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Abstract
Radianceandirr adiancecachingareef�cient global illuminationalgorithmsbasedon interpolatingindirectillu-
minationfroma sparsesetof cachedvalues.In this paperweproposean adaptivealgorithmfor guidingspatial
densityof thecachedvaluesin radianceand irr adiancecaching. Thedensityis adaptedto therateof change of
indirect illumination in order to avoid visible interpolationartifacts and producesmoothinterpolatedillumina-
tion. In addition,we discusssomepractical problemsarising in the implementationof radianceand irr adiance
caching, andproposetechniquesfor solvingthoseproblems.Namely, theneighborclampingheuristicis proposed
asa robustmeansfor detectingsmallsourcesof indirectilluminationandfor dealingwith problemscausedbyray
leakingthroughsmallgapsbetweenadjacentpolygons.

Categories and SubjectDescriptors(accordingto ACM CCS): I.3.7 [ComputerGraphics]:Three-Dimensional
GraphicsandRealism- Rendering,GlobalIllumination

1. Intr oduction

One of the practicaland widely usedalgorithmsfor com-
puting diffuse indirect illumination is irradiancecaching
[WRC88, WH92, TL04]. The indirect illumination is com-
putedonly at a sparseset of points on surfaces,storedin
a cache,andtheninterpolatedelsewhere.Radiancecaching
[KGPB05, K�ri05] generalizesirradiancecachingto glossy
surfaceswith low-frequency BRDFs.

To faithfully representindirect illumination with only a
sparsesetof values,theirdensitymustbeproportionalto the
rateof changeof indirect illumination; otherwise,interpo-
lation artifactsmayappear. In irradiancecaching,theupper
boundon the illumination changeis estimatedbasedon the
scenegeometry. Eventhoughtheactualillumination condi-
tionsaredisregardedin suchaninterpolationerrormetric,it
generatesa recorddensitythat gracefully follows the indi-
rect illumination changes,andprovidesgoodimagequality
with a relatively low numberof cachedvalues.

In radiancecaching, however, estimating the rate of
changeof indirect illumination is moredif�cult. On glossy
surfaces,not only the illumination characteristics,but also
the sharpnessof the surfaceBRDF andthe viewing direc-
tion in�uence the actualrate of changeof indirect illumi-

nation. It would be complicatedto designan interpolation
error criterion that takesall thosefactorsinto account,and
the resultingformula is likely to be quite computationally
involved.We believe thatanadaptive algorithmthat re�nes
the densityof cachedvaluesbasedon a simpleperceptual
metricis moreappropriate.

In this paperwe proposean adaptive algorithmfor con-
trolling densityof cachedvaluesin radianceandirradiance
cachingthatwereferto asadaptivecaching. It startswith an
initial setof cachedindirectilluminationvaluesandthenre-
�nes theirdensitywherenecessaryto eliminateinterpolation
artifacts.Themainsourceof artifactsin radianceandirradi-
ancecachingarevisible discontinuitiesat a boundaryof in-
�uence areasof cachedvalues.Theproposederrorcriterion
guiding the adaptive re�nement is designedto detectthose
discontinuities.Thecriterionis, thus,perceptualin thesense
thatit doesnotprimarily careaboutthephysicalcorrectness
of theimage,but aboutthevisibleartifactelimination.

With adaptive caching,the recorddensity is adaptedto
theactualillumination conditionsbetterthanwith theorig-
inal criterion usedin radiancecaching[KGPB05]. If indi-
rect illumination is simple,without suddenchanges,adap-
tive cachinggeneratesfewer recordsandrenderingis faster.
Undercomplex indirect illumination, adaptive cachingcan
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generatemorerecordsthantheoriginal criterionwould,but
without the risk of compromisingimagequality by inter-
polationartifacts.Adaptive cachingis the mosteffective in
renderingof glossysurfaceswith localizedindirect illumi-
nationfeatures,whereit locally increasestherecorddensity.
With adaptivecaching,therecorddensityalsoautomatically
adaptsto theBRDF sharpness.Additionally, recorddensity
is relaxed understrongdirect illumination, wherethe indi-
rectilluminationqualitydoesnotmattermuch.

Besidestheadaptive cachingalgorithm,we discusssome
issuesonemustaddressin a practicalimplementationof ra-
dianceandirradiancecaching.Weproposeaheuristiccalled
neighborclampingand show how it is useful for solving
two problemsof radianceandirradiancecaching:(1) miss-
ing small sourcesof indirect illumination and (2) artifacts
causedby theray leakingthroughgapsbetweenpolygons.

The restof the paperis organizedas follows: Section2
presentsthe relatedwork; Section3 describesa common
formulation of irradianceand radiancecaching;Section4
thendescribestheadaptivecachingalgorithm;Section5 dis-
cussessomepracticalproblemsanddescribesthe neighbor
clampingheuristic;Section6 presentsthe resultsandSec-
tion 7 concludesthework.

