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Abstract

This paper presentsa techniquefor improving color matding resultsin an LED-basedlighting reproduction
systenfor comple light source specte. In our technique we usemeasuementf the spectal responseurveof
thecamenr systenaswell asoneor more spectal re ectancemeasuementf theilluminatedobjectto optimize
the color matding. We demonstate our techniqueusingtwo LED-basedight sources:an off-the-shelf3-channel
RGBLED light source and a custom-hilt 9-channelmulti-spectal LED light souice We useour tecdhniqueto
reproducecomple lighting specta including both uor escentand tungstenillumination usinga Machethcolor
cheder chart anda humanfaceastestsubjects\e showthat by usingknowledg of thecamer spectal response
and/orthespectal re ectanceof thesubjectghatwe cansigni cantly improvetheaccuracyof the color matding
usingeitherthe 3-channelor the9-channellight, achieving acceptablamattesfor the 3-channelsourceandvery
closemattesfor the multi-spectal 9-channelsource

Catagoriesand SubjectDescriptorgaccordingto ACM CCS) 1.3.3 [ComputerGraphics]:1.3.7 [ComputerGraph-

ics]: Color, shadingshadaving andtexture

1. Intr oduction

The procesf lighting reproductiondescribedn Debeec
et al 8 involves using computercontrolledlight sourcesto

illuminate a real-world subjectasit would appeamwithin a

particularreal-world environment.Thelight sourcesaimed
towardthe subjectfrom mary directions,aredrivento vari-

ousintensitiesandcolorsto bestapproximatehe illumina-

tion within the ervironment.One applicationfor this tech-
niqueis to realistically compositethe subjectinto a scene,
for exampleto compositeanactorin a studiointo afaravay

locationsuchasa cathedral Whenthe actoris illuminated
by a closeapproximationof the lighting originally present
in thecathedralthensucha compositébelievably shavs the

actorstandingwithin the cathedral.

A noted challengein lighting reproductionis that real-
world illumination andsubjects$have comple spectraprop-
erties- lighting andre ectancearefunctionsof wavelength
acrosghe visible spectrumpftenwith signi cant variation.
In contrast,the light sourcesin lighting reproductionsys-
temshave so far usedonly three channelsof illumination
color — red, green,and blue — producedby appropriately
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colored LEDs. Although RGB colors are commonly used
throughoutcomputergraphics,computingthe color of light
re ecting from a surfacecanonly be performedaccurately
if thespectrunmof theilluminantandthe spectrare ectance
of thesurfaceareknown, evenwhentheendresultis consid-
eredwith respecto its RGB color. In lighting reproduction,
theresultis thatit is not possibleto accuratelyreproducea
subjects appearancandercomple real-world illumination
spectrasuchastungstenand uorescentlighting usingjust
RGBlights.

In this paper we introducethreetechniquedor produc-
ing bettercolor matchedor comple illumination spectran
a lighting reproductionsystem.First, we build anddemon-
stratean LED-basedight sourceusing9 spectralchannels
ratherthan three.We shav that by driving the 9 channels
to optimally matchthe spectrumof the original illuminants
(Spectrallluminant Matchingor SIM), we canproduceim-
provedcolor matches.

Our secondtechnique,Metamericllluminant Matching
(MIM), leverageghefactthattheusualgoalof alighting re-
productionsystemis to reproducethe subjects appearance
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underthe illumination as seenby a particularRGB imag-
ing systemWe shav thatby measuringhecamerasystems
spectralresponseurves,we canadjusttheintensitiesof an
RGB light's color channelgo morefaithfully reproducehe
effects of illumination from comple spectra.Speci cally,

we drive the color channelof eachlight sourceto produce
ametamerianatchwith thetargetilluminant asseenby the
camerasystemWe shaow thatsettingthe light colorsin this
way producesbetter color matchesfor both the 3- and 9-

channellights than are obtainedby matchingthe lights to

theilluminant spectradirectly.

Our third and nal technique,Metameric Re ectance
Matching(MRM), leverageghefactthatsomesubjectswill
exhibit a limited setof different spectralre ectances.For
example,the spectralre ectancesacrossa persons faceare
largely similar. Knowing the dominantspectralre ectances
of thesubjectin additionto thespectratesponsef thecam-
era,we candrivethecolorchannel®f thelight sourcesothat
the subjects re ection of thelight is metamerido the sub-
ject'sre ection of theoriginalilluminant. We shawv thatthis
techniqueproduceghe mostaccuratdighting reproduction
results,andthat for suitablesubjectsthis techniqueallows
the3-channeRGB light to produceresultswhich arenearly
asaccurateasthe9-channelight.

2. Background and Related Work

As mentionedn theintroduction,the lighting reproduction
approachdescribedn Debevec et al 6 useda sphereof in-

wardpointingRGB LED light sourcedo reproduceaptured
lighting environments Oneof theproblemsdenti ed in this

work wasthedif culty in achiesing anaccuratecolor match
for comple input spectra.

Consideringfull spectralillumination beyond RGB has
beenaddressedeveraltimesin computeigraphicsfairchild
et al 1 give an overviev of spectralcolor imaging versus
metamericcolor imaging.Borges# andlater Hall 8 shaved
thatfor naturalscenesvith spectrallysmoothilluminantsthe
trichromaticapproximatiorworkswell for the rst re ection
of light but degradeswith multiple re ections. Peery 15 ef-
ciently performedfull spectralrenderingusinga spectral
basisfor the scenebasedon principal componentanalysis
of theilluminantsandre ectancesin the sceneWard et al
16 usedspectralpre ltering to efciently approximatefull
spectralrenderingusing the SharpRGB space.Drew and
Finlayson'” shaved how to performspectrakharpeningn
the spectraresponseurvesof the camerasensomith posi-
tivity constraintsThebene t of suchatransformatioriesin
improved performance®f mary computervision andcolor
image processingalgorithms.Drew and Finlaysonfurther
developthisideain 18 to performmulti-spectrakalculations
using principal componentvectorsthat were “sharpened”.
Thesharpeninagllows for a simplemultiplicationof theba-
sis coefcients insteadof a full linear transformto model
illuminant changes.

Bernset al 3 proposea multi-spectralcolor reproduction
paradigmusingmulti-spectraimagecaptureanda spectral-
basedrinting systemTheauthorsstatethattheonly way to
assurea color matchfor all obserersandacrosschangesn
illuminationis to achieve a spectramatch.This obsenation
alsoappliesto lighting reproduction.

Basedonthe obsenationsmadein this previouswork, we
investicate the color matchingcapabilitiesfor lighting re-
productionof anRGB light andof a custom-hilt 9-channel
multi-spectralight, madefrom LEDswith differentspectral
outputs.

Matching colorsfor a given camerarequiresthe knowl-
edgeof the cameras intensity responseand spectralsensi-
tivity. Therecovery of the cameras intensityresponseurve
isbasednDebe/ecandMalik 7. Torecoverthespectraken-
sitivitiesHardebeg etal ® useasetof Iters andlmai ! uses
amonochromatoor a setof interferencelters to capturea
seriesof photograph$rom which they reconstructhe spec-
tral responsecurve of the camera.Similarly, we employ a
seriesof color glasslongpasslters to determinghe camera
responseune.Asin ° we alsousetheprincipaleigervector
methodto invertthe spectrakystem.

3. The Spectrallllumination and CameraModel

In orderto generatea color matchfor a speci c obsener
with reproducedight we needto de ne a model describ-
ing how the obserer sensedight and how the light is re-
produced.The spectralcameramodel we useis a general
spectraimodelfor imageacquisitionsystemssimilar to the
model usedby Hardebeg et al °. The componentof the
spectrakcameraandlight modelareshavn in Figurel.

The parametersf the spectralcameramodelincludethe
spectralpower distribution of the light sourcedenotedby
I(1), thespectrake ectanceof theobseredobjectr(l ), the
spectralpropertiesof the opticso(l ), the spectraltransmit-
tanceof the kth lter f(l) andthe spectralsensitvity of
theimagingsensois(l ). Furthermoreve modelthe nonlin-
earresponsef the imagingsensorof the kth channelwith
G.. Linear pixel valuescy canbe obtainedby applyingthe
inversefunction of G; to the nonlinearpixel valuescy. Ob-
sened pixel valuesare then determinedby the following
equation:

C‘ﬁ tintg
G

Theabove spectraimodelfurthermodelscameranoiseey
of the kth channelasadditive noise.Smallerpixel valuescy
arerelatively muchmoreaffectedby noisethanlarger pixel
values.For anin-depthdiscussioron noisein multi-spectral
color image acquisitionwe refer the interestedreaderto
Burns?®. Theintegrationtime (i.e. shutterspeed}ing is the

Z
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Figure 1: Spectral Camera Model. The spectal camern
modeldescribesowlight is recodedby theimage acquisi-
tion systemThemainparametes in themodelare the spec-
tral power distribution of a light source I(l ), the spectal
re ectanceof an observednaterialr(l ), the spectal prop-
ertiesof theopticso(l ), thespectal transmittancef the |-
tersf (I ) andthespectal sensitivityof thesensois(l ). The
camen systemis describedby wi (1) = o(l) fy(l) (1)
which includestheoptics,the Iter sandthesensor

only additionto Hardebeg's  spectralcameramodel. The
shutterspeedbecomegelevantin Section5 to compensate
for brightnesdisparities.

The spectraimodelfor the reproductiorlight sourcecon-
sistsof a small numberof positive valuedfunctionsbj(l ).
Thesearethe spectralpower distributions of the individual
channelsof our physical lights, shavn in Figures6 and 8.

The nal light outputis aweightedsuméjdj 1(pj) bj of

thethosefunctions wheretheweightscanonly take onnon-
negative values(pj  0). The nonngativity constrainton

the weightsrepresentshe inability of the lights to produce
negative light. The function G'J- modelsthe nonlinearityin

thelight outputof the jth channelof the reproductiorlight

sourcesFigures7 and9 shav the nonlinearbehaior of the
RGB and9-channelight sourcesespectiely.

If we know the obserer's spectralresponsecurve, we
only needto generatdight that producesa metameifor the
obserer; thereis no needto actually reproducethe spec-
trum of eithertheincidentor re ected light. In Section5.3,
we shav how we canusethe dominantre ectancesof the
subjectto derive the intensityfor the individual channelf
thelight sourceto producesucha metamericcolor match.
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4. Equipment and Calibration

In our work we usetwo main piecesof equipmentthe cam-
erasystemandthe light sourcesin this sectionwe describe
thisequipmentndthe proceduresve employsedfor calibrat-
ing theequipmensilluminationandsensingcharacteristics.

4.1. Camera System

Thecamerasystemusedin our experimentss aCanonEOS
D60 digital SLR camerawith an85mmCanonEF lens.The
imagesareshotin RAW formatin manualmodeat|SO 100,
with an apertureof f/4. Shutterspeedis variedto produce
properlyexposedmages.The 12 bit perchanneRAW les
are corvertedto oating point imagesusinga raw image
corvertermodi ed from 12, Thecorversionprocessakesthe
exposuretime tinrg, the nonlinearityof thesensoq 1, and
thethermalnoisegy into accounto produceradiometricgm-
agedrom the cameradata.

Our lighting reproductionsystemrequiresthe camerato
beradiometricallycalibratedfor its intensityresponsdunc-
tion G; and aggreate spectralresponseunction wy asin
Figure 1. The next two sectionsdescribethe intensity and
spectrarespons&urve recovery.

4.1.1. Intensity ResponseCurve

The intensity responsecurve of the kth channelG; shaws
how the camerarespondgo differentlight intensity levels.
We recorer G; 1 usinga seriesof differently exposedpho-
tographsat % stopincrementsof a constanttarget. Graph-
ing theresultingpixel valuesagainstexposurdime produced
G L which speci eshow to mappixel valuesto linearlight

levels. Figure 2 shaws the recovered inverseintensity re-

sponsecurves for the red, greenand blue channelsof the
CanonEOSDG60. The curvesarecloseto linearup to about
80% of the maximumpixel value,at which point nonlinear

ities dueto sensoisaturatiorbecomesvident.

Inverse intensity response curve of Canon EOS D60
T T T T T

linear light levels
o
&
T

2000 4000 6000 a pii??/a\ues 10000 12000 14000 16000
Figure 2: Inverse intensity responsecurves G; Lofa
Canon EOSDG60. Theinverseintensityresponseurvesfor
thered,greenandbluechannelsare closeto linear until the
upper20 percentof the pixel valuerange.
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4.1.2. Spectral ResponseCurve

Thespectraresponseurveswi(l ) = o(l ) fy(l) <) de-
scribethe sensitvity of the camerachannelgo light of dif-
ferentwavelengthsWe assumew(l ) is constantacrosshe
imagesensorWerecoverthespectratesponseurve by tak-
ing a seriesof photographsvith 20 differentglass Iters in
front of thelens.Figure3 shaws the spectratransmissiity
of thedifferent lters. Torecoserthespectraresponseurve

Spectral transmittance of color glass filters
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Figure 3: Color glass lter spectra.The spectrn of the 19
Sdott color glasslongpass lter s and the IR cutof Iter

fromEdmundOpticsusedin the spectal responseurvere-
construction.

we invertthefollowing system:
z

|ma><
Gix = Gk ting 1) r() fill) w(h)dl + &

| min

For discretelysampledspectrahis canbe written in matrix
notation:

G No) e = A wg

The Matrix A holdsin its rows the transmittancespectraof

the Iters f; modulatedby thelight sourcespectrum andthe
re ectancespectrunr. Dueto thelineardependencen the
Iter transmittancespectraandthe presencef noisein the
acquiredphotographghe inversionof the abore systemis

nontrivial. As Hardebeg 9, we usethe principal eigervector
methodto invertthesystemThespectralesponseurveswy

recoveredfor theCanonEOSDG60in Figure4 wereobtained
by using6 principleeigervectors.

4.2. Light Sources

The two light sourceswe usein our lighting reproduction
experimentsarebasedon computercontrollableLEDs. The
rst light sourcewe useis an off the shelf 3-channeRGB
LED light sourcewhereaghesecondight is acustom-lilt
9-channelight source.

4.2.1. 3- channelRGB Light

The 3-channeRGB light sourceis a Color Kinetics Color
Blast 6 (seeFigure5 on the left) driven by a Color Kinet-
ics PDS-150epower/datasupply As for the camerasystem,

Spectral response of a Canon EOS 60
— T

relative spectral sensitivity
°
&
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380 400 420 440 460 480 500 520 540 560 580 600 620 640 660 680 700 720 740 760 780

Figure 4: Estimatedspectralresponseurvesof the Canon
EOSD60camera.Thespectal responseurveswere recos-
ered with a principal eigervector methodusing6 principle
eigervectos.

we calibratedthe spectralpower distribution andlight out-
put curve of the light source We measuredhe spectrumof
eachof the LEDs with a PhotoResearchiPR-650spectrora-
diometer The spectralpower distribution of the individual
channelss shawn in Figure6. Notethewide gap between

o000 v0e0
LR R B B B NON J
Poenvo0ece
o000

e®Poeov0ee

Figure 5: Reproductionlight sources.On the left is the 3-
channelRGBIlight souice Thespectal powerdistributions
of the individual channelsof the RGBlight can be seenin
Figure 6. On the right is the 9-channellight source The
spectal powerdistribution of its individual channelscanbe
seenin Figure 8.

theredandthegreenchannel-théight sourcegeneratesery
little light in theyellow partof thespectrunbetweerb60nm
and600nm.The gapbetweerthe greenandblue channelss
farlesspronounced.

