadingpoint in the
new recordSin uence area
11: addeachpointin thenew recordsin uence area
to pointQueue
12: elseif morethanonecontritutionin ps then
13: run adaptve re nementthe contributing records
14: endif
15: // do nothingif ps hasexactlyonecontribution

16: endwhile

17:  for all recordsaffectedby re nementin this passdo

18: add to pointQueueshadingpointsin the records
in uence areafrom thebeginningof the pass

19:  endfor

20: /l gotonextpass

21: endwhile

recordis addedto the cacheall the shadingpointsin its in-
uence areashouldbe checled again by the error criterion,
henceareaddedto pointQueugline 11). (b) If the approx-
imationerror g of therecordi is decreasedline 13), some
shadingpointsmight nd themseleswithoutary valid con-
tribution. New recordsmustthenbe addedto the cacheto
cover thosepoints. To efciently detectthe pointswith no
valid contritution, the algorithmworksin passegthe outer
mostwhile loop of Algorithm 1). At the end of eachpass
(lines 17-19), we loop over all recordswhosea; was de-
creasedn the currentpassFor eachof theaffectedrecords,
all the shadingpointswithin thatrecords in uence areaas
it wasat the beginning of the passareaddedto pointQueue.
Thepossiblanvalid contritutionsdueto theaffectedrecords
are then removed from thosepoints' contritution lists on
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(a) - new record added at p,

(b) - @, of record i reduced

Figure 2: Shadingpointsin the hatthedareasare inserted
into pointQueudn the following two situations:(a) After a
new recod is addedto thecache (b) Attheendof ead pass
for eadh recod affectedby theadaptivere nement.

line 7. New recordsarethenpossiblyaddedto (ir)radiance
cacheonlines9to 11. Thesameeffectcouldbeachievedby

insertingtheshadingpointsinto pointQueuemmediatelyaf-

terarecords a;-valueis decreaseddowever, thiswould not
be efcient sincethe a singlerecords a;-valueis typically

reducednorethanoncein asinglepass.

Upon the reductionof a records a; value, someof the
records contritutions may becomeinvalid. It is thus nec-
essaryto checkthe validity of the entriesin the contritu-
tion list (line 7) by re-evaluatingthe weightof a recordthat
haschangedsinceits contritution waslastupdatedTo keep
track of the contritutionsthatrequirethe validity check,we
usechange countes. Eachrecordhasacounterincremented
everytimeits g is reducedThevalueof thechangecounter
is copiedto the contritution eachtime the validity of the
contrikutionis veri ed online 7. A contritutionremainscer
tainly valid aslong astherecords counterandthe contriku-
tion's counterareequal.

The whole algorithm nishes if no recordshave been
changedn thelastpass.Full convergenceis ensuredor all
shadingpointsat its end. In our test, the algorithmalways
nished in at mosteleven passesThe overheaddueto this
algorithmanddueto the evaluationof the perceptuatrite-
rion is very small(seeTablel).

Therearea few importantdetailsto make the algorithm
ef cient:

To avoid multiple insertions of one shading point to
pointQueue eachshadingpoint hasa bit indicating its
presenceén thequeue.

The initial value of a for a new recordis copiedfrom
the nearesexisting recordin the cacheandmultiplied by
1:4, a multiplier found empirically and testedon a wide
rangeof scenesLowervaluesleadto unnecessarilynary
recordsafter the corvergence;higher valuesdo not de-
creaseéhenumberof recordsbut increasehe overheadf
the corvergencealgorithm.
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Shadingpointsarestoredin ak-D tree[Jen0] to quickly
locate the pointsin a records in uence area(lines 10
and18).

The contritution list for a shadingpoint is a staticarray
of length 6. We found that thereare almostnever more
thansix contributionsfor oneshadingpoint. Shouldthis
be the case,the excesscontritutions may safely be ig-
nored(six is alreadyenough)Usingadynamiclinked|list
introducesa seriousperformancepenaltybecausef the
constanimemoryallocationandde-allocation.

This algorithminverts the classicalirradianceand radi-
ancecachingalgorithm,wherethe basicoperations: "given
a shadingpoint, nd all contrikuting recordsand interpo-
late'. On the otherhand,the basicoperationin our corver
gencealgorithmis: "givenarecord, nd all shadingpoints
it contributesto andadda contritution’. This is similar to
radiancecachesplattingl GKBP0] or reversephotonmap-
ping [HHSO09.

An alternatve implementationof the corvergence al-
gorithm without the perpoint contritution list uses a
(inradiancecachelook-up on line 7 to gatherthe contriku-
tions for a point ps andleavesout line 10. Suchanimple-
mentationconsumegessmemory is simplerto implement,
but it is signi cantly slower.

4.3. Discemability Metric

This sectiondescribeshe metricusedto assessliscernabil-
ity of two radiancevalues.After someexperimentationye

have optedfor thesimplestmetric,theWeberaw. Weberdaw

saysthat the minimum perceptiblechangein a visual sig-

nalis givenby the x edfractionof the signal.Althoughnot

conserative underall circumstanceshethresholdof 2% is

widely usedin computergraphics(e.g. [WFA 05]) andwe

usedit in all ourrenderings.

Theinput of the perceptuametricis two radiancevalues
L1 andL,. L is theinterpolatedoutgoingradiancecontri-
bution from all overlappingrecordsplusdirectillumination
atp,

L1 = Lg (p)+ L™= (p):
L, doesnotcontainthecontritutionfrom thetestedecord,i,
L2 = LG pnrig(P) + L™ (p):

The discernabilitymetric basedon the Weberlaw hasthe
following form:

L1 differsfrom L, jY(L1) Y(L2)j > Dmax

where
Dmax= 0:02Y(L1)+ max s(L1);s(L2)g:

Y(.) denoteghe luminancechannelof a tri-stimulusvalue.
Estimatesof the standarddeviation s(L1) and s(L,) are
addedo compensatér therandomnessf L, andL,, stem-
ming from the fact that they are computedfrom quantities
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estimatedy Monte Carlohemisphersampling.If thestan-
darddeviation wasnotaddedandonly afew rayswereused
to samplea hemispheravhencreatingnew cacherecordsjt

is likely that the irradianceor incoming radiancestoredin

neighboringrecordswould bevery different.In sucha case,
the criterion would constantlyreportvisible discontinuities
andleadto anexcessie recorddensity whichis undesirable.

To estimatehestandardieviation of irradiancecomputed
by Monte Carlohemisphersampling anirradiancevalueE
is computedrom all the samplerays,andanothervalue E©
is computedrom every seconday. Standardleviation of ir-
radianceestimatedass (E) = JE  EY [DS04, is thenused
to computethe standardieviation of the outgoingradiance.
We usethe standardleviation of irradianceevenin radiance
cachingwith goodresults.

We experimentedwith the thresholdelevation model of
Ramasubramaniagt al. [RPG99. We decidednot to useit,
sincevisible artifactswere producednearedgeswherethe
model predictshigh thresholdelevation. This is dueto the
factthat(ir)radiancecachingartifactshave distinctstructure
that makes them more easily perceptiblethan unstructured
noisefor which themodelhasbeendesigned.

5. Practical Issues

This sectiondescribegechniqueghat help making an im-
plementatiorof radianceor irradiancecachingpractical.

5.1. Adapting Record Density by Gradient Magnitude

The sourcecode of Radiancelighting simulation system
[War94 containsa (never published)testthat avoids a too
low recorddensityif the indirect illumination gradientis
high. The test consistsin comparingthe upper bound of
the translationalrradiancegradient,derived from the “split
spheremodel’[WRC89, with theactualirradiancegradient,
estimatedfrom the hemispheresampling[WH92]. Should
the magnitudeof the actualirradiancegradientexceedthe
supposedipperbound,the actualgradientmagnitudewill
beusedin theerrormetricinsteadof the upperbound.Tech-
nically, this is doneby clampingthe value of the harmonic
meandistanceR; whenanew recordis beingcreated:
iNEj _ 1 _ INEj

E > R’ then R: E 2)
Theuseof this testsubstantiallimprovestheimagequality
producedby irradiancecaching.

if

We usea similar testin radiancecaching:
if D>1=R; then R :=1=D;

whereD is theratio of theradiancegradient_2-normto the
L2-normof theradiancetself:

q__
fLip2 g ILlig2
kﬂxk +kﬁyk-

D = KLk

This test works aggreately on the whole coefcient vec-
tor which representghe result of the whole hemisphere
sampling.Therefore the testis neitherview dependenhor
it takes the BRDF sharpnessnto account.lt helpsto de-
tect the most seriouscasesof high gradientchangebut it
leavesmuchspacdor improvemento our adaptve radiance
caching.

5.2. Neighbor Clamping

In this sectionwe proposeneighborclamping a heuristic
usedto detectgeometricallysmall sourcesof indirectillu-
mination.

Theradiusof thei-th recordsin uence areaf p; wi(p) >
1=g;g on a at surfaceis given by the producta;R;, which
followsfrom thede nition of w;(p). HereR, is theharmonic
meanof distancego visible surfacesfrom the recordposi-
tion, pj, computedfrom the ray lengthsduring hemisphere
sampling.The closerthe surroundinggeometrythe smaller
Ri, andthe higherthe recorddensity However, because¢he
sampleraysfrom which R; is computedareonly a random
subsebf all directionsin the hemispheresmallfeaturesare
likely to be missed.The computedvalue of R; is, then,too
large and producesa too low recorddensity If the missed
featuresare sourcesof strongindirect illumination, inter
polation artifactsin the image result. Becauseof the ran-
domnes®f raydirectionsthefeatureamissedoy onerecord
might not be missedby anothey which even ampli es the
noticeabilityof theimageartifacts.

Examplef featureanostcommonlymissedarestepsof
a staircasepr windowsills on a facadewhich may be too
smallto keepthe harmonicmeanof theray lengthslow, yet
tooimportantin termsof indirectillumination to be missed.
The left column of Figure 4 shaws the artifactsdueto the
insufcient recorddensityarounda geometryfeature(the
steps).

Our goal is to make surethat no relevant geometryfea-
turesare missed.Additionally, a geometryfeaturedetected
by theraysfrom onerecordshouldbedetectedy all nearby
recordstoo.

TabellionandLamorlette[ TLO4] addresghis problemby
computingthe R-value of a recordasthe minimum of the
ray lengthsduring the hemispheresampling,insteadof tak-
ing the harmonicmean. This increaseshe probability of
detectingsmall geometryfeaturesandindeed,the step-like
featuresaremissedvery rarely However, aftersomeexperi-
mentationve decidedhotto usethe minimumray lengthfor
thefollowing reasonsFirstly, usingtheminimumray length
is overly sensitve to extremely small featuresthat hardly
have ary importancéor indirectillumination. Secondlyand
moreimportantly the minimum ray lengthon concae ob-
jectsis very small, asthe rays nearthe equatorare usually
extremelyshort. This producesan excessve recorddensity
onthoseobjects.Tabellionsolvesthis problemby excluding

© TheEurographic#ssociation2006.
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d+|p,-pll N
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Figure 3: The maximumpossible difference of the two
recods' distancefromthe stepis givenby their mutualdis-
tance

raysneartheequatorhitting othersurfacesatgrazingangles,
from the computatiorof theminimumdistancq Tab03. But
evenwith this modi cation, we foundit dif cult to obtaina
decentdistribution of recordson concae surfacesof vary-
ing cunatureby usingthe minimumray lengthfor comput-
ingR.

We havethusdecidedo computeR; astheharmonianean
of the ray lengths,and to prevent randommissing of ge-
ometryfeatureshy imposinganadditionalconstrainton the
differenceof the R-valuesof neighboringrecords.The con-
straintstemsfrom a basicobsenationon geometricatoher
encein asceneConsiderarecordj atpositionpj locatedon
a oor atadistanced from a step(seeFigure 3). Now con-
sideranotherrecordatpositionp;. By triangleinequality the
maximumpossibledistanceof p; from the step,in termsof
d andthedistancebetweerthetwo recordss d + kp;  pjk.
Motivatedby this obsenation, we never allow the R-values
of two nearbyrecordsto differ by more thantheir mutual
distance.

Technically whena new recordi is being addedto the
cache,we locate all nearbyrecordsj and clamp the new
recordSR; valuetoR; := minf Ri;Rj + kp;  pjkg. After that
we similarly clampthe nearbyrecords'R-valuesby the new
records Ri-value.A consequencef this clampingis thata
too large R-valueof arecord,causedy missingageometri-
cal feature,is clampeddown by the R-value of someof the
neighboringecordsthatdid not missthatfeature.

This heuristic,which we call neighborclamping is fully
justi ed when using the minimum ray length for comput-
ing R;, but it givesvery goodresultseven for the harmonic
mean.The featuresare almostnever missed,andthe over-
all distribution of recordsin the scenebehaes well. Fur
thermore we do not experiencethe problemwith excessie
record density on concae objects.Figure 4 demonstrates
how neighborclamping(right column)helpsto detectsmall,
step-like geometryfeaturesWithoutneighborclamping(left
column),thosefeaturesareoftenmissedandartifactsappear
in theimage(seethe detail of the stairs).Both imageswere
renderedusing approximatelythe samenumberof records
(7750).Without neighborclamping,at least20,000records
wererequiredto getrid of theimageartifactson the stairs.

© TheEurographic#ssociation2006.
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Figure 5: Inaccumate connectionof polygonsmayresultin
ray leaking

5.3. Ray Leaking

Irradianceandradiancecachingarequite sensitve to imper
fectionsin scenemodeling;atypical examplein which they
breakdown is aninaccurateconnectiorof adjacenedgef
two polygons.This may be producede.g. by aninsufcient
numberof signi cant digits whena sceneis exportedto a
text le.

Considerthe situationin Figure5, wherethereis a small
gapbetweerthe oor polygonandthewall polygon.If apri-
maryray hitsthis gap, its intersectiorwith the oor polygon
canbe found behindthe wall polygon.As a consequence,
rays that are supposedo hit the wall now leak either to
the neighboringroom or to in nity . The outcomeof such
aneventis quitedisastrous:

The computedrradianceor incomingradiancds wrong.
Theharmonicmeanof theray lengthsis muchgraterthan
it shouldbe;therefore the wrong (ir)radianceis extrapo-
latedonaverylargearea.

The resultingimageartifactsare shavn in Figure 6 on the
left. Thefollowing paragraphdiscusswo possiblesolutions
to this problem,amongwhich the moresuccessfuis to use
neighborclamping.

The rst solutionis to shift the origin of samplingrays
away from polygon edges[TL04, Tab0g. The ray origin
shifting suppressery leakingin somecase but is not de-
pendable.

A better solution consistsin using neighbor clamping.
Recordssuffering from ray leaking have disproportionately
bigger R-value than their neighborsnot having this prob-
lem, therebybreakingthe assumptiorof geometricacoher
enceusedto derive the neighborclampingheuristic.There-
fore, ray leakingis reliably detectedby the useof neighbor
clampingandits consequenceare alleviated by the reduc-
tion of the erroneousR-value.Figure 6 on the right shavs
how neighborclamping detectsand suppressethe effects
of ray leaking.Besidessmall featuredetection ray leaking
detectionis anotherpurposethat neighborclampingsenes
well.
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no neighbor clamping

with neighbor clamping

Figure 4: Without our neighborclamping small, step-like geometryfeatuesare oftenmissed Missinggeometryfeatuesthat
are strong sourcesof indirectillumination producesdisturbingimage artifacts (seethe detail of the stepsin the left column).
Neighborclampinghelpsto detectthe small geometryfeaturesand suppesseshe image artifacts (seetheright column).The

imagesshowonly indirectillumination.

no neighborclamping with neighborclamping

Figure 6: Seriousimage artifacts causedby ray leaking
(left) are signi cantly reducedby usingthe proposecdheigh-
bor clampingheuristic(right).

6. Resultsand Discussion

Adaptive RadianceCaching. Resultsof adaptve radiance
cachingareshawvn in Figures? to 10; the renderingstatis-
tics, measuredn a PC with Intel PentiumM 1.5GHzand
512MB RAM, are given in Table 1. Notice that the extra

overheadntroducedby adaptve cachingis very small. For

eachscenewe renderedoneimagewith adaptve caching
and anotherwithout adaptve cachingusing approximately
the samenumberof records We comparethe quality of the

two renderingsApart from therenderedmagesthe gures

shav the map of the approximationerror a andthe record
locations.Notice how the value of a andthe recorddensity
adaptto therateof changeof indirectillumination with our

adaptve caching.

We do not provide acomparisorwith areferencesolution
becauseur error metric promotessmooth artifact-freeim-
ageshut doesnotensureary errorboundfor theimage.Our
goalis to generatemagesthatlook goodandareplausible,
but not necessarilyphysically correct.

