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Abstract

The variability among color-normal observers posas
challenge to modern display colorimetry becauseheir peaky
primaries. But such devices also hold the keyfigtare solution to
this issue. In this paper, we present a methodd&iving seven
distinct colorimetric observer categories, and alamethod for
classifying individual observers as belonging te af these seven
categories. Five representative L, M and S coneldamentals (a
total of 125 combinations) were derived throughuwster analysis
on the combined set of 47-observer data from 1988s$Burch
study, and 61 color matching functions derived fithie CIE 2006
model corresponding to 20-80 age parameter rangentthese, a
reduced set of seven representative observers werived
through an iterative algorithm, using several prixed criteria on
perceptual color differences (delta E*00) with respto actual
color matching functions of the 47 Stiles-Burch eshsrs,
computed for the 240 Colorchecker samples vieweateruiD65
illumination. Next, an observer classification mmth was
implemented using two displays, one with broad-bpricharies
and the other with narrow-band primaries. In painegsentