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ABSTRACT X=kY'SRxiM;  Y=kY'S,Ry,M; Z=k) 'SR zM 1)
A A A
One of the basic tenets of conventional appliedraoletry k=_ 100
is that the whole population of color normal obsesvcan ;SA y,M

be represented by a single “standard” observer with
reasonable accuracy. The 1964 CIE standard coltiome

observer has indeed served us well in all indUsawdor  yegponse, i.e. identical tristimulus values, a afisuatch is
imaging applications, until recently. With the pfefation  ghained. (Note: small differences in tristimuluglues
of modern wide-gamut displays with narrow-bandcannot be perceived under normal circumstancesthso

primaries, color scientists and engineers face & nNeyistimulus values do not strictly need to be ideaitfor a
challenge. Various recent studies, including thbgethe \isual match. However, this perceptibility issue rist

current authors, have shown that the color pemBpin ygjevant for our current discussion.) By virtue thie
such displays varies significantly among color nam ayelength-wise integration process, two stimuliwiery
opserve_rs.' Conventpnal colorimetry has no meam&dlct different spectral power distribution can give rise
this variation. In this paper, we explore this peob by jjentical visual response, leading to a metameritch
summarizing the results from an ongoing study, @qain  owever, such a match established by one obseaverand
the practical significance of this issue in the teah of  gite often does lead to a mismatch for a diffecgerver,
display applications. as the second observer has a different set of owéaching

o functions than the former. This phenomenon is comiyno
Index Terms— Color Vision, Cone Fundamentals, tarmed as observer metamerism.

Color Matching, Observer Variability, Displays

When two color stimuli produce the same visual

1.1. CIE standard observers and observer metamerism
1. INTRODUCTION

) ) Either of the two standard observers, as definethbyCIE

The perception of color arises due to the respoh$ee  (commission Internationale de I'Eclairage), is ently

human visual system to light, and the interactiéright | ceq in applied colorimetry. The first is the 19GIE 2°
with objects. Thus, the perception of color regsiitaree  giandard observer, and the second is the 1964 OPFE 1

components, a light source, an object and an oBBerv giandard observer (hereafter referred to as 10° $6%
Contributions of relative spectral power of eacmponent,  |aiter is more suitable for large-field color stiuas

integrated over a range of wavelengths, constitate encountered in most practical industrial applicagio
mathematical representation of the visual respofies The use of a standard observer in colorimetric
representation, referred to as tristimulus valdesns the  compuytations is essentially based on the assumiitairthe
baS|s_ of all colonmetrlq computations in basic &mplled whole population of color normal observers can be
colorimetry. As shown in Eq. (1), these values@b&ined  reas0nably represented by a single observer misip89,
by the integration of the spectral power distribatiof &  ¢|E recognized the variability among individual ebeers
standard light source {Sthe reflectance factor of the object by introducing the concept of standard deviate olesg2]
(R), and the color matching functions of an averagey,; the model significantly under-predicted intéxserver
standard observer x(,y and z,) [1]. Here, k is a yariability [3], and was never adopted by the irtdus
normalization factor that assigns the luminancevbite an Thus, applied colorimetry in its current form dosst
arbitrary value of 100. have any provision of incorporating observer valiigtinto

the computations.



1.2. CIE 2006 Physiologically-Based Observer

In 2006, CIE's technical committee TC 1-36 publshe
report [4] (described hereafter as CIE06) on thaicghof a
set of Color Matching Functions (CMFs) and estimaié
cone fundamentals for the color-normal observehe done
fundamentals represent cone spectral sensitiviiiegshe
corneal plane, while color matching functions repré
spectral tristimulus values of monochromatic stinadilunit
radiant power that embodies the color matching entogs
of the observer eye in a given system of primaimut R,