The oor of the box in Figure 7 usesthe Lafor-
tune BRDF [LFTG97] tted to measuredmetallic BRDF
data[Wes0Q. Only directilluminationand rst bounceandi-
rectilluminationfor the oor is usedNon-adaptre radiance
cachinghasproblemscapturingthe changeof indirectillu-
mination causedby the edgesof the box andthe pyramid.
Ontheotherhand,therecorddensitybehindthetwo objects
is unnecessarilhigh. Adaptive cachingproducesa record
densitythatreproducesll the detailsof the indirectillumi-
nation. To obtain an artifact-freeimagewith non-adaptie
caching,at least 3,300 recordswere required,which is 3
timesmorethanwith adaptve caching.

The scenesn Figures8 and9 usefour indirect bounces
andbothirradianceandradiancecaching.Theteapotin Fig-
ure 8 hasa PhongBRDF with the exponentof 16. Non-
adaptve cachingrunsinto troublescapturingthe re ection
of thespouton theteapothody, which adaptve cachingren-
dersfaithfully. In this sceneadaptve cachingalsoincreases
record density on the teapotrim, where there are no no-
ticeableartifactsevenwith thenon-adaptie algorithm.This
suggestshatabetterperceptuaietric,which possiblytakes
theprojectedecordsizeinto accountwould probablyallow
even lower numberof recordswithout deterioratingimage
quality. Theteapotscenerequiredat least2,800recordsfor
an artifact-freeimagewithout adaptve caching,thatis 1.7
timesmorethanwith adaptve caching.

In the Walt Disney Hall scene(Figure 9), the adap-
tive recorddensityis useful not only for radiancecaching
(cutoutsl and?2), but alsofor irradiancecaching.Adaptive
irradiancecachingnicely captureshecausticformedonthe
oor attheentranceo the building (cutout3), andalsode-
liversa betterimagequality onthe staircasewherethenon-
adaptve cachingdeavessomesmudgesNoticetheslightvis-
ible discontinuityon the metalwall at the very right of the
image.Thisis actuallya discontinuityof rst order caused

© TheEurographic#ssociation2006.
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CornellBox Teapot Walt Disney Hall
800 800 800 800 1280 800
adaptve non-adaptie adaptve non-adaptie adaptve non-adaptie
(a= 0:55- 0:05) (a= 0:23) (a= 0:6-0:05) (a= 0:15) (a= 0:35-0:05) (a= 0:18)
#records 990 1010 1589 1695 4078 4144
Cachelling [s] 68.6 68.7 94.3 94.8 195 196
Overheads] 2.18 1.6 4.18 2.81 11.2 9.34

Table 1: Renderingstatisticsfor adaptiveradiancecacing examplescenesCachelling is thetimespenton creatingradiance
cadche recods (hemisphez sampling).Overheadis the time spenton interpolating from cace recods and evaluating the
perceptualerror criterion. Noticethat the extra overheadntroducedby adaptivecacingis verysmall.

by the inversionof theindirectillumination gradientandby

the changeof thetint from brownishto bluish. Our current
discernabilitymetric doesnot capturethoseaspectof dis-

continuity perception.For an imagequality similar to that
producedvy adaptve radiancecaching thenon-adaptie ra-

diancecachingrequiredasmary as29;000records(7 times
more than adaptve caching).For non-adaptie irr adiance
caching,17,500 recordswere sufcient, which is only 1:3

timesmorethanwith adaptve irradiancecaching.

Figure 10 demonstratekow recorddensityautomatically
adaptgo thesharpnessf aBRDF The oor is assignedhe
isotropic Ward-DuerBRDF [Due05 War92 with rq = 0O,
rs= 0:9 anda = 0:60, 0:30 and 0:15 (from left to right).
With increasingBRDF sharpnessthe recorddensityauto-
matically grows to reproducehe sharpeifeaturesof thein-
directillumination, without requiringary userintervention.
Thenumberof recordsis 335,516,and993, respectiely.

