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Abstract: In this research we compare the colorimetriclus values associated with each observer when considering
behavior of several observers. For color centers recom-a fixed set of color centers (see for instance Refs. 5, 10, 11).
mended by CIE we have produced large sets of spectrdt is well known that, due to interobserver variability, a
distributions, which are metameric for the CIE 1931 stan-given physical stimulus evokes different color sensations in
dard observer. For each one of the color centers, we comeach observer.

pare the clouds of chromaticity coordinates with the chro- The conclusions derived from the study of two observers
maticity thresholds. We define a parameter that provides alepend on the particular method used when analyzing the
guantitative measure of the interobserver variability. Thisdata. In this work, we propose a procedure to compare the
parameter is used to arrange the observers by their degreeolorimetric behavior of two observers. The method pro-
of likeness. A similar procedure has been used to comparposed by us can be applied in a systematic way when
two real observers. It is shown how there is no reciprocitydifferent observers are considered.

between the colorimetric behavior of two real observers. We present the proposed method in Section II. In Section
© 2001 John Wiley & Sons, Inc. Col Res Appl, 26, 262—269, 2001 Ill, we provide the results obtained for different sets of
cmf’'s. We also provide criteria to establish an order of
likeliness among the different observers under consider-
ation. Section 1V is devoted to analyzing a special case of
INTRODUCTION two observers for whom the cmfs and the chromaticity

. . . . . . thresholds have been determiriédrinally, the conclusions
The colorimetric behavior of different observers is an im- . : .
are given in Section V.

portant area of research in color science. Several studies
have been carried out in order to verify the suitability of CIE
1931 Standard Observef and CIE 1964 standard observ-
er7-2 The design of adequate commercial devices requires OBSERVERS AND COLOR-MATCHING FUNCTIONS
us to evaluate the differences among the behavior of differ-

k HE— i} 1
ent color detection, or color reproduction, systems. Thusé‘het{xil()‘_)} (tl '_bl'hZ' _3) b? the S?t (k))f cm\y;s_mattd_e:ermme
there is no doubt about the interest in obtaining a quantit € colonmetric behavior of a real obsenierine tristimu-

tive measure of the differences in color performance bZ]—us values associated with a spectral radiant () are

tween a given observer, or device, and a standard one. given by

A usual procedure when comparing two observers is to N

. . . . . 2
analy;e the sm_nlarlty of :[helr cprrespond!ng sets of color- Xk = K p()XNdA, (=1, 2,3, @
matching functions (cmf’'s). This comparison can also be
carried out by studying the differences among the tristimu-
with K being a constant that depends on the system of

e o primary stimuli used to specify the cmf’s, ahd= [A4, A,]

* Correspondence toDr. J. M. Ezquerro, Escuela Universitaria de . . :
Optica, Universidad Complutense de Madrid, C/Arcos de niafn, is the spectral range considered. The spectral range is taken
© 2001 John Wiley & Sons, Inc. observets In general, the intervdl depends on the spectral
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range considered when measuring the seft({)}. Most  ability, each spectral distributio,ﬁ]()\) produces a different
authors take\; = 400 nm and\x, = 700 nm. point in the chromaticity diagram. In this way, we obtain a
Any color stimulus perceived by a given obserketan  cloud of points. If the behavior of both observers is similar,
be specified in the corresponding color-representation syghis cloud should be close to the point defined by the
tem as a point defined by the vectsF = (X%, X&, XX).  chromaticity coordinates perceived by the standard observer
Thus, the seR* = { X} defined by the tristimulus values for the color center under consideration. To check this
of all possible color stimuli provides the region that containscloseness, we compare the cloud of points with the chro-
all the possible color sensations perceived by the obskrver maticity threshold experimentally determined for the ob-
We refer to the subse®® as color-representation system serverk. If the distribution of points is inside the threshold,
associated with the observier we could conclude that there is no difference between the
In Eg. (1), cmf's are specified with regard to a set of colorimetric behavior of both observers for the considered
primary stimuli {C;}. If we consider another set of primary color center. If the cloud of points is outside the threshold,
stimuli {C’} linearly related with the previous one, i.e., the color sensation perceived by each observer differs. This
= 33_, ¢,nCh the relation between the corresponding point was noted by Hitat al 14 when considering what they
tnstlmulus valuesX = (X, Xy, X3) and X’ = (X}, X5, called “weak definition of metamerism.” To quantify this
X5), is given by difference, we compute the distardfg from x! to x*!, x!
being the center of the threshold arl' being the point