G and B [5] (pp. 124). CMFs can be obtained throagh
linear transformation of the cone fundamentals. THeO6
model is largely based on the work of Stockman @hdrpe
[6]. Starting from 1959 Stiles-Burch (describeddsdter as
S&B) 10° CMFs [7], it defines 2° and 10° reference

observers and provides a convenient framework for

calculating average cone fundamentals for any filok
between 1° and 10° and for an age between 20 and 80
The introduction of CIEO6 model is perhaps onehaf t
most fundamental contributions in the field of cadzience
since the establishment of 10° SO in 1964. This ehods
introduced to address the need of modeling thealudity in
observer color vision. Recent studies by curretih@s, as

their peaky primaries can cause noticeable shiftthie
chromaticities of perceived colors with relativefginor
change in the visual characteristics of the obseriot
surprisingly, similar observer metamerism issue hasn
observed when narrow band RGB-LEDs were matcheu wit
broadband lights [11]. Note that none of the tiadl
industrial color applications mentioned before iwed a
color system with spectral characteristics simitamodern
displays or the LEDs.

Actual Observer Age vs. CIE06 Age Predicted by Corr. Coeff. Method
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will be reviewed shortly, show that an age-depehdergpserver age vs. CIE06 predicted age

observer model may not be very effective for pradtcolor
imaging applications. However, this model providas
opportunity to further refine the 10° SO functions.

2. OBSERVER VARIABILITY IN THE CONTEXT OF
DISPLAY COLORIMETRY

The relevance of the observer metamerism issualite q
dependent on the application context. In cross-enedior
reproduction, i.e. when a display color is companrth its
printed version on paper, the significance of obser
variability has not been found to be significank [Bhis is
presumably true for most of the industrial applimas of the
past several decades, be it printing, photographiyting or
textile. Thus, taking into account individual obsar
variability in applied colorimetry did not warraat serious
consideration in the past.

However, this limitation has become non-trivial twihe

3. LIMITATIONS OF AN AGE-DEPENDENT
OBSERVER IN AN APPLIED CONTEXT

CIEO6 age parameter does not necessarily correspamedl
observer ages. In other words, predicted model tims
that best match the real observer data may notysla
obtained using real observer ages. This may habpeause
of random observer variability, and/or because loé t
exclusion of one or more age-independent physiokgi
factors from the CIE06 model [12][13]. CIE commét&C
1-36 also recognized this restriction by pointingt ¢that
CIEO6 fundamental observer was a theoretical coaisj4].

The CIEO6 age parameters that resulted in the best
predictions of individual S&B observer cone fundautad
data were determined. This was done by computirg th
correlation coefficients between the normalized econ
fundamentals for each S&B observer and those

advent and wide-spread adoption of modern wide-gamiorresponding to all possible CIE06 age paramedtues
consumer displays. Colors on two displays with venpetween 20 and 80 (a total of 61). For each S&Benies,

different spectral characteristics are highly metem in
nature, often resulting in colors that are a satisfry match
for one observer, and an unacceptable match fothano
The observer metamerism is particularly significariten
colors are compared on a display with broadbanahgries
(e.g. a CRT), and on another display with narroweba
primaries. Many modern Liquid Crystal Displays (L&D
are fitted with Light Emitting Diode (LED) backlighor
sometimes, laser primaries) in order to achieveenvrid,
more saturated and brighter colors. These dispkags
particularly susceptible to observer variability{19], since

the corresponding CIE age was the one yieldinghtbbest
correlation coefficient for a given cone fundaménteis
process was repeated for all three cone fundansesutal for

all 47 S&B observers. In Figure 1, the actual agkgl7
S&B observers have been plotted against the CIEO6
predicted ages obtained using the correlation uefit
(CORR) method, applied separately to L, M and S.
Evidently, no direct correspondence exists betwberreal
and predicted ages that can be explained through a
mathematical function. As will be seen in the ngscttion,
using real observer ages in the CIE model can tedakger



error in average observer prediction than whatlte$rom
using the 10° SO. For this reason, there is limitegfulness
of using an age-dependent observer in practicalsimigl
applications.
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4. PREDICTING INTRA-GROUP AVERAGE
OBSERVERS WITH CIEO6 MODEL AND 10° SO