We recoveredthe light outputcune G'J- of thelight's jth
channeby sendingncreasingraluesto thelight sourcecon-
troller and measuringthe light's intensity output with the
PR-650.Figure 7 shawvs the measuredight outputcurves
for eachof the channelswhich allow usto compensatéor
thelight's nonlinearintensityoutputbehaior.

4.2.2. 9-ChannelMulti-Spectral Light

The 9-channelmulti-spectrallight (Figure 5 on the right)
is a custombuilt sourcebasedon three ColorBlast6 light
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Spectral radiance of 3-channel RGB light
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Figure 6: Spectral power distribution of the 3-channel
RGB light source.Thered, greenand blue spectal power
distributionsleavea signi cant gap betweergreenandred,
wheee thereis nolight output.

Light output curves of 3-channel RGB light
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Figure 7: Light output curves of the 3-channel light

source All thelight outputcurvesexhibit a verysimilar non-

linear behavior

sourcesWe replacedthe original ColorBlast6 LEDs with
a wider rangeof LED colorsto obtain ner control over
the spectraloutputof the light. We usedwhite, royal blue,
blue,cyan,green,amberred-orangeandred LuxeonStar/O
emittersfrom Lumileds.ThethreeColorBlast6 light sources
provide 9 channeldfor the 8 differently coloredLEDs. As
thereare only eight differently coloredLEDs available we
putwhite LEDs in two of the channelsandplacedgel Iters
in front of the LED's optics. Onewhite channelis covered
with Lee lter #101andthe otherchannelis coveredwith
Lee Iter #104.Thetwo slightly distinctyellow Iters help
Il thegapnear560nmfor which no superbright LEDs are
readily available.Figure 8 shavs the spectralpower distri-
butionsof the9 color channels.

As for the 3-channelight source we alsomeasuredhe
light outputcurvesG'j for the 9-channelight, the resultsof
which are shawvn in Figure 9. Again all the 9 channelsx-
hibit a nonlinearbehaior. The onecurve that deviatessig-
ni cantly from the othercurvesbelongsto the ambercolor
channel;we are not clear why this channelis so different
from theothers.
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5. Color Matching Methods

With ourequipmentalibratedwe wereableto designtech-
niguesfor optimally driving the LED light sourcesso they
most closely achieve the desiredlighting reproductionef-
fects. In the next three sectionswe presentthree different
methodsfor determininglight channelintensitiesto match
the effect thatthe tamgetilluminantswould have on the sub-
ject.

Eachof ourthreecolor matchingmethodsletermindight
source channelintensitieswhich optimally meet particu-
lar criteria, such as that the spectrumof the reproduced
light optimally matchesthe spectrumof the target illumi-
nantin a leastsquaresenseBecausene cannotdrive the
light sourceswith negative values,we cannotdeterminethe
light sourcechannelintensitiesusing linear systemtech-
nigues.Consequentlywe useaconjugategradienoptimiza-
tion method'4 thatwasmodi ed to enforcepositivity in the
light sourcecolor channelgo determinewhich channelin-
tensitiesoptimize the color matchingcriteria. Furthermore,

Spectral radiance of 9-channel light
0.02 L e e e e e
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380 400 420 440 460 480 500 520 540 560 580 600 620 640 660 680 700 720 740 760 780

Figure 8: Spectral power distribution of the 9-channel
multi-spectral light source.All the spectal power distri-
butions are relatively narrow exceptfor the two yellowish
channelghatare basedon Iter edwhite LEDswhich havea
broaderpeak.

Light output curves of 9-channel light
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Figure 9: Light output curvesfor the channels of the 9-
channel multi-spectral light source. All of the channels
exhibit a similar nonlinear behaviorexceptfor the amber
channel(dashedine).
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whenthetamgetilluminant (suchasa halogenbulb) is much
brighterthanwhatthe LED light sourcescangeneratethe
techniguesnatchthespectrabhapeof thecurveupto ascale
factorinsteadof in anabsolutesenseln this paperwe com-
pensateor this scalefactorwhen neededby exposingthe
imageusinga proportionallylongershutterspeeding. The
outputvaluesof thefollowing threecolor matchingmethods
arelinearlight channelntensities which we mapto the ap-
propriatdight controlvaluesusingthemeasuredight output
curvede.