2. RelatedWork

The techniquesproposedin this paperare tightly coupled
with irradianceand radiancecachingalgorithms,both de-
scribedin detailin Section3. Wardetal. [WRC88] proposed
the recorddensitycriterion in irradiancecachingbasedon
the estimateof the upperboundof the irradiancegradient.
This hasbeenadoptedby K�riváneket al. [KGPB05,K�ri05]
for radiancecaching.The adaptive recorddensitycontrol
proposedin this paperis a simpleyet practicalextensionof
theWardet al.'s criterion.TabellionandLamorlette[TL04]
proposepracticalmodi�cationsof theoriginal Wardet al.'s
irradiancecaching algorithm, discussedin detail in Sec-
tion 5.2. Smyk et al. [SM02] increasethe density of the
cachedvaluesbasedon thegradientmagnitudeto betterac-
commodateto abruptchangesin indirect illumination, sim-
ilarly to the way donein the codeof the Radiancelighting
simulationsystem[War94] (describedin Section5.1of this
paper).However, this approachis not suf�cient for radiance
cachingdueto theview dependenceof glossyBRDFs.

Theadaptive algorithmwe usefor steeringthedensityof
cachedvaluesis closelyrelatedto adaptivemeshre�nement
in radiosity[SP94,CW93], with thedifferencethatourrepre-
sentationof illumination is independentof scenegeometry.
In particular, our approachis similar to perceptually-driven
radiosity [GH97, MPT97], wherea perceptualcriterion is
usedto controladaptive meshre�nementin hierarchicalra-
diosity, basedon theperceivedsmoothnessof illumination.

In kerneldensityestimation[WHSG97], thekernelband-
width is adjustedto reducevariancewithout introducingtoo

muchbias.However, samplesof radiance(the photonhits)
aregivenand�x edat thetime of thedensityestimation.On
the otherhand,we take new samplesasneededto perform
smoothradiancereconstruction.In densitycontrol for pho-
ton maps[Suy02], the densityof photonsis limited by the
local targetdensityto avoid storingtoo many photons.The
targetdensityis proportionalto pixel importanceto equalize
reconstructionerrorover theimage.

3. Irradiance and RadianceCaching

In this sectionwe give a common interpolation formula
for bothirradianceandradiancecaching.Irradiancecaching
[WRC88,WH92] andradiancecaching[KGPB05,K�ri05] are
basedon the observation that indirect illumination changes
slowly over a diffuseor a glossysurface.Both algorithms
computeindirect illumination only at a sparsesetof points
on surfacesandstoreit in a cache.Theindirectillumination
computationis acceleratedby reusingthecachedindirectil-
luminationthroughinterpolation.

CachedQuantity. In irradiancecaching,thecachedquan-
tity is irradiance,E, at a point, thereforethe directionalin-
formation about incoming radianceis discarded.In radi-
ancecaching,thedirectionalinformationis retained,which
allows to interpolateover surfaces with view-dependent
BRDFs.The incomingradianceis representedby a coef�-
cient vector, L , with respectto sphericalor hemispherical
harmonics[GKPB04]. The cachedquantity is the only es-
sentialdifferencebetweenthe two algorithms;the caching
schemeis thesamefor both.

Caching Scheme.Whenever indirect illumination needsto
be computedat a point p, the cacheis queriedfor cached
nearbyindirect illumination values(called records). If no
recordis foundnearp, interpolationcannotbeused.In such
a casethe hemisphereabove p is sampled,and irradiance
E (in irradiancecaching)or the coef�cient vectorL (in ra-
diancecaching)is computedandstoredin thecache.If, on
theotherhand,cachedrecordsarefoundnearp, thecached
indirectillumination is interpolated.

Indir ect Illumination Inter polation. Here, we unify the
interpolationformulasof irradianceandradiancecachingby
interpolatingtheoutgoingradiancecontributions:

Lo
S (p) =

å
i2S

Lo
i (p)wi(p)

å
i2S

wi(p)
; (1)

whereLo
i (p) is thecontribution of thei-th recordto theout-

going radianceat the point p. For irradiancecachingat a
pointwith diffusere�ectancer (p), Lo

i (p) is:

Lo
i (p) = [Ei + (ni � n) � ÑrEi + (p � pi) � ÑtEi ]r (p)=p:
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For radiancecaching,the outgoingradiancecontribution is
givenby thedotproduct:

Lo
i (p) =

�
Ri

�
L i + dx

¶L i

¶x
+ dy

¶L i

¶y

� �
�C(p;wo) :

Varioussymbolsusedherearesummarizedbelow:
p pointof interpolation.
n normalatp.
pi locationof thei-th cacherecord.
ni normalatpi .
dx, dy displacementsof p � pi alongthex andy axesof

thelocal coordinateframeatpi .
wi(p) weight of the i-th cacherecord with respectto

pointp, de�ned below.
S setof recordsusedfor interpolationat p, de�ned

below.
Ei cachedirradiancevalueatpi .
ÑrEi cachedrotationalirradiancegradientatpi .
ÑtEi cachedtranslationalirradiancegradientatpi .
L i coef�cient vectorfor theincomingradianceatpi .
¶L i
¶x cachedderivative of L i with respectto translation

alongthelocal x axis.
¶L i
¶y cachedderivative of L i with respectto translation

alongthelocal y axis.
Ri rotationmatrixusedto alignthecoordinateframes

atp andpi .
C(p;wo) coef�cient vectorrepresentingthe BRDF lobe at

p for theoutgoingdirectionwo.

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

kp� pik
Ri

+
p

1� n � ni

� � 1
: The harmonic mean distance,

Ri , to theobjectsvisible from pi , is computedfrom theray
lengthsin hemispheresamplingandstoredin thecache.