X=CxX, @ defined as the average chromaticity coordinates of the cloud
with C = {c,}. of points. The straight line joining both points intersects the
In general, the set of cmf's of a real observer{\)}, ellipse representing the threshold at poifit. The distance

differs from the set {(SO()\)} associated with the standard from this p0|nt to the center of the threshold is labeled as

one. Thus, Eq. (1) provides different tristimulus valuesdta- In this case, quotient,

when considering both cases. A real observer and a standard e

one generate different color-representation systems. Q=5 (4)
Let us consider an ensemble @fobservers, each one of di

thekm being characterized by its corresponding set of cmf'gqiq provide a quantitative measure of interobserver vari-
{ ()} (krunning from 1 toQ andi from 1 to 3). We take  4pijity when considering theth color center.
one of them as the reference observer: CIE 1931 Standard

Observer in our case. The interobserver variability can be

estimated by analyzing the differences in the perception of OBSERVERS METAMERISM AND
a given set ofR reference stimuli. For each one of these COLOR-DIFFERENCE THRESHOLDS
color stimuli, we have produced a set ®&pectral radiant
power distributions, which are metameric for the referenc
observer.

Let p}()\) be thej-th metameric spectral radiant power
distribution associated with théth reference stimulus,
wherel runs from 1 toR andj runs from 1 taS. For thek-th
observer, distributiorp}(A) produces the tristimulus values

We have considered in this research the following sets of
&mf's, all of them determined for a visual field of 2°:

e The mean observer obtained by averaging, SBM, the ten
sets of cmf’s provided by Stiles—Buréhlabeled asSBi
(wherei runs from 1 to 10).

e Standard observer CIE 1931 modified by VOS.

X2 e Observers MM, JAM and CI.11

Xij =K J x{(A)pj(A)dA,

A Some of these sets of cmf's take negative values when
they are specified in the CIE 1931 system of primary stim-

=123, uli. To avoid the possible difficulties derived from this fact,
i=1,...,S we have transformed them to a representation system pro-
’ ' posed in Refs. 10, 11. We refer to this system as G94. All
k=1,...,Q, the above-mentioned sets of cmf’s take positive values in
_ G94. Tristimulus values, in this system are obtained from
I=1,....R () those in the CIE 1931 systerd;, by introducing the matrix
For a d|str|but|onpj(/\) it is expected that, if the set 0.9980 0.0020 0.000
{ X¥())} does not differ strongly from the seb¢(1)}, Eq. coon 0.0000 1'0000 0.0003 5)
XYB1 ) ) . )
(3) should provide similar results for both sets. In this case, 0.2270 —0.0428 0.8158

the observek has a colorimetric behavior similar to that of
the reference observer. In the following analysis, we try toin expression (23911 All the results obtained in this work
elucidate some conclusion about this subject. are specified in G94.

By using the set of cmf's £(A)}, we have computed the The reference color stimuli used in this study, labeled
chromaticity coordinates for th® metameric distributions A-E, are those suggested by the CGIEThe tristimulus
associated with color centér Due to interobserver vari- values associated with these stimuli are given in Table I. For
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TABLE I. Tristimulus values corresponding to the color centers recommended by the CIE.'” These data are
expressed in the CIE 1931 (labeled with primes) and in the G94 color-representation systems.

COLOR CENTER X; X, X, X, X, Xs
A (achromatic) 28.459 30.000 32175 28.462 30.000 31.4246
B (red) 19.954 14.100 7.174 19.942 14.100 9.778
C (yellow) 62.823 69.300 29.793 62.836 69.300 35.600
D (green) 16.442 24.000 25.856 16.457 24.000 23.798
E (blue) 8.922 8.800 23.0185 8.922 8.800 20.427

