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Abstract C is decomposed into the fundamental meta@erand
residu&a B by Cohen 3
The spectral sensitivitiesf image captwedevices should be C=C*+B, C*=PC, B(-P)C (2)

carefully designed ot guarantee colorimetri color

reproductionAs a standard color teshart, ISO/DIS 12641 Wwherel is the identity matx and

is conveniently usk for calibratig the scannersor P=A A'A Y'A', A=LA (3
porinters.However, its color gantus not wide enough to vorTraes o '

evaluae the devices suchsadigital camera & display P, denotes the orthogonal projection operator onto HVS
systems because the chart is a photographic print and tfi@m input color vector space and a resi@ius called

color distributions a not uniform. h this paper we  metameric black with zerstimulus not perceiveatuman
propose a virtual color target to estimatee tbpectral vision. Whee A and A, denote the CIE color matching
goodness focolor devices A virtual spectrum with given  matrix and that by biased with illuminalnt

L*a*b* value is generated frm the fundamentametamer p extractsa fundamenta metamerC* that carries the
uniquely obtained by inveeproject-ion of XYZ tristimulus  tristimulus vectofl as

value awml an additim of arbitray metamert black

spectrum The goodnes®f typical cola input sensors is T=AC=AC* (4)
measurd by this virtual spectral target and compared inThe projection operatd?, for a set of tri-color sensors is
consistent with actual color chips. obtained by

Introduction P=F(FF)'F (5

) . wherg C is the n x 3 tri-color sensor sensitivity matrix with
Various color targets are uddo estimate the performance fjjter functions. red i), green gf), and blue ). Thus
of color devices. Standard test chart ISO/DIS 1264 ' ' ’ : ’
Yhe fundamental metame_* through a color sensdor

however, have not wagamut enough to evalwasuch . - o
device as digitacamera and #hcolor distributions a not inputC is given by the projection opera, onto HVS

uniform because thchart is a photographic print We Cc*=P_.C, P.=PP. (6)
proposed a virtdacolor target4 with sinusoida spectral
powe distributions (sine SPDs) dnapplied it to the
estimationof color filter sets 5,6.But it was difficult to
generate the sin SPDs with uniform distributions in C=C*+B_ (7)
CIELAB space. Thipaper presenta method to synthesize
a set of color spectra with wide gamut distrilouti@iformly
in CIELAB space. A virtual spectrum with givd_*a*b* T=AC=A(C*+B)=A(Cx+ B)=T AT, (8)
value is generated from the fundamental metamer with an A i~ e

addition of metameric black he spectral goodnes$§ color TEACH,  ATSTCT=AB. (9)
sensors is measuredy ithe fundamental spectraerror  Where T, and AT, denote the tristimulus vector captured
Elllelf] after versus before pasgithrough the sensors as py color sensor and its error caused by the mismatch
introducel by Vora and Trussél2. The reliable values of petween sensor matriand color matching functioA, .

E[llelf] could be obtained for typical color sensasd FurthermoreT, can be separated into two parts as follows.
compared with the results by actual chips and sine SPDs.

Here, input spectrur@ is decomposed intG.* and residual
B, through color sensor in HVS like as

Tristimulus vectofT for C under illuminantL is given by

TF=AL[CF*:AL[PFVC:ALIPFV(C*+B):TFC+ATB (10)
2. Color Sensors’ Error in Fundamental ‘
Spectra Detection Te=A PLCY AT =P.B (11)
. ] ] ) ) T.. ard AT, mean the sensoresponses to fundamental
An input SPD C}) is described as an n-dimensional vector metame C* ard to metameg black B. Here we should
c=[C, C, ...,C]'; C =C(n), t=transpose (1) notice the sensor makes non-agesponse\T, to B, though

By the projection ¢ C onto Human VisuaSubspace(HVS), human vision has zer stimulus A'B=0. In shorf the
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tristimulus erroAT is composed oAT . andAT,
AT =ATAHAT,, AT =TT (12)

Wherg AT corresponds to the fundamental error &g

to the metameric black error. The errail, caused by
metameric blaclB should be taken into account.