5.1. Spectral llluminant Matching (SIM)

Our rst approachs basedon the factthatif we canspec-
trally matchthetametilluminantwe areguaranteethatary
possiblere ectancewill look correctfor any obserer. This
approachs attractve sinceit is notdependendnthespectral
responseharacteristicef the camerasystemor the subject.
The only informationwe needis the spectralpower distri-
bution of the tamgetilluminant andthe propertiesof the re-
productionlight source The problemof nding the optimal
reproductiorparameterp givenaspeci c targetilluminant
spectrum canbesetup asaminimizationof the sumof the
squareresidualsof the reproductionlight spectrab; to the
targetilluminant spectrum:

. o o 2 .

minga  a pjbji i pj 0 8j
i

Wherej is the index over the color channelsof the repro-
ductionlight andi is the index over the spectralsamples.
Determiningoptimalparameterp for theabove systemwith
theconstraineaptimizationsolveryieldsresultssuchasthe
dottedcurvesin Figure 12 for matchingtungstenand uo-
rescenilluminant spectra.

As the cunves shav, with a limited numberof channels
we cannotgeneratea very closespectralmatchto the tar-
getlighting. This mismatchcanleadto errorsin thelighting
reproductiorprocessandmotivatesour secondechnique.

5.2. Metameric llluminant Matching (MIM)

Our secondmethodleveragesknowledgeof the spectralre-
sponsecurvesof the camerasystemto improve lighting re-
productiongiventhatit is not possibleto closelymatchthe
spectrumof the tamget illuminant. The ideais to matchthe
outputof the reproductionlight & ; pjb; metamericallyto
the tamgetilluminant | with respectto the cameras spectral
responseurveswy. With theabove considerationsheprob-
lem canbe setup asa minimizationof the sumof thesquare
residualsof the reproductionlight color channelsobsenred
by the camerasystema; wi; & ; pjbj;i to the targetillumi-
nantobseredby thecamerasystema wili:

mind & wii & Pjb; 0 8j

° 2
a liw; p;
k i j i

Wherei and j areindicesover the samedomainasbefore
andk denotegheindex over the color channelof the cam-
erasystemThedasheacturvesin Figure12 shav resultsem-
ploying thismethodto achiese acolormatchfor thetungsten
and uorescentlight sourceswith respecto the CanonEQOS
D60's responseurves. While the spectrado not matchary
moreclosely the appearancef the original andreproduced
illuminantsto the camerasystemare matchedascloselyas
possible.

5.3. Metameric Re ectance Matching (MRM)

Our nal methodimproves on the lighting reproduction
quality of the previous methodby additionally taking into
accountthe spectralre ectancesof the subject.By measur
ing key spectralre ectancesrn andusingthoseasa partof
the optimizationwe can speci cally aim to matchthe ap-
pearancef thesubjectunderthereproducedlluminationto
its appearancenderthe targetillumination, again with re-
spectto the spectralresponsesf the given camerasystem
wg. Theminimizationis setup asthe sumof squarerelative
differencesbetweernthe key spectrarp illuminatedwith the
target light spectruml obsered by the camerasystemde-
scribedby wy, andthe key spectrarn illuminatedwith the
reproductiorlight spectrad ; pjb; obseredby wy:
&iMiWii & Pibji - &;rmiliwg
& Mniliwii

mind & pj O 8j
n ok

Wherei, j andk areindicesover the samedomainasin

theabove methodsandn denotesheindex over the number
of measuredkey re ectancesThe solid curvesin Figure12
aretheresultof optimizingtheilluminatedappearancef all

the color swatcheson the MacbethColor Checler chartfor

tungsterand uorescentillumination.

6. Resultsand Discussion

We demonstratéhe color matchingcapabilitiesof the three
color matching methodswith a Macbeth Color Checler
chartandthe reproductionof a mixed lighting ervironment
illuminating a persons face.For thesetests we usetwo dif-

ferentlight sourcesa uorescentandatungsteright. Figure
10 shawvs the spectrapower distributionsfor thesetwo light

sources.

6.1. The Macbeth Color Checker Chart

With the MacbethColor Checler chart we evaluatedthe
color matchingcapabilitiesof both light sourcesusing all
three color matchingmethods.Figure 11 shaws the spec-
tral re ectanceof the color swatcheson a MacbethColor
Checler chart. The experimentis setup in a dark room
with the camerasystemperpendiculato the MacbethColor
Checler chartat a distancesuchthatthe Macbethchart lis

the cameraframe. The light sourceis positionednearthe

¢ TheEurographicsAssociation2003.
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Figure 10: Targetilluminant spectra.Specta of the tung-
sten(smooth)and uor escent(spiky) light soucesusedas
our targetilluminants.
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Figure 11: Macbeth Color Cheder chart. MacbethColor
Cheder chart with the spectel re ectance of eat color
swatd.

camera.First the Macbethchartis lit by eachof the two
tamgetilluminants. Thenwe switchto the reproductioright
sourcesvhichwe drive with the calculatedight controlval-
ues.In total we take 14 photographspne with eachof the
tamgetilluminants,six with the 3-channelight andsix with
the 9-channelight. The six photographgor the two repro-
ductionlights consistof threeimageswith thedifferentcolor
matchingmethodsachreproducinghetungsteror uores-
centtargetilluminant.