thel-th color center we have produced a certain numher VOS is nearer to the ellipses than in the case of the other
of spectral distributions in the spectral range= [400, observers. This effect is reproduced for all color centers.
700] nmwith a sampling interval oAA = 10 nm. These The chromaticity coordinates computed for all the sets of
distributions are metameric for the CIE 1931 standard obemf’s are outside the corresponding ellipses. The clouds of
server. These procedure has been repeated for the differgmbints associated with observers VOS and SBM are par-
reference stimuli. tially inside the ellipses for color center E. The data for
Note that there are several methods to produce metamersbservers JAM and MM are always far from the ellipses,
In this study we have used a method developed bi-&dn although they are close to each other.
brief, this method uses a linear-programming technique In Tables Il and Ill, quotients (4) are listed for all ob-
based in the simplex algorithPA.By taking into account servers with regard to the ellipses measured for JAM and
physical color properties, such as excitation purity andCF. Note the low values obtained for observer VOS. In most
dominant wavelength, an “objective function” is defined in cases, quantitf2*' is greater than unity. This result seems
terms of cmf's, and certain inequalities for the unknownto indicate that the colorimetric behavior of the real observ-
spectral distributions)}(/\) are proposed. The key of the ers clearly departs from that of the reference observer.
method is that these inequalities are given in terms of We can consided as the just noticeable difference in
certain boundsy;, for the values of the unknown spectral the direction determined by the straight line joining points
distributions, i.e., 0< pj(A,) < V;, wherepj(A,) is the  x“'andxf;. In this way, high values d@*' indicate that the
value of the spectral distribution sampling at polpt. By  color performances of thk-th observer and the standard
maximizing the objective function, we obtain the metamers.one are very different when considering th#h color cen-
The algorithm was complemented with criteria of softAgss ter. Thus, from the previous analysis we can conclude that
to produce spectral distributions of any color stimulus. Thethe colorimetric behavior of real observers cannot be ap-
boundsV; are produced in a random way, thus this methodproximated by that of the reference observer. These results
provides a large number of different metamers (see Refare in good agreement with those provided in Ref. 5. Au-
18, 19 for more details). thors of this work report significant displacements of the
In this case, integrals are replaced by sums in Eq. (3): center of the ellipses when several sets of cmf's were
analyzed (see Table | in Ref. 5). Looking for a check of

N these displacements, these authors calculated the tristimulus
X =K 2 X(Awpj(AmAA, (6)  values of a limited number of theoretical metameric spectral
m=1 reflectances, and they found a significant spreading of the

chromaticity coordinates for the observers under consider-
ation. Our results also agree with those reported in the
In the following analysis we conside) = 5 observers studies of. interobserver variability by other methéds?

' For a given observek, we compute the averade® =

disibuions for each reerence simulus, Nete that the num < /- This parameter can be used to obtain a guan
: ' titative measure of theaglobal discrepancy between the
bern, depends on the center considereg:= 1225,ng =

- - - standard and thie-th observer. In this way, we can establish

ilrft;err]sc a:e ?j'?f?(—::rgﬁt _beiizié fe(‘)':dggm; c7o(|)c(>)r. c-:r::tz(?s gan order of likeliness among the different observers with

umo ! ' u . r%gard to the standard one. The results are listed in Table IV
algorithm used to produce the metamers requires a lar

S Yhen considering the ellipse associated with observer CF.
amount of computing time.

The color discrimination ellipses for the observers JAMThe same order of likeness is obtained when using the
and CF have been measured by Mo and Martnezet ellipse of JAM. The results obtained by using this method

al.’* around the five color centers suggested by the clg?® coincidental with those reported in Ref. 21.

Thus, we can compare the clouds of chromaticity coordi-
natesx{| obtained for the above-mentioned sets of cmf's INTEROBSERVER VARIABILITY

with the corresponding ellipses for JAM and CF. The results

obtained for the five color centers are shown in Fig. 1.  The results obtained in the previous section are a conse-

Note that the location of the clouds of points for observerquence of the differences of cmf's of a given observer with

N is the number of wavelengths in which functiop}z{/\)
have been sampled (see Refs. 18, 19).
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FIG. 1. Chromaticity coordinates obtained for each observer around the color centers studied. The data are represented in

the chromaticity diagram associated to the CIE 1931 Standard Observer in the G94 system of primary stimuli.

regard to the cmf's of the standard observer. In thisers when perceiving these color centers. We used the

section, we intend to carry out a comparison restricted tdollowing procedure:
observers JAM and CF. ManeZ° and Martnez et
al.11.12have measured the cmf’s of the mentioned observ-

ers together with the thresholds corresponding to the five 1. For a given observer, JAM for example, and each color
CIE centers. We analyzed the similarities of both observ-  center (), we have produced a set of metameric spec-
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TABLE II. Quotients Q%' computed for the specific ~ TABLE IV. Quantity QX for the different observers
observers with regard to the ellipse measured for CF. when considering the threshold of CF. The pair of
observers are ordered by their degree of global like-