The introduction of the physiologically based fundntal
observer model by CIE warrants a comparative etialua
of the model and the 10° SO, to determine which kgetter
representation of average real observer data: GiiéFised

from the CIEO06 model, or the 10° SO. This issue was

explored through a theoretical analysis performedthe
context of display colorimetry. Experimental datanfi the

1959 S&B 10° CMFs involving 47 observers were used.
Out of the 47 S&B observers, three age-groups wete

identified. Group-1 was formed by six observershvages
between 22 and 23, Group-2 consisted of ten obisewith
ages between 27 and 29 and another six observirages
between 49 and 50 were placed in Group-3.

Table 1 lists the results of a statistical comparisf the
S&B observer CMF data, 10° SO and CIEO6 model
predictions with and without age correspondencelués
corresponding to x-, y- and z- functions (correspog to
long-, medium- and short- wavelengths) for eactugrare
shown. All values are computed by weighting wavgthn
wise values by a scale-factor, followed by averggiver all
wavelengths. The scale factor used was the respeiotira-
group average S&B observer data divided by their suer
all wavelengths, so that more weights were assigodte
values around the peak than those in the loweradrttie
ordinate. Note that since the x-, y- and z- CMFsidbhave
the same ordinate scale, the rows should not beaed as
such. The 8 column in this table shows the intra-group
standard deviation of the S&B data (note that sasshd
deviation has the same units as the data), sigifintra-
group observer variability. Following three columiist
absolute difference of various functions from thiga-group
mean, averaged over all wavelengths. The threetitums
considered here are i) 10° SO, ii) CIE06 with relaserver
ages as input (no age correspondence), and iiiD&ikith
corresponding ages as input (with age correspomrdess
described in the previous section).

Table 1. Comparison of CMF data from intra-grouprage
S&B observer, 10° SO and CIE06 model predictionth wi
and without age correspondence

M Mean Abs. Diff. From Mean Intra
ean group S&B Data
Grp. Intra-
CMF No group CIEO6
" | S&B Std. | 10° Std. -
Dev. Obs. No Age | With Age
Corres. Corres.
1 10.11 5.68 6.53 251
X 2 11.28 2.54 1.74 1.99
3 9.12 9.93 10.58 6.06
1 6.02 2.81 473 1.13
y 2 6.68 2.28 2.42 2.43
3 5.41 2.12 421 25
1 22.7 19.25 8.22 7.55
z 2 25.54 10.88 6.2 6.17
3 21.43 11.71 5.21 3.99

As shown in Figure 2, in case of x-CMFs for Group-1
and -3, both CIEO6 model predictions and 10° SQOalev
from the intra-group average. Based on the reshlbsvn in

Because of space constraint, only x-CMF plots forfable 1, CIEO6 model with real observer ages géiyera

Group-1 and -3 are shown (Figure 2), for which ations
of model predictions and their potential impact coior

performs similar to or worse than the 10° SO x- and
CMFs. For Group-1 and -3, the age correspondentkathe

perception were found to be significant. Intra-grou improves. CIEO6 predictions, and is.m'ostly betyarllthlhe
minimum, maximum and average values are shown alont0° functions. For Group-2, the prediction erroragatively
with the 10° SO and CIE06 model predictions, withd a low even without age correspondence, indicating OBIE

without the age correspondence.

model’s age parameter works well for the age group7-



29. This is not surprising since the average olesesige in  difference equation) is potentially distorted whigve 10°

the S&B study, on which CIEQ6 is based, was 32. SO is replaced by a different set of observer CM&G,
there is a practical limitation in evaluating pen@nces of
qora, | SPectelPoverDistibuon of e Dispay Prmaries different observer models in a perceptual colorcepa
——R-Ref CRT . .
- —GRarcr Further, because of the nonlinear transformations a
""" Swa LoD interactions of x-, y- and z- CMFs in computing qegtual
0.01 < B-WG LCD

color difference, it is difficult to directly coriae the
prediction errors in individual CMFs (Table 1) with
perceptual color differences in Figure 4.
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Fig. 3. Spectral Power Distribution of the CRT dhd LCD e LZ%S;%’:&%‘
used in the experiments o —— ClE0s.AC =038
As far as the z-CMF is concerned, the CIEO6 model ——— o
produces better results than the 10° SO, even utithge "EIEZT.WZ s0-042
correspondence. On an average, the reduction inn mea e OIE00AG =10
absolute difference is more than 50%. Within thestaints e —— . .