Inter polation Criterion. The de�nition of the set S of
recordsusedfor interpolationis of particularinterestfor this
paper. S is de�ned as S = f ijwi(p) > 1=ag; wherea is
a user de�ned maximumallowed interpolationerror. The
higherthe valueof a, the biggerthe allowancefor interpo-
lation andthe smallerthe accuracy of the �nal image.The
de�nition of thesetS meansthat the recordi canbeused
for interpolationin the neighborhoodof its location,where
wi(p) > 1=a holds.This neighborhoodis larger in �at open
areas,wherethe indirect illumination changesslowly, and
smalleron curved objectsandnearscenegeometry, where
the indirect illumination changesmorequickly. This adapts
the densityof the cachedradiancevaluesto the expected
rate of changeof the indirect illumination. The interpola-
tion schemewasderived in [WRC88] for diffusesurfaces.
Even thoughthe derivation doesnot hold for glossyones,
the interpolationgivessurprisinglygoodresultseven in ra-
diancecaching.However, in somesituationsit fails. This is
why wehavedevelopedaperceptualerrorcriterionto guide
therecorddensity, describedin thefollowing section.

4. AdaptiveCaching

In this sectionwe presentthe error criterion usedto guide
recorddensityand an algorithm that usesthis criterion to
distributerecordsonobjectsurfaces.

4.1. Err or Criterion and AdaptiveRe�nement

Adaptive cachingusesthe original irradiancecachingin-
terpolationschemedescribedabove,andanadaptive record
densityis achieved by modulatingthe approximationerror
value, a, on a per-record basis, basedon our errorcriterion.
Soeachrecordi now storesits own valueof approximation
error, ai , insteadof having oneglobal value for the whole
scene.

Thegoalof theadaptive recorddensitycontrolis to elim-
inateimageartifactscausedby interpolationin placeswith
high rateof changeof indirect illumination. Thoseartifacts
exhibit themselvesasdiscontinuitiesat the boundaryof in-
�uence areasof two or morerecords(seethecutoutin Fig-
ure7, top). The in�uence areaof a recordis de�ned asf p;
wi(p) > 1=ag. Our error criterion reportsa visible discon-
tinuity if two recordshave a visibly differentoutgoingra-
diancecontribution somewherein theoverlapof their in�u-
enceareas.Whenever a visible discontinuityis detected,we
decreasea record's valueof ai , effectively locally increas-
ing therecorddensity. In otherwords,we forcetheradiance
contributionin theoverlapareasto beindistinguishablefrom
eachother.

Considera point p at which the outgoing radianceis
computedwith the interpolationformula (1) from a setS
of at least two records.We say that the overlap of those
recordscausesadiscontinuityif a recordi existsin S , such
thattheoutgoingradiancewithoutthisrecord'scontribution,
Lo

S nf ig(p), is discernablefrom the outgoingradiancewith
this record's contribution,Lo

S (p).

If a discontinuity-causingrecordi is found, its contribu-
tion is excludedfrom the interpolatedradianceat p by de-
creasingits approximationerror to ai := kp� pik

Ri
� e, where

e is averysmallnumber(seeFigure1). Thisensuresthatthe
conditionwi(p) > 1=ai doesnot hold anymoreandrecordi
doesnotcontributeto theinterpolatedradianceatp. If there
are more than one candidatefor exclusion,we choosethe
onewith the lowestweight wi(p), remove it from S , and
reiteratethe process.Intuitively, the recordwith the lowest
weight is relatively the farthestfrom point p andshouldbe
excluded.Themetricusedto assessthediscernibilityof two
radiancevaluesis discussedin Section4.3.

4.2. Full Convergence

The criterion describedabove can be used to compute
indirect illumination at a point p in a straightforward
way:

S := look_up_cache(p;n)
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Figure1: (a) If theoutgoingradianceLo
S (p), S = f 1;2;3g

at the point p is visibly different from LS nf ig(p) for some
i 2 f 1;2;3g, theoverlapareais saidto causea discontinuity.
(b) If a discontinuityis detected,theapproximationerror ai
of the record contributing with the minimumweightwi(p)
is decreased(here record #3),sothat point p beoutsidethe
record's in�uencearea.

If S is empty, addnew record.
If jS j = 1, interpolatefrom thesinglerecordin S .
If jS j > 1, run the adaptive re�nement and interpolate
from therecordsthatremainin S .

However, thisapproachdoesnotwork well, sinceacontribu-
tion from a recordthatwill beshrunklatermight have been
mistakenly usedearlier for interpolation.For a correctre-
sult, therecorddistributionmustfully converge with respect
to a setof shadingpoints,beforeany recordis usedfor in-
terpolationatany of thosepoints.Wecall shadingpointsall
thepointswith indirect illumination computedby meansof
radianceor irradiancecaching(eitherby interpolationor by
addinga new record).Typically thosearethesurfacepoints
visible throughimagepixelseitherdirectly or afteran ideal
specularre�ection or refraction.

De�nition. Givenasetof shadingpointsP , wesaythatthe
record densityhasfully convergedfor pointsin P if:

1. eachpoint in P hasat leastonecontribution from exist-
ing records,and

2. for all points having contributions from two or more
records,the error criterion doesnot reporta visible dis-
continuity.