Color center MM CF JAM VoS SBM  ness with regard to CIE 1931 Standard Observer.
A 7.7 1.3 9.5 1.5 1.6 .
Pair of
B 6.4 6.8 7.3 2.0 5.4 «
c 2.1 37 2.7 22 3.4 observers @ Order
D 10.2 2.1 12.6 4.8 5.1
CIE31-VOS 2.24 1
E 9.1 1.3 10.7 0.7 0.8 CIE31-CF 304 5
CIE31-SBM 3.28 3
CIE31-MM 7.10 4
CIE31-JAM 8.56 5

tral distributions. The number of metamers is labeled as
n?~M (see column 1 in Table V).
2. We computed the chromaticity coordinates for theseygers evaluating a particular color, but strong similarities
dlstr|but|on§ wnh cmf's associated with thg other Ob'judging color differences.
server, CF in this case. The clouds of points together \qia that the results presented in Figs. 2 and 3, and Table VI
with the threshold determined for CF are represented ino\ o4 4 nonreciprocity behavior between CF and JAM, except
a common figure for each color center (see Fig. 2). {5 ¢olor center A. This fact requires a brief description: the
metamers generated for one observer, JAM for example, pro-
Steps 1 and 2 were repeated interchanging the role of thgyce the same color perception for this observer, whereas the
observers. The data for observer CF are given in column 3ther observer, CF in this case, specifies each metamer as a
of Table V and in Fig. 3. different color. The quotient§)°™ are estimators for the
Note in Fig. 2 that, for color centers A and C, the points gifferences in the specification of the physical stimuli. This
are partially inside the ellipse. In Fig. 3, the clouds of pointspehavior is reproduced when the roles of the observers are
are partially inside the ellipse when the color center A andnterchanged. The surprising result is that quoti€Xft§' and
D are considered; however, in the case of color center B, alf)?AM! 5ra clearly different between them for a given color
the points are inside the ellipse. The case is different for th@enter, except for color centers A and C. This is because the
rest of the color centers and each observer: the clouds @llor representation systems spanned by two different sets of
points are outside the ellipses. To quantify the discrepanc¥mf's are not isomorphic (see Section 11, i.e., the correspon-
in evaluating the selected color centers, we have Comput%nce bet\NeeRCF andR]AM is not one-to-one: this point has
quotientsQ ™! (taking into account the results in Fig. 2) peen treated extensively in Refs. 22, 23. The origin of this
and’™! (taking into account the results in Fig. 3). These hehavior comes from the local differences in cmf's of different
quotients are defined as in Eq. (4). The results are listed igpservers. In Ref. 6, a detailed statistical analysis of the cmf's
columns 2 and 3 of Table VI, respectively. of several observers was carried out. These authors introduced
When comparing results shown in Figs. 2 and 3, and datg parameter labeled as VAF (see the section entitied “Overall
listed in Table VI, we deduce that color perception of Observer%_najysis of the cmf curve Shape”), to test the S|m||ar|ty between
JAM and CF clearly differs for color centers B, C, D, and E. In g sets of cmf's. In Table IV of Ref. 6, it is shown how the
the case of the achromatic stimulus, A, the clouds of chromayaF parameter fox, andz, are lower than the value fgs,.

ticity coordinates are inside the corresponding ellipses.  This fact confirms the nonisomorphic character between the
This analyS|S reveals an Important d|3Cfepancy betweeRCF andRAM Co|or_representation systems.

CF and JAM in evaluating color centers. We deduce that
cmf’s of the observers have a strong influence on the spec-
ification of individual colors. Note that according to Refs. 5, CONCLUSIONS

12, the variability appearing in the threshold parameters isrom the analysis of data shown in Fig. 1 and Tables Il and
not significant in most cases, although there was significanf) it can be concluded that the specification of a given
diSplacement of the eIIipseS’ centers. In summary, the anabhysicaj stimulus Strong|y depends on the set of color-
ysis reveals pronounced discrepancies between the two Ofqatching functions used. The clouds of points of chroma-

TABLE Ill. Quotients Q%' computed for the specific ~ TABLE V. The number of metamers produced for
observers with regard to the ellipse measured for  each color center and observers JAM (column 2) and

JAM. CF (column 3).