AEg

of current analysis, CIEO6 seems to offer an impnognt
over the 10° SO z-function.

A E'uu for CC Patches on HP Dreamcolor for Various CMFs (Group 2)

Neutral =" [ CIE06

A_ny_ statis_tical method used to compare the model | n— S CIE0 it Age Cores.
predictions with real observer data is incompleithout an i ——
analysis of the perceptual effect of the predictamors. === Lo ose
Thus, an additional analysis was performed to siteuthe o oo —— e e
effect of the deviations of CIE06 and 10° SO frohe t F:wgi ‘ wa. o
average intra-group observer data on display color o ——— et on
perception. In this analysis, two displays weredusEhe el —— "Tos0= 032
first was a Sony BVM32 Cathode Ray Tube (CRT) B Sy Gedeac Zoas
reference studio display (hereafter referred tReSCRT). Pupopm—— e
The second was a Hewlett-Packard DreamColor Wide- TT e et
Gamut Liquid Crystal Display with LED backlight A or GG Patches on HP Dreamcalor for Various CMFs (Group 3
(hereafter referred to as WG-LCD). The spectral Neg;;‘s—% e Wit Age Cores
characteristics of the CRT and the LCD are sigaifity e e
different (see Figure 3). M°°*'j;;:;:‘%%

Figure 4 shows the perceptual color differenceeims orene Yol b 105
of CIELAB delta-E 2000 values (an advanced color ““"W;:;g__? wa:
difference formula denoted asE*) for 24 Colorchecker e — S
patches (an industry standard color dataset) steulifor pu,p.‘shlm;% shoe —
WG-LCD, and computed with CIE0O6 CMFs and 10° SO. e o —————  CEB-0T
The magnitude of th&E*ypvalues are represented along the e =——= ‘ ‘
abscissa, and the color differences for all 24 rsolare O 02 o4 o o 11z 14 ds ds 2

00

plotted as bars along the ordinate. For each githipcolors
were divided into three categories, long (magehtaugh ) ) )
orange yellow — see Figure 4), mid (cyan throughoye Fig. 4. Simulated AE*, plots (9¢' percentile) for
and short (purplish blue through purple), and thd 9 CoIorC_hecker patches showr_1 on WG-LCD and computed
percentile values were computed separately for eadR' various CMFs corresponding to Group-1, -2 aBdtep
category (indicated in Figure 4). Neutral and stofors are  t© bottom, respectively]

shown separately. Note that all thesd&*,, values are
computational color differences with respect to thea-
group S&B average observer data, and simply help
compare model prediction errors in a perceptualcespa
These do not represent color differences perceiyed real
observer. The reader should be warned that theideaci
nature of the perceptual color space (and thahefcolor

Based on Figure 4, 10° SO generally performs bétter
Jbe CIEO6 model for Group-1 and -3, except in the
blue/blue-purple region for Group-3. For Group-24| a
predictions errors are relatively low. Age corraspence
improves the results for Group-1 and -2, which aften
better than those of the 10° SO. However, thisds 3o



evident in case of Group-3. For Group-3, the ptéstic
error is markedly higher for 10° SO in the blueébhurple
region.

Macleod-Boynton chromaticity diagram [14]). A totsl ten
observers participated in the experiment.
For a more detailed discussion on the experimehes,

For Ref CRT, the difference between the CIE0O6 CMFseaders are directed to reference [14].

and the 10° SO in predicting intra-group averagseoler
data was less apparent.