Algorithm 1 describesan ef�cient procedurefor attain-
ing full convergencefor a given setof shadingpoints.For
thesake of ef�ciency, we storea list of recordcontributions
with eachshadingpoint, so that the(ir)radiancecachedoes
not have to be queriedrepetitively to �nd the contributing
recordsfor ashadingpoint (line 7). Eachcontribution in the
list storesapointerto thecontributing record,weightwi(p),
outgoingradianceLo

i (p) (evaluatedlazily as requestedby
theerrorcriterion)andachangecounter(describedbelow).

Thebasicstepsof Algorithm 1 aremotivatedby the two
following situations,illustratedin Figure2: (a) After a new

Algorithm 1 Full convergencefor asetof shadingpoints.

Input:
The set of shadingpoints P for which indirect illumina-
tion is to be computedby radianceor irradiancecaching.
Eachshadingpointcontainsposition,localcoordinateframe,
BRDF pointer, anda list of record contributions, emptyat
start.

Ensures:
All the shadingpoints in P have at leastonecontribution
from a cacherecordandfor all pointshaving contributions
from two or morerecords,theerrorcriteriondoesnot report
avisiblediscontinuity.

1: pointQueue.push(P )
2: while pointQueuenotemptydo
3: // new passstartshere
4: while pointQueuenotemptydo
5: // for all pointsto beprocessedin thispass
6: ps := pointQueue:pop()
7: remove invalid contributions from the shading

point ps
8: if zerocontributionsin ps then
9: addanew recordat thepositionof ps

10: adda contribution to eachshadingpoint in the
new record's in�uence area

11: addeachpoint in thenew record's in�uencearea
to pointQueue

12: elseif morethanonecontribution in ps then
13: runadaptive re�nementthecontributing records
14: end if
15: // donothingif ps hasexactlyonecontribution
16: endwhile
17: for all recordsaffectedby re�nementin thispassdo
18: add to pointQueueshadingpoints in the record's

in�uence areafrom thebeginningof thepass
19: end for
20: // go to next pass
21: endwhile

recordis addedto thecache,all theshadingpointsin its in-
�uence areashouldbecheckedagain by theerrorcriterion,
henceareaddedto pointQueue(line 11). (b) If theapprox-
imationerrorai of therecordi is decreased(line 13), some
shadingpointsmight �nd themselveswithoutany valid con-
tribution. New recordsmust thenbe addedto the cacheto
cover thosepoints.To ef�ciently detectthe pointswith no
valid contribution, thealgorithmworksin passes(theouter-
mostwhile loop of Algorithm 1). At the endof eachpass
(lines 17-19), we loop over all recordswhoseai was de-
creasedin thecurrentpass.For eachof theaffectedrecords,
all theshadingpointswithin that record's in�uence areaas
it wasat thebeginningof thepassareaddedto pointQueue.
Thepossibleinvalid contributionsdueto theaffectedrecords
are then removed from thosepoints' contribution lists on
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Figure 2: Shadingpointsin the hatchedareasare inserted
into pointQueuein the following two situations:(a) After a
new record is addedto thecache. (b) At theendof each pass
for each record affectedby theadaptivere�nement.

line 7. New recordsarethenpossiblyaddedto (ir)radiance
cacheon lines9 to 11.Thesameeffectcouldbeachievedby
insertingtheshadingpointsinto pointQueueimmediatelyaf-
tera record'sai-valueis decreased.However, thiswouldnot
be ef�cient sincethe a singlerecord's ai-value is typically
reducedmorethanoncein asinglepass.

Upon the reductionof a record's ai value, someof the
record's contributions may becomeinvalid. It is thus nec-
essaryto checkthe validity of the entriesin the contribu-
tion list (line 7) by re-evaluatingtheweightof a recordthat
haschangedsinceits contributionwaslastupdated.To keep
trackof thecontributionsthatrequirethevalidity check,we
usechangecounters. Eachrecordhasacounter, incremented
every time its ai is reduced.Thevalueof thechangecounter
is copiedto the contribution eachtime the validity of the
contributionis veri�ed online 7.A contributionremainscer-
tainly valid aslong astherecord's counterandthecontribu-
tion's counterareequal.

The whole algorithm �nishes if no recordshave been
changedin thelastpass.Full convergenceis ensuredfor all
shadingpointsat its end.In our test,the algorithmalways
�nished in at mosteleven passes.The overheaddueto this
algorithmanddueto the evaluationof theperceptualcrite-
rion is verysmall(seeTable1).

Therearea few importantdetailsto make the algorithm
ef�cient:

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

� The initial value of a for a new record is copied from
thenearestexisting recordin thecacheandmultiplied by
1:4, a multiplier found empirically andtestedon a wide
rangeof scenes.Lowervaluesleadto unnecessarilymany
recordsafter the convergence;higher valuesdo not de-
creasethenumberof recordsbut increasetheoverheadof
theconvergencealgorithm.

� Shadingpointsarestoredin a k-D tree[Jen01] to quickly
locate the points in a record's in�uence area(lines 10
and18).

� The contribution list for a shadingpoint is a staticarray
of length6. We found that therearealmostnever more
thansix contributionsfor oneshadingpoint. Shouldthis
be the case,the excesscontributions may safely be ig-
nored(six is alreadyenough).Usingadynamiclinkedlist
introducesa seriousperformancepenaltybecauseof the
constantmemoryallocationandde-allocation.

This algorithm inverts the classicalirradianceand radi-
ancecachingalgorithm,wherethebasicoperationis: `given
a shadingpoint, �nd all contributing recordsand interpo-
late'. On the otherhand,the basicoperationin our conver-
gencealgorithmis: `given a record,�nd all shadingpoints
it contributesto andadda contribution'. This is similar to
radiancecachesplatting[GKBP05] or reversephotonmap-
ping [HHS05].