Discussionof the Radiance Caching Results. Figures?7,
8 and 9 showv that adaptve radiancecachingmostly pays
off if thereis anindirectillumination featurethat requires
a locally high recorddensity In the non-adaptie caching,
the only solutionto rendersucha featureis to increasethe
recorddensityin the whole imageby manuallyalteringthe
globalvalueof theapproximatiorerrora. Thisis inef cient,
sincemostof the imagealreadyhasa high enoughrecord
density We would like to point out thaton glossysurfaces,
thelocalizedfeaturesalmostalwaysappearthereforeadap-
tive radiancecachingis very pro table.

In a walkthroughanimationwith adaptie caching,one
might obsere slight poppingartifactsasre nementsoccurs
atnew locationsTo suppressheartifactsin highqualityren-
dering,we rst letthe Algorithm 1 corvergefor eachframe,
andthenperformtheactualimagesynthesis.

Adaptivelrradiance CachingResultsand Discussion. To
testour adaptve algorithmwith irradiancecaching,we ren-
dereda numberof scenespf which two areshavn in Fig-
ure 11. We have found that the numberof recordsandthe
renderingtimes for both adaptve and non-adaptie irradi-
ancecachingaresimilar. Thisis causedy thefactthatlocal-
ized indirectillumination featuresrarely appearon diffuse
surfaces (A notableexceptionarecausticsusuallyhandled
by othermeanghanirradiancecaching.)Thus,theadaptve
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recorddensitydoesnot bring asmuchpro t to irradiance
cachingasit doesto radiancecaching.

The irradiancecachingresultsdemonstratehat extend-
ing the combinationof the original Ward's error criterion
[WRC89 and the adaptationby the gradient magnitude
(Section5.1) with the proposedheighborclampingheuris-
tic (Sectionb.2) resultsin arobust,dependablinterpolation
error criterion. Within theirradiancecachingframework, it
would probablybe dif cult to nd an error criterion that
computegheindirectilluminationwith asigni cantly fewer
recordswithout missingary illumination features.

7. Conclusionand Futur e Work

In this paperwe describedan adaptve algorithmfor con-
trolling recorddensityin radianceand irradiancecaching.
The algorithmis basedon detectingvisible discontinuities
causeddy inadequatesamplingof indirectillumination. If a
discontinuityis detectedrecorddensityis locally increased
in orderto producesmooth,artifact free images.As a re-
sult,recorddensityautomaticallyadaptgo thecompleity of
indirectillumination—fewer recordsare usedfor smoothly
varyingilluminationandmorerecordsaregeneratedh areas
of abruptilluminationchangesMoreover, therecorddensity
adaptdotheBRDF sharpnesandtheviewing direction.The
adaptatioris automatic without the needfor userinterven-
tion. We demonstratedn a numberof sceneshattheimage
quality produceddy adaptve cachingis superiorto thatgen-
eratedby theerrorcriterionof radiancecaching.

We alsoproposedhe neighborclampingheuristic,which
signi cantly reduceghe probability of missingsmallgeom-
etry features Neighborclampingalso helpsto detect,and
alleviate the consequencesf, ray leaking—aseriousprob-
lem of irradianceandradiancecaching.

Adaptive cachingin combinatiorwith neighborclamping
represent stepforward towardsmore robust radianceand
irradiancecaching—thealgorithmsare now more reliable
andmuchlesstweakingis neededor high quality results.

In future work, it would be interestingto use the re-
sults of Durandet al.'s frequeng analysisof light trans-
port[DHS 05] to designa more completeinterpolationer-
ror criterionfor glossysurfacesUsing waveletsin radiance
cachingfor the incomingradiancerepresentatiomvould al-
low interpolationonsurfaceswith higherfrequeny BRDFs.
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Figure 7: Comparisonof non-adaptive(top) and adaptive(bottom)cacdhing for the Cornell box scene The gur e showsthe
rendeedimages,cutoutsfromtherendeedimages,color codedvaluesof the approximationerror a andreco positions.
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Figure 8: Comparisorof non-adaptivegtop) andadaptive(bottom)caching for the TeapotsceneThe gur e showgsherendeed
images,cutoutsfromtherendeedimages,color codedvaluesof the approximationerror a andrecod positions.
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non-adaptive caching

adaptive caching

Figure 9: Comparisonof non-adaptive(top) and adaptive(bottom)cacdhing for the Walt Disney Hall. The gure showsthe
rendeedimages,cutoutsfromtherendeedimages,color codedvaluesof the approximationerror a andreco positions.
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