The spectral goodnesd senso is measuré by the mean
square error EB|f] betwee true fundamental€ * and

sensed fundamental * for n=1~N test color chips by

2
1= 4 3o -] | o

3. Generation of Virtual Spectral Color Target

Copyright 1999, IS& T

determined, we generated the following thrdifferent
metameric blacks B1 from a flat gray colorB2, andB3
from sire SPDs wih selected frequenycf(cycles/16nm)
and phas¢.

[1] metameric blaciB1 for 3 grayC1=[0.3, 0.3, ..., 0.3]

[2] metameric blaclB2 for C2=[C]"; C=sine SPDL,, 3, 1.4t

[3] metameric blac®3 for C3=[C]"; C=sine SPDL,, 5, 1.4t)
Where,

C=sine SPDE, , f, $)=0.25[1+sin{2rf() -400)/1006¢}] (17)

Thus, three setsf uniform LAB chips are generaleby
adding the metameric blaé= B1 or B2 or B3 to [C *].

Fig.4 shows the spectra of three diffrent metameric blacks.
The color distribution 6 virtual test chipsby the proposed
method is shown in Fig.1 (c), where, for examle,,, ;

The following three different color targets are used for color’=1~93 chips ae generated insiglan ellipsod in the range

sensors’ quality test.
(1) ISO/DIS 12641 standard color target (real 264 chips)
(2) Sine SPDs (virtual chips)
(3) Synthesized SPDs (proposed virtual LAB chips)

Figl (&) shows the color distributions for ISO/DIS
12641 and (Y for sine SPDs(10chips). The distributions
of ISO/DIS 12641 are limited inside the gamttghotogra-

of 10<L* <90 am -70< g* b * <70. Fig2 summarizes
the flow diagram of proposed testing method.

4. Results

The following three devices are tested in the experiments.
[1] Wratten filters(#25, #58 #47B) [ RGB CCDsensor

phic print and are not uniform. On the other hand, sind3] Color Scanner. The spectral shapes are shown in Fig.3.

SPDs can covewider gamut ad may be effectie test
stimuli for digitd cameras, kuare na still distributed in
uniform.

In general the spectr& sensitivities are differert from
ideal colad matching functioa (Luther condition) These
differences can be reduced by performing a lin@atrix

Here we generated the virtual spectra with given CIELAB gperation (filter correction)on the tricolor signals The

valueC .. =[L * a* b *]"as the following steps.

[Step 1] Convert the CIELAB valug ,,, into CIE-XYZ
tristimulus vaei T _=[X_, Y, Z]"

[Step 2] Compute the fundamental spect@rhfrom T

[Step 3] Add a metameric black componBpto C *.

Thus, finally we get the color spectrum
C=C*+B, (14)

An input spectrumC, is estimated § using pseudo-inverse
transform from Eqg. (4) as

Cn = Ple Tn+(I-PIN\/ ALt)V (15)

sensor goodness should imeasured after filtecorrection,
because any linear combinations of color maigHimcti-
ons ae also colo matching functionsThe correctia matrix
M. can be determined by the method of least squares as

M=(A'RF)(FRF)*, R=E[C C' (18)

where R is the correlation matrix fo€ . Matrix R reflects
the statistical characteristics of the color chips to be
matched by the linear transformation.

The projection operato P, after filter correction in Eq. (5)

is calculated by

P.=RF(FRF)"F' (19)

where,V means an arbitrary vector. Here, we should notice

the 1sterm d Eq. (15 is equé&to the fundamentemetamer
C * and the 2nd term denotes a metameric black.