An alternative implementationof the convergenceal-
gorithm without the per-point contribution list uses a
(ir)radiancecachelook-up on line 7 to gatherthe contribu-
tions for a point ps andleavesout line 10. Suchan imple-
mentationconsumeslessmemory, is simplerto implement,
but it is signi�cantly slower.

4.3. Discernability Metric

This sectiondescribesthemetricusedto assessdiscernabil-
ity of two radiancevalues.After someexperimentation,we
haveoptedfor thesimplestmetric,theWeberlaw. Weberlaw
saysthat the minimum perceptiblechangein a visual sig-
nal is givenby the�x edfractionof thesignal.Althoughnot
conservative underall circumstances,thethresholdof 2% is
widely usedin computergraphics(e.g. [WFA� 05]) andwe
usedit in all our renderings.

Theinput of theperceptualmetric is two radiancevalues
L1 andL2. L1 is the interpolatedoutgoingradiancecontri-
bution from all overlappingrecords,plusdirectillumination
atp,

L1 = Lo
S (p) + Lodirect (p):

L2 doesnotcontainthecontributionfrom thetestedrecord,i,

L2 = Lo
S nf ig(p) + Lodirect (p):

The discernabilitymetric basedon the Weberlaw hasthe
following form:

L1 differsfrom L2 � jY(L1) � Y(L2)j > Dmax;

where

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

Y(.) denotesthe luminancechannelof a tri-stimulusvalue.
Estimatesof the standarddeviation s (L1) and s (L2) are
addedto compensatefor therandomnessof L1 andL2, stem-
ming from the fact that they arecomputedfrom quantities
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estimatedby MonteCarlohemispheresampling.If thestan-
darddeviationwasnotaddedandonly a few rayswereused
to samplea hemispherewhencreatingnew cacherecords,it
is likely that the irradianceor incomingradiancestoredin
neighboringrecordswouldbevery different.In sucha case,
the criterion would constantlyreportvisible discontinuities
andleadto anexcessiverecorddensity, whichis undesirable.

To estimatethestandarddeviationof irradiancecomputed
by MonteCarlohemispheresampling,anirradiancevalueE
is computedfrom all thesamplerays,andanothervalueE0

is computedfrom everysecondray. Standarddeviationof ir-
radiance,estimatedass (E) = jE � E0j [DS04], is thenused
to computethestandarddeviation of theoutgoingradiance.
Weusethestandarddeviationof irradianceevenin radiance
cachingwith goodresults.

We experimentedwith the thresholdelevation model of
Ramasubramanianet al. [RPG99]. We decidednot to useit,
sincevisible artifactswereproducednearedges,wherethe
modelpredictshigh thresholdelevation. This is dueto the
factthat(ir)radiancecachingartifactshavedistinctstructure
that makesthemmoreeasilyperceptiblethanunstructured
noisefor which themodelhasbeendesigned.

5. Practical Issues

This sectiondescribestechniquesthat help makingan im-
plementationof radianceor irradiancecachingpractical.

5.1. Adapting RecordDensityby Gradient Magnitude

The sourcecode of Radiancelighting simulation system
[War94] containsa (never published)test that avoids a too
low recorddensity if the indirect illumination gradientis
high. The test consistsin comparingthe upper bound of
the translationalirradiancegradient,derivedfrom the“split
spheremodel”[WRC88], with theactualirradiancegradient,
estimatedfrom the hemispheresampling[WH92]. Should
the magnitudeof the actualirradiancegradientexceedthe
supposedupperbound,the actualgradientmagnitudewill
beusedin theerrormetricinsteadof theupperbound.Tech-
nically, this is doneby clampingthe valueof the harmonic
meandistanceRi whenanew recordis beingcreated:

if
jÑtEi j

Ei
>

1
Ri

; then Ri :=
�

jÑtEi j
Ei

� � 1

: (2)

Theuseof this testsubstantiallyimprovestheimagequality
producedby irradiancecaching.

Weuseasimilar testin radiancecaching:

if Di > 1=Ri ; then Ri := 1=Di ;

whereDi is theratioof theradiancegradientL2-normto the
L2-normof theradianceitself:

Di =

q
k ¶L i

¶x k2 + k ¶L i
¶y k2

kL ik
:

This test works aggregately on the whole coef�cient vec-
tor which representsthe result of the whole hemisphere
sampling.Therefore,the testis neitherview dependentnor
it takes the BRDF sharpnessinto account.It helps to de-
tect the most seriouscasesof high gradientchange,but it
leavesmuchspacefor improvementto ouradaptiveradiance
caching.

5.2. Neighbor Clamping

In this sectionwe proposeneighborclamping, a heuristic
usedto detectgeometricallysmall sourcesof indirect illu-
mination.

Theradiusof thei-th record's in�uence areaf p; wi(p) >
1=aig on a �at surfaceis given by the productaiRi , which
followsfrom thede�nition of wi(p). HereRi is theharmonic
meanof distancesto visible surfacesfrom the recordposi-
tion, pi , computedfrom the ray lengthsduring hemisphere
sampling.Thecloserthesurroundinggeometry, thesmaller
Ri , andthehighertherecorddensity. However, becausethe
sampleraysfrom which Ri is computedareonly a random
subsetof all directionsin thehemisphere,smallfeaturesare
likely to be missed.The computedvalueof Ri is, then,too
large andproducesa too low recorddensity. If the missed
featuresare sourcesof strong indirect illumination, inter-
polation artifacts in the imageresult. Becauseof the ran-
domnessof raydirections,thefeaturesmissedby onerecord
might not be missedby another, which even ampli�es the
noticeabilityof theimageartifacts.