Figure 12 shaws the spectralpower distributions calcu-
latedwith the threecolor matchingmethodsfor eachof the
targetilluminants.

For eachexperimentalconditon, we analyzethe corre-
spondingphotographto extract representate pixel values
for eachpatchof the Macbethchart.In addition,we canuse
ourestimate®f theilluminant, re ectance andcamerachar
acteristicto computetheoreticalpredictionsfor thesepixel
values.

Figure 14 shaws the theoretical(computed)and actual
(photographedXyolors for the Macbeth chart under each

¢ TheEurographic#Association2003.

sourceilluminant andfor eachof the color matchingmeth-
odswith boththeRGB and9-channelight sourcesFor each
testcondition, the left side of the color swatchis the com-
putedor photographedolor with the targetilluminant, and
theright sideof the swatchis thecomputedr photographed
color with the speci ed reproductionlight sourceandcolor
matchingmethod.

The theoreticalresultscanbe usedto judgethe errorin-
herentin usinga particularreproductiorlight sourceanda
particularcolor matchingmethodwhile theexperimentate-
sultsincludetheseerrorsaswell asadditionalexperimental
errors.We discusssomeof the potentialsourcesof experi-
mentalerrorin Section6.3. Our theoreticalandexperimen-
tal resultsarelargely similar, with the theoreticalerror typ-
ically representingabouthalf the total experimentalerror.
The qualitatve conclusiondravn from both setsof results
aresimilar.

A rst obsenationis thatin generalthe 9-channellight
performsbetterthanthe RGB light, which is expectedsince
it provides more degreesof freedomto achiese the color
matching.The secondobsenation is that the SIM method
yieldsthe poorestresults particularlyfor the RGB light. An
explanationfor this resultcanbe foundin Figure12. Look-
ing atthe spectralpower distribution producedby the spec-
tral matchmethodwith respecto the spectralpower distri-
bution of the taigetilluminant, we canseea signi cant dif-
ferencein light outputparticularlyin the red region of the
spectrumfor the RGB light which leadsto a blueish-green
tint. We nd thatthe MIM andMRM methodsprovide im-
proved matchedor bothreproductiorights.

To numericallyevaluatethe color matchingperformance
of the different methodsand reproductionlight sources,
we calculatedthe relative error g for eachof the color
swatchesi in color channelk of the photograpHit by the
tamgetilluminant | andlit by the reproductionlight r. The
erroris calculatedasfollows:

— r (IR
ex = (a Gk Ci=Cix

Wherec], is the pixel valueof the kth color channelin the

ith color swatchfor the photographakenwith thereproduc-
tion light r and c!;k with the targetilluminant |. The nor-

malizationfactora is determinedor eachtestconditionby

averagingthe pixel valuesover all color swatcheswith both

the taiget illuminant and the reproductionlight. The scale
factora is thensimply theratio betweerthe averagecalcu-
latedfrom the targetilluminant photographandthe average
calculatedrom thereproductioright photographlt should
benotedthata singlea is computeccombininginformation

from all threecolor channelssothis is strictly a brightness
scalingand not a color correction.Table 1 holds the root

meansquareerror (RMS) for eachtamgetilluminant repro-

ducedby eachreproductionlight with eachcolor matching
methodover all the color swatchesandover the threecolor

channels.
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Figure 12: Resultsfrom the threedifferentoptimizationmethods Thebladk heavycurveis the spectal powerdistribution of
the target illuminant. Thedottedcurveis the approximationusingthe spectal illuminant matding method the dashedcurve
showsthe resultof the metameridlluminant matding method,and the solid curveis the resultof the metameriae ectance

matding method.

Thedatain Tablel con rm thathaving morecontrolover
the spectraloutputof the reproductionlight (aswith the 9-
channelight) producesclosercolor matcheslin thetheoret-
ical casetheerrorsfor the 9-channelight arein the neigh-
borhoodof 1-2%, makingthemalmostimperceptible.

Furthermorethe datashaws thatusingadditionalknowl-
edge of the cameraspectralresponseémproves the color
matching,particularlyfor the 3-channelight. The errorfor
the 3-channelight dropsfrom 7.5%and9.5%for tungsten
and uorescentwith the SIM methodto about5% with the
MIM andMRM methods.

For the RGB light sourcethe MRM methodperformsno
betterthanthe MIM method.For the Macbethchartthis is
expectedsincethethreechannelglo not provide enouglde-
greesof freedomto matchto thewide variety of re ectance
samplesf the chart. For the 9-channelight the metameric
re ectance matchingoutperformsthe metamericillumina-
tion matchingin thetheoreticakesults but this advantagds
notapparenin theexperimentaresults Thisis unsurprising
given that the apparentexperimentalerror is considerably
largerthanthe predictedreductionin error.