Thus tle fundamental spectra C * is simply recovered
from T, using colorimetric pseudo-inverse projection

operato P,,, given by

Cr=P,T

INV " n? ? PINV = AL (AL1 AL)-1 (16)

fundamental spectreC[*] ; n=1~N are uniqugl generated
from a given seof C ,,,, while a metameric blaclB, is an
arbitraly random vectowith zero stimulugo human vision.
However the input devices make non-zero responseBfo
causinga colorimetric error Then C_ including B,, should
be used for testingAlthough B, can't ke uniquely

Fig.5 showshow the tested sensomsxtract tle fundamental
metames from an example of virtual spectrum wi@) . =
[L* a* b*"'=[70, -3Q 20] and where the spectral error
happens CCD sensor causes larger spectral error than
Wratten for this sample, though it works almost lyetttan
Wratten for ISO/DIS 12641 chips. This means the error
comes from metameric blacspectrum and virtdachips
give more sever test tha the re& chips. While color
scanneworks almost perfect after filter correction, because
the spectral shage is carefuly designed as compatevith

that of CCD Table 1 summarizes the spectral errors for
these sensors testeg I5SO/DIS 12641, sine-SPDs a@,,,
targets. E[§|f] and E[|¢]f] denok the results with and
without filter correction.
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As clearly shown in Table 1, the goodness of the testedhnges. In conclusion, the use of computer generated virtual
three sensors is evaluated as color targets has the following advantages.
Color scanner > CCD sensor > Wratten filter [1] Uniform distributions [2] Tunable and wider color
All the estimated values are consistent with the results bgamut [3] Quick estimation without real chips.
real chips and sine SPDs. The spectral sensing errors for However, the way to generate the metameric black
both sine SPDs and proposed SPDs are almost the sasmectra is not uniquely decided. Future works should be
order, but larger than that of real ISO/DIS 12641 target.  continued to find the better virtual test targets available for
designing the high definition color sensors in real world.
5. Discussion and Conclusion
References
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Table 1. Evaluation Results in Fundamental Spectral Errors

ensors Wratten Filter Set 3-CCD Sensors Color Scanner
Test Tar Efllell] | Efllelf] | Elllelf] Ell[elf] SE! Elllelf]
ISO/DIS 12641 0.2795 0.0063 0.0639 0.0036 0.0418 0.0008
1000 Sine SPDs 0.3477 0.1790 0.1443 0.0920 0.0263 0.0039
Proposed 933 LABs(with B1 0.3639 0.161 0.180 0.131 0.0141 0.0046
Proposed 933 LABs(with B2 0.501 0.107 0.199 0.087 0.01p2 0.0031
Proposed 933 LABs(with B3 0.491 0.188 0.178 0.159 0.01P0 0.0052

(a) ISO/DIS 12641

(b) SneSPDs

Fig.1 Color distributions of test chips in
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CIELAB space
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Projection Operator Pgc

Uniform Cpagn=[L* n,a*.b*.]" data
Transform intoT =[X,,, Y, Zn]

VXYY V2 E———————

II\:Aundame(r;ta*l Synthesized Spectra
etamer C, C.=C.*+B,

I:)INV

Wavelength Wavelength

Metameric
Black B,

Fig.2 Flow diagram for testing the spectral response errors in color sensors

* = gray inputC1 * = sine SPDC2 't = sine SPDC3
0.5 = fundamentalC1* 0 5 fundamentalC2* 0 = fundamentaC3*
o = metameric blaclB1 ** S metameric blacle2 -, SUEEIEIE L.
0.4 A 0.4 0.4
0.z >< ; < K 0.z 0.z
10 M &5 0 7] 5 n 7] n
-0t Wavelength  -.: Wavelength -o.: Wavelength

(a) Metameric blacB1 from gray inputC1 (b) Metameric blackB2 from sine SPOC2 (b) Metameric blackB3 from sine SPOC3
Fig.3 Examples of metameric black spectra used for testing

et o) g@) ﬁ " b@) g@) r(v) b)Y 9@y fr(y)
' Wavelength ' B _/ Wavelength ' / Wavelength
(a) Wratten filter set (b) CCD RGB sensor (c) RGB color scanner
Fig.4 Spectral sensitivities of tested color sensors
input=C error AC=C*-C¢* '
i.s1 fundamentatC* sensedC* Wi

metameric blackB  sensedBg

4
é\__/ 10 l-LS\“'“--..,?U'/ 5 k!

-0 U’ ‘\--“Wave|ength -0t Wavelength

Wavelength

(a) Wratten filter set (b) CCD RGB sensor (c) RGB color scanner
Fig.5 Spectral response errors in tested color sensors by virtual input spectrum
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