Examplesof featuresmostcommonlymissedarestepsof
a staircase,or windowsills on a facade,which may be too
small to keeptheharmonicmeanof theray lengthslow, yet
too importantin termsof indirectillumination to bemissed.
The left columnof Figure4 shows the artifactsdueto the
insuf�cient recorddensityarounda geometryfeature(the
steps).

Our goal is to make surethat no relevant geometryfea-
turesaremissed.Additionally, a geometryfeaturedetected
by theraysfrom onerecordshouldbedetectedby all nearby
records,too.

TabellionandLamorlette[TL04] addressthisproblemby
computingthe R-valueof a recordas the minimum of the
ray lengthsduringthehemispheresampling,insteadof tak-
ing the harmonicmean.This increasesthe probability of
detectingsmall geometryfeaturesandindeed,the step-like
featuresaremissedvery rarely. However, aftersomeexperi-
mentationwedecidednot to usetheminimumray lengthfor
thefollowing reasons.Firstly, usingtheminimumray length
is overly sensitive to extremely small featuresthat hardly
haveany importancefor indirectillumination.Secondly, and
moreimportantly, the minimum ray lengthon concave ob-
jectsis very small,asthe raysnearthe equatorareusually
extremelyshort.This producesan excessive recorddensity
onthoseobjects.Tabellionsolvesthisproblemby excluding
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Figure 3: The maximumpossible difference of the two
records' distancefromthestepis givenby their mutualdis-
tance.

raysneartheequator, hittingothersurfacesatgrazingangles,
from thecomputationof theminimumdistance[Tab05]. But
evenwith this modi�cation, we foundit dif�cult to obtaina
decentdistribution of recordson concave surfacesof vary-
ing curvatureby usingtheminimumray lengthfor comput-
ing Ri .

WehavethusdecidedtocomputeRi astheharmonicmean
of the ray lengths,and to prevent randommissingof ge-
ometryfeaturesby imposinganadditionalconstrainton the
differenceof theR-valuesof neighboringrecords.Thecon-
straintstemsfrom abasicobservationongeometricalcoher-
encein ascene.Considerarecordj atpositionp j locatedon
a �oor at a distanced from a step(seeFigure3). Now con-
sideranotherrecordatpositionpi . By triangleinequality, the
maximumpossibledistanceof pi from thestep,in termsof
d andthedistancebetweenthetwo recordsis d+ kpi � p jk.
Motivatedby this observation,we never allow theR-values
of two nearbyrecordsto differ by more than their mutual
distance.

Technically, when a new recordi is being addedto the
cache,we locateall nearbyrecords j and clamp the new
record'sRi valueto Ri := minf Ri ;Rj + kpi � p jkg. After that
we similarly clampthenearbyrecords'R-valuesby thenew
record's Ri-value.A consequenceof this clampingis thata
too largeR-valueof a record,causedby missingageometri-
cal feature,is clampeddown by theR-valueof someof the
neighboringrecordsthatdid notmissthatfeature.

This heuristic,which we call neighborclamping, is fully
justi�ed when using the minimum ray length for comput-
ing Ri , but it givesvery goodresultseven for theharmonic
mean.The featuresarealmostnever missed,andthe over-
all distribution of recordsin the scenebehaves well. Fur-
thermore,we do not experiencetheproblemwith excessive
recorddensityon concave objects.Figure 4 demonstrates
how neighborclamping(right column)helpsto detectsmall,
step-likegeometryfeatures.Withoutneighborclamping(left
column),thosefeaturesareoftenmissedandartifactsappear
in theimage(seethedetailof thestairs).Both imageswere
renderedusingapproximatelythe samenumberof records
(7750).Without neighborclamping,at least20,000records
wererequiredto getrid of theimageartifactson thestairs.

Figure 5: Inaccurate connectionof polygonsmayresult in
ray leaking.

5.3. Ray Leaking

Irradianceandradiancecachingarequitesensitive to imper-
fectionsin scenemodeling;a typical examplein which they
breakdown is aninaccurateconnectionof adjacentedgesof
two polygons.This maybeproducede.g. by an insuf�cient
numberof signi�cant digits whena sceneis exportedto a
text �le.

Considerthesituationin Figure5, wherethereis a small
gapbetweenthe�oor polygonandthewall polygon.If apri-
maryrayhits thisgap,its intersectionwith the�oor polygon
canbe found behindthe wall polygon.As a consequence,
rays that are supposedto hit the wall now leak either to
the neighboringroom or to in�nity . The outcomeof such
aneventis quitedisastrous:

� Thecomputedirradianceor incomingradianceis wrong.
� Theharmonicmeanof theray lengthsis muchgraterthan

it shouldbe; therefore,thewrong(ir)radianceis extrapo-
latedonavery largearea.

The resultingimageartifactsareshown in Figure6 on the
left. Thefollowingparagraphsdiscusstwopossiblesolutions
to this problem,amongwhich themoresuccessfulis to use
neighborclamping.