6.2. Mixed Lighting Environmentfor a Face

Our secondexperimentmatchedo a persons facelit from
the left with tungstenlight andfrom the right with uores-

centlight asin Figure15(d). This experimentiestshow well
we cancolor matchskin for two very differentlight sources
in a single photographAs we only hada single RGB and
9-channellight sourceavailable,we acquiredtwo separate
imageswith thelight sourcein eachpositionandaddedhem
togethetto producethe effect of having two light sourceon
at once® (this requiredthe testsubjectto sit still while we
moved the light). For the metameriae ectancemethodwe
measured differentspotsonourtestsubjectsfacefromthe
foreheadcheek,lips andchin. Thesefour spectralskin re-
ectancesareshawvn in Figure 13. It is notewvorthy thatthe
four facialspectrake ectancesarevery similar.

Figurel5(d)shavsthetestsubjectit by theoriginallight-
ing setupwith tungsterlight to theleft and uorescentlight
to theright. In the top row (a)-(c) the illumination is gen-
eratedby the 3-channelRGB light andin the bottom row
(e)-(g)thelight is generatedby the 9-channelight.

The 9-channellight clearly performsbetterthan the 3-
channellight over all the color matchingmethods For the
two SIM methodga) and(e) we canseea largediscrepang
in performanceThisobsenationdoesnotcomeasasurprise
becausehe 9-channelight providesmuchmorevariability
for spectrallymatchingilluminants.

Thecolormatchingesultsmprove for the3-channelight
asmore informationis taken into account.Thereis a sig-

¢ TheEurographicsAssociation2003.
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Tungstenilluminant approximation with 3-channellight

red green blue sum
method theory experiment theory experiment theory experiment theory experiment
SIM 0.0689 0.1178  0.0262 0.0356 0.0400 0.0426  0.0484  0.0752
MIM 0.0334 0.0691 0.0236  0.0351 0.0291 0.0400 0.0290  0.0503
MRM  0.0326 0.0760  0.0233  0.0348 0.0292 0.0402  0.0286  0.0535
Tungstenilluminant approximation with 9-channellight
red green blue sum
method theory experiment theory experiment theory experiment theory experiment
SIM 0.0068 0.0366  0.0158 0.0384 0.0244  0.0428 0.0173  0.0394
MIM 0.0056 0.0359  0.0065  0.0351 0.0176 0.0402  0.0113  0.0371
MRM  0.0024 0.0367  0.0023  0.0352 0.0044  0.0370  0.0032 0.0363
Fluorescentlluminant approximation with 3-channellight
red green blue sum
method theory experiment theory experiment theory experiment theory experiment
SIM 0.1171 0.1526  0.0291 0.0320  0.0527 0.0544  0.0760  0.0953
MIM 0.0407 0.0628  0.0272 0.0285 0.0413 0.0504  0.0370  0.0493
MRM  0.0425 0.0790  0.0283  0.0282 0.0433 0.0503  0.0387 0.0565
Fluorescentlluminant approximation with 9-channellight
red green blue sum
method theory experiment theory experiment theory experiment theory experiment
SIM 0.0215 0.0376  0.0144 0.0320 0.0143 0.0371  0.0171 0.0357
MIM 0.0204 0.0451 0.0150 0.0366 0.0349 0.0520  0.0249 0.0450
MRM  0.0133 0.0364  0.0142 0.0328 0.0058 0.0323  0.0117 0.0339

Table 1: Theoreticaland experimentalRMS errors for the MacbethColor Cheder chart experiment.Thefour tableshold
thetheometical and experimentaberformancegor ead of the color matcing methods.

ni cant improvementfrom the very poorly performingSIM
method(a)to theMIM method(b) andanoticeablemprove-
mentform the MIM methodto the MRM method(c). For
the 9-channellight it is harderto make out a clear order
of the performancesThe SIM method(e) seemgo perform
slightly worsethanthe MIM andMRM method(f) and(qg);
theimagehasanoticeablegreenisttint. TheMIM andMRM
method(f) and(g) performvery similarly.

Itisat rst surprisingthatthe 3-channelight performsal-
mostaswell for thefaceasthe 9-channelight in the MIM
andparticularlyin the MRM method.This canbeexplained
by the factthatthe four measuredpectreof thetestsubject
areverysimilarandwe essentiallyaremetamericallymatch-
ing a singlespectrumAs the cameras threechannelspec-
trally correspondwell to the 3-channelRGB light's three
channelgseeFigures7 and4) thethreeRGB light channels
provide the necessarylegreesof freedomto metamerically

¢ TheEurographic#ssociation2003.

matchthe re ectanceof the skin of the testsubject.How-
ever, the 9-channellight better matchesother re ectance
spectrgresentn theimages—foexample thesubjectsblue
shirt andjade necklaceare more closelymatchedby the 9-
channellight than by the 3-channellight regardlessof the
color matchingmethod.

6.3. Potential Sourcesof Experimental Err or

As ourmethodf colormatchingarepredictve methodghe
accuray of thecolor matchis highly dependentnthequal-
ity of the recoveredcharacteristicof the equipmentused.
We have seenin Figure14 andTable1 thatour experimen-
tal resultsdo not agreeperfectly with the theoreticalpre-
dictions. The experimentalresultsre ect roughly an addi-
tional 2-3% error over the theoreticalpredictions.This er

ror is likely dueto the accumulatiorof small errorsin the
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Reflectance spectra of test subject's skin
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Figure 13: Skin re ectance spectra consideredfor the
metamericre ectance method.Thefour specta are spec-
tral re ectancemeasuementsof skin at the forehead,the
cheekthelips andthe chin of thetestsubject.

estimationof the cameraand LED intensity responsesind
spectraresponses.