Overall, this analysis suggests that the CIEO6 made
its original form, does not offer an improvemententhe
10° SO in predicting average observer x- and y<tions
for various age-groups. However, for the z- functiGIEO6
in all cases appears to perform better than thestin the
tristimulus space.

5. ACOLOR MATCHING EXPERIMENT USING
TWO DISPLAYS

While metameric color matching data are availabdenf
several past studies on cross-media color reprimmycho
experimental data have so far been available oplajis
color matching, in particular, for displays with sty
different spectral characteristics. To address tteed, a
preliminary set of color matching experiments [Mére
performed on the same two displays used in therdhieal
analysis. Because of the significant differenceéhmspectral
characteristics of the CRT and the LCD (Figure &®lor
matches were expected to vary significantly frome on
observer to the other.

Mirror LCD

Projector
Mask @
CRT I\ =

Fig. 5. Experimental setup

The displays were placed perpendicular to eachrotise
shown in Figure 5. A front-surface reflection mirrovas
placed in front of the CRT, and a mask was plactd/iéen
the observer and the displays such that the ohsemisual
field consisted simply of a 10° circular area dedd
vertically in two equal parts (called bipartitelfig The right
half of the bipartite field was the LCD screen, dhd left
half was the CRT screen, seen through the mirrtee T
experiment was conducted both in dark and whiteosud
conditions. For the latter, a white mask uniforrityby an
overhead projector was used. The observers weledask
adjust the color on the left half of the bipartiteld (CRT)
to match the color on the right half (LCD). Afteaah
match, the spectra of the colors on the two displagre
measured. Each observer matched nine colors (these
pre-selected along physiologically significant axesthe

In order to analyze the experimental data, XYZ galu
were computed from the spectral data for both 6@ ltest
colors and the CRT matching colors, using CIE 10¢ Bor
each observer, the XYZ values over all repetitiovere
averaged, and then were converted to CIELAB values.
Finally, AE*oo color difference between these two sets of
CIELAB values (corresponding to CRT and LCD) were
computed. These\E*y, values represent the differences
perceived by an observer identical to the CIE 1@ S
between the LCD and CRT colors, while in realitgyth
were satisfactory matches for individual observef@able 2
lists theseAE*y, values. Figure 6 plots thaE*y, color
difference values corresponding to individual olser
matches on LCD and CRT, for both pilot tests (withand
with surround). There are nine colors shown aldmg x-
axis. The color differences along the y-axis amresented
in the form of bars, grouped by the number of oleser.

Color Difference between CRT and LCD Observer Matches as Predicted by 10° Std. Obs.
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Fig. 6. AE*yo Color difference between CRT and LCD
observer matches as predicted by 10° SO, for darowsnd
(top) and white surround (bottom)

From the data in Table 2 and the plots in Figuré B
apparent that for several stimuli, the colors oe tiwo
displays that matched for individual observers were
predicted by the CIE 10° SO as having a perceptibler
difference. In a similar analysis it was found thdten the
colors, which were predicted by the standard olesety be
a match, were shown on the two displays, they were



significantly different from individual observer tahes.
The errors are the highest for the test color #datarated
blue (Table 2). In case of dark surround test, riean,
maximum and the fSpercentileAE*oo values between
individual observer matches on LCD and CRT, acrabs
stimuli and all
respectively. In case of white surround, the valnese 1.4,
3.47 and 1.84 respectively. Overall, no significaffect of
surround on color matching is evident from the ltssu

observers, were 1.39, 3.41 and 1.86

such models; 2) in the tristimulus space, the shaxte
sensitive (z-) average observer CMF is better ptediby
the CIE 2006 model than by the CIE 10° standarcioes.
This needs to be further investigated with a largetr of
observers belonging to various age-groups.

In the concluding remark, next generation coloripet
must offer a practical framework to take into aauou
observer variability in highly color-critical pra$sional
applications, specifically those involving moderispdays

The significance of theAE*y, values depends on the with narrow-band primaries. This is the ultimategof the

context, viewing condition and the observer. White
values reported here are possibly low in case ofiptex
images and surrounds, for

a carefully controlled

present work.
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