The �rst solution is to shift the origin of samplingrays
away from polygon edges[TL04, Tab05]. The ray origin
shifting suppressesray leakingin somecase,but is not de-
pendable.

A better solution consistsin using neighborclamping.
Recordssuffering from ray leakinghave disproportionately
bigger R-value than their neighborsnot having this prob-
lem, therebybreakingtheassumptionof geometricalcoher-
enceusedto derive theneighborclampingheuristic.There-
fore, ray leakingis reliably detectedby theuseof neighbor
clampingandits consequencesarealleviatedby the reduc-
tion of the erroneousR-value.Figure6 on the right shows
how neighborclampingdetectsand suppressesthe effects
of ray leaking.Besidessmall featuredetection,ray leaking
detectionis anotherpurposethat neighborclampingserves
well.
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Figure 4: Without our neighborclamping, small,step-like geometryfeaturesare oftenmissed.Missinggeometryfeaturesthat
are strongsourcesof indirect illumination producesdisturbingimage artifacts (seethedetail of thestepsin the left column).
Neighborclampinghelpsto detectthesmallgeometryfeaturesandsuppressestheimage artifacts(seetheright column).The
imagesshowonly indirectillumination.

noneighborclamping with neighborclamping

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

6. Resultsand Discussion

Adaptive RadianceCaching. Resultsof adaptive radiance
cachingareshown in Figures7 to 10; the renderingstatis-
tics, measuredon a PC with Intel PentiumM 1.5GHzand
512MB RAM, are given in Table 1. Notice that the extra
overheadintroducedby adaptive cachingis very small.For
eachscene,we renderedone imagewith adaptive caching
andanotherwithout adaptive cachingusingapproximately
thesamenumberof records.We comparethequality of the
two renderings.Apart from therenderedimages,the�gures
show the mapof the approximationerror a andthe record
locations.Noticehow thevalueof a andthe recorddensity
adaptto therateof changeof indirect illumination with our
adaptivecaching.

Wedonotprovideacomparisonwith areferencesolution
becauseour errormetricpromotessmooth,artifact-freeim-
ages,but doesnotensureany errorboundfor theimage.Our
goal is to generateimagesthat look goodandareplausible,
but notnecessarilyphysically correct.

The �oor of the box in Figure 7 uses the Lafor-
tune BRDF [LFTG97] �tted to measuredmetallic BRDF
data[Wes00]. Only directilluminationand�rst bounceindi-
rectilluminationfor the�oor is used.Non-adaptiveradiance
cachinghasproblemscapturingthechangeof indirect illu-
minationcausedby the edgesof the box andthe pyramid.
Ontheotherhand,therecorddensitybehindthetwo objects
is unnecessarilyhigh. Adaptive cachingproducesa record
densitythat reproducesall thedetailsof the indirect illumi-
nation.To obtain an artifact-freeimagewith non-adaptive
caching,at least3,300 recordswere required,which is 3
timesmorethanwith adaptivecaching.

The scenesin Figures8 and9 usefour indirect bounces
andbothirradianceandradiancecaching.Theteapotin Fig-
ure 8 hasa PhongBRDF with the exponentof 16. Non-
adaptive cachingrunsinto troublescapturingthe re�ection
of thespouton theteapotbody, whichadaptivecachingren-
dersfaithfully. In thisscene,adaptivecachingalsoincreases
record density on the teapotrim, where there are no no-
ticeableartifactsevenwith thenon-adaptivealgorithm.This
suggeststhatabetterperceptualmetric,whichpossiblytakes
theprojectedrecordsizeinto account,wouldprobablyallow
even lower numberof recordswithout deterioratingimage
quality. Theteapotscenerequiredat least2,800recordsfor
an artifact-freeimagewithout adaptive caching,that is 1:7
timesmorethanwith adaptivecaching.

In the Walt Disney Hall scene(Figure 9), the adap-
tive recorddensityis useful not only for radiancecaching
(cutouts1 and2), but alsofor irradiancecaching.Adaptive
irradiancecachingnicelycapturesthecausticsformedonthe
�oor at theentranceto thebuilding (cutout3), andalsode-
liversabetterimagequalityon thestaircase,wherethenon-
adaptivecachingleavessomesmudges.Noticetheslightvis-
ible discontinuityon the metalwall at the very right of the
image.This is actuallya discontinuityof �rst order, caused
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CornellBox
800� 800

Teapot
800� 800

Walt Disney Hall
1280� 800

adaptive
(a = 0:55 - 0:05)

non-adaptive
(a = 0:23)

adaptive
(a = 0:6 - 0:05)

non-adaptive
(a = 0:15)

adaptive
(a = 0:35 - 0:05)

non-adaptive
(a = 0:18)

# records 990 1010 1589 1695 4078 4144
Cache�lling [s] 68.6 68.7 94.3 94.8 195 196
Overhead[s] 2.18 1.6 4.18 2.81 11.2 9.34

Table1: Renderingstatisticsfor adaptiveradiancecachingexamplescenes.Cache�lling is thetimespentoncreatingradiance
cache records (hemisphere sampling).Overheadis the time spenton interpolating from cache records and evaluating the
perceptualerror criterion. Noticethat theextra overheadintroducedbyadaptivecaching is verysmall.

by theinversionof theindirect illumination gradientandby
thechangeof the tint from brownish to bluish.Our current
discernabilitymetric doesnot capturethoseaspectsof dis-
continuity perception.For an imagequality similar to that
producedby adaptive radiancecaching,thenon-adaptive ra-
diancecachingrequiredasmany as29;000records(7 times
more than adaptive caching).For non-adaptive irr adiance
caching,17;500 recordsweresuf�cient, which is only 1:3
timesmorethanwith adaptive irradiancecaching.