Using our approacthof intensityresponseurve recovery
we rely on the shutterspeedinformation storedin the raw
photographWe do not know how accuratelythis informa-
tion re ects the actual shutterspeedof the camerawhich
could lead to a miscalibrationof the intensity responseof
the camerasystem.Incorrectly calibratingthe intensity re-
sponselsowould impactthe spectraresponseecorvery, as
the pixel valuesfor this processaareassumedo belinear.

The recovery methodfor the cameraspectralresponse
usesl9 longpasslters andan IR cutof Iter. The actual
informationfor the recovery procesdies in the differences
betweerthe photographsgakenwith the different Iters and
the differencesin the spectraltransmittance®f the lters.
This canleadto very smallpixel valuedifferencesvhich are
signi cantly affectedby cameranoisemakingthe recovery
of thespectraresponsalif cult.

Someof theerrorin theexperimentakesultsis likely due
to the experimentalsetupitself, andin particularto the as-
sumptionthatthe LED light sourcegproducea completely
even eld of illumination over thesubject.

7. Future Work

The experimentsperformedin this papershov that tak-
ing spectralinformationinto accountfor color matchingin
lighting reproductionis a promisingsteptowardsproducing
well-matchedcolor compositesisingeitherthree-channesr
morecomple light sourcesBasedon the resultspresented
in this paper thereare several improvementsthat could be
madeto our lighting reproductiorsystem.

Becausef the dependencef our calculationson theac-
curay of our measuredntensity responseand spectralre-
sponsecunes, it would be desirableto either nd an ex-
tremely accuratemethodfor measuringthesecurves or to

devise a methodof performingan overall systemcalibra-
tion thatdoesnot dependon every componenbf the system
being perfectly calibrated.The metamericcolor matching
methodsin particularwould bene t from a more accurate
spectraresponseurve for thecamera.

We suspecthatspatialvariationin theintensityof thevar
ious LED's for the reproductionlights may be responsible
for muchof the differencebetweenour theoreticaland ex-
perimentafesults Characterizinghis variationor removing
it by addingadditionaldiffusersto the LED's mightimprove
our experimentaresults.

Avenuesfor the future include incorporatingthe color
matching methodsand multi-spectrallight sourceinto a
lighting reproductionsystemssuchas the Light Stagede-
vice proposedn 8. Thiswill requiretheacquisitionof multi-
spectrallighting ervironmentsto drive the individual light
sourcesDesigninga multi-spectrallight probeacquisition
device would be partof this process.

Another interesting future task involves investigating
post-processingf the imagecolor channeldo improve the
color match.This would reducethe dependengon the cal-
ibrationaccurayg of the equipmentwhich could potentially
yield moreaccuratecolor matches.

It wouldfurtherbeinterestingo try differentlight sources
in thereproductiomprocesssuchasusing ltered incandes-
centsinsteadof LEDs, usinga designatedight sourcesuch
asanHMI light to modelvery bright sourcedik e sunlight,
or usingvideo projectorsto reproducespatially varying il-
lumination.Any of thesewould involve applyingour color
matchingmethodgo new targetilluminantsandnew repro-
ductionlights. We notethatthe additionallight outputfrom
a designatedsun reproductionlight would be very helpful
for alarger scaleLight Stagedevice asit would greatlyre-
ducethe dynamicrangethe LED or ltered incandescent
light sourceshave to reproduce.

8. Conclusion

In this papemwe have presentedhreetechniquedor improv-
ing the color matchingof spectrallycomple illuminants
incidentupon spectrallycomplex surfacesusing LED light
sourceswith limited numbersof color channelsOur results
have shavn thatby takingboththe cameraspectraresponse
and the subjects spectralre ectanceinto account,we are
ableto achieve color matchegshat are reasonablyaccurate
even for three-channeRGB light sourcesOur resultsalso
clearlyshawv thathaving morecontrolover thereproduction
light spectrumusingthe 9-channelight yields muchbetter
resultsregardlessof the employed color matchingmethod.
The resultsof this work bodewell for applyinglighting re-
productionsystemsn domainswhereprecisecolor match-
ing is animportantdesigncomponent.

¢ TheEurographicsAssociation2003.
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Figure 14: Theoreticaland experimentalreproductioncomparisonfor the MacbethColor Chedker chart.

Figure 15: Mixedlighting environmentreproductioncomparisonfor a persons face.A person's faceilluminatedwith tung-
stenlight fromtheleft and uor escentight fromtheright. Thecenterphotayraphis thereferencephotagraphwith theoriginal
lighting. Thetop row of photagraphsis shotwith illumination reproducedwith the RGBlight souice Thebottomrow of pho-

tographsis shotwith illumination fromthe 9-channellight souice
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