Color center MM CF JAM VoS SBM Color center nAM nfr
A 3.6 1.1 4.4 0.7 1.0 A 1225 1225
B 7.0 7.5 8.0 2.2 5.9 B 964 992
C 2.4 4.3 2.9 23 3.8 C 1225 1225
D 13.0 23 16.1 5.9 6.4 D 1134 1225
E 10.7 2.1 12.7 0.3 0.5 E 1225 1225

266 COLOR research and application



COLOR CENTER A COLOR CENTER B
0.40 e 0.35 ' ' ;
/7
0397 . 0.34 /
y OB 033 /
e\‘ . \§ ;/.
037} 5
N / 032 r
. / ;
.. g S
0.36 . o e
e 0.31F '
030 7533 034 035 0.36 0.37 045 046 047 048 049 050 051
X X
COLOR CENTER D
0.48 ————
0.44f I
0.46"
/,/”—W
0.43 ¢ 0.44;
y o y
AN ‘
5 0.4z —
0.42 S } S
e ; e
e ) / | e .
S 0.40t I
R
0.41 : ' : : ' Y- S
0.38 0.39 0.40 0.26 0.27 0.28 029 030
X x
COLOR CENTER E
031}
0.30f
y
/"”ﬂw ~~~~~ ™
0.29f / N I
{
\\\‘-_. "J’// !
028 L L i :
0.24 0.25 0.26 0.27

FIG. 2. Chromaticity coordinates obtained for observer CF for those distributions that are metamers for JAM. The
continuous line represents the ellipse of CF for each color center. The results are referred to the G94 system.

ticity coordinates tell us that color perception of real ob-when considering isomeric and metameric color-matchings.
servers is different from that of the standard observer wheiThey took this fact to be an indication of the failure in the
specifying a certain stimulus. Thus, real observers are natolorimetric additivity. In our opinion this “failure” is a
well represented by the set of cmf’s of the standard ob€onsequence of the nonisomorphic character between the
server. These results are in agreement with those reported aolor-representation system associated with each observer
Refs. 6, 11, 12. In Ref. 3, the authors reported similar resultésee comments that follow).

concerning the displacement of the centers of the thresholds Quantity Q¥ provides a quantitative measure of the- dif
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FIG. 3. Chromaticity coordinates obtained for observer JAM for those distributions that are metamers for CF. The
continuous line represents the ellipse of JAM for each color center. The results are referred to the G94 system.

ference in the global colorimetric behavior of two observers. The problem underlying interobserver variability when

When comparing a set of several observers, this magnitudeomparing different observers was discussed in an article by
can be used to establish an order of likeness among therhlita et al14 In that work the causes of some anomalies

The results listed in Table 11l are in accordance with thosefound when representing the chromaticity thresholds in CIE
provided in Ref. 21. It has been shown in Section IV how1931 chromaticity diagram were analyzed. These anomalies
there is no reciprocity between the colorimetric behaviorwere considered to be a consequence of the distortion in-
predicted by the sets of cmf's associated with two reatroduced when one set of experimental data is transformed
observers. from one color-representation system to another. To mini-
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TABLE VI. Quantities Q°7 and Q2"/. See text for
details.

6
Color center QCF/ QUAM
A 0.8 0.2 7
B 4.1 0.2
C 1.0 1.7 8
D 7.8 0.7
E 4.6 1.3

small-size fields. Atti della Fondazione Giorgio Ronchi 1994;49:917—
931.

. Peez-Ocm F, Hita E, Jimeez del Barco L, Nieves JL. Contribution

to the experimental review of the colorimetric standard observer. Color
Res Appl 1999;24:377-388.

. Stiles WS, Wyszecki G. Field trials of color-mixture functions. J Opt

Soc Am 1962;52:58-75.

. Viénot F. New equipment for the measurement of color-matching

functions. Color Res Appl 1977;2:165-170.

. Viénot F. Relation between inter- and intra-individual variability of

color-matching functions. Experimental results. J Opt Soc Am 1980;
70:1476-1483.

10. Martnez JA.Estudio de la influencia de las funciones de mezcla sobre

mize the distortion, Hitaet al. proposed to work with a
unigue system of primaries and with the same experimental

dispositive. This is a partial solution to the problem derivedil.

from the nonisomorphic character between the color-repre-
sentation systems associated with a given pair of observ-
ers22.23 This question together with the validity of estab-
lishing an adequate standard observer should be further
investigated.

14.
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