Figure10demonstrateshow recorddensityautomatically
adaptsto thesharpnessof aBRDF. The�oor is assignedthe
isotropic Ward-DuerBRDF [Due05, War92] with r d = 0,
r s = 0:9 anda = 0:60, 0:30 and0:15 (from left to right).
With increasingBRDF sharpness,the recorddensityauto-
maticallygrows to reproducethesharperfeaturesof the in-
direct illumination,without requiringany userintervention.
Thenumberof recordsis 335,516,and993,respectively.

Discussionof the RadianceCaching Results. Figures7,
8 and 9 show that adaptive radiancecachingmostly pays
off if thereis an indirect illumination featurethat requires
a locally high recorddensity. In the non-adaptive caching,
the only solutionto rendersucha featureis to increasethe
recorddensityin thewhole imageby manuallyalteringthe
globalvalueof theapproximationerrora. This is inef�cient,
sincemostof the imagealreadyhasa high enoughrecord
density. We would like to point out thaton glossysurfaces,
thelocalizedfeaturesalmostalwaysappear;therefore,adap-
tive radiancecachingis verypro�table.

In a walkthroughanimationwith adaptive caching,one
mightobserveslightpoppingartifactsasre�nementsoccurs
atnew locations.Tosuppresstheartifactsin highqualityren-
dering,we �rst let theAlgorithm 1 convergefor eachframe,
andthenperformtheactualimagesynthesis.

AdaptiveIrradiance CachingResultsand Discussion.To
testour adaptive algorithmwith irradiancecaching,we ren-
dereda numberof scenes,of which two areshown in Fig-
ure 11. We have found that the numberof recordsandthe
renderingtimes for both adaptive and non-adaptive irradi-
ancecachingaresimilar. Thisis causedby thefactthatlocal-
ized indirect illumination featuresrarely appearon diffuse
surfaces.(A notableexceptionarecaustics,usuallyhandled
by othermeansthanirradiancecaching.)Thus,theadaptive

recorddensitydoesnot bring as much pro�t to irradiance
cachingasit doesto radiancecaching.

The irradiancecachingresultsdemonstratethat extend-
ing the combinationof the original Ward's error criterion
[WRC88] and the adaptationby the gradient magnitude
(Section5.1) with the proposedneighborclampingheuris-
tic (Section5.2) resultsin arobust,dependableinterpolation
error criterion.Within the irradiancecachingframework, it
would probablybe dif�cult to �nd an error criterion that
computestheindirectilluminationwith asigni�cantly fewer
records,withoutmissingany illumination features.

7. Conclusionand Futur eWork

In this paperwe describedan adaptive algorithm for con-
trolling recorddensity in radianceand irradiancecaching.
The algorithmis basedon detectingvisible discontinuities
causedby inadequatesamplingof indirect illumination. If a
discontinuityis detected,recorddensityis locally increased
in order to producesmooth,artifact free images.As a re-
sult,recorddensityautomaticallyadaptsto thecomplexity of
indirect illumination—fewer recordsareusedfor smoothly
varyingilluminationandmorerecordsaregeneratedin areas
of abruptilluminationchanges.Moreover, therecorddensity
adaptsto theBRDFsharpnessandtheviewingdirection.The
adaptationis automatic,without theneedfor userinterven-
tion. Wedemonstratedonanumberof scenesthattheimage
qualityproducedby adaptivecachingis superiorto thatgen-
eratedby theerrorcriterionof radiancecaching.

Wealsoproposedtheneighborclampingheuristic,which
signi�cantly reducestheprobabilityof missingsmallgeom-
etry features.Neighborclampingalso helpsto detect,and
alleviate the consequencesof, ray leaking—aseriousprob-
lemof irradianceandradiancecaching.

Adaptivecachingin combinationwith neighborclamping
representa stepforward towardsmorerobust radianceand
irradiancecaching—thealgorithmsare now more reliable
andmuchlesstweakingis neededfor highquality results.

In future work, it would be interestingto use the re-
sults of Durandet al.'s frequency analysisof light trans-
port [DHS� 05] to designa morecompleteinterpolationer-
ror criterionfor glossysurfaces.Usingwaveletsin radiance
cachingfor the incomingradiancerepresentationwould al-
low interpolationonsurfaceswith higher-frequency BRDFs.
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Figure 7: Comparisonof non-adaptive(top) and adaptive(bottom)caching for the Cornell box scene. The�gur e showsthe
renderedimages,cutoutsfromtherenderedimages,color codedvaluesof theapproximationerror a andrecord positions.

Figure8: Comparisonof non-adaptive(top)andadaptive(bottom)cachingfor theTeapotscene. The�gur eshowstherendered
images,cutoutsfromtherenderedimages,color codedvaluesof theapproximationerror a andrecord positions.
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Figure 9: Comparisonof non-adaptive(top) and adaptive(bottom)caching for the Walt Disney Hall. The�gur e showsthe
renderedimages,cutoutsfromtherenderedimages,color codedvaluesof theapproximationerror a andrecord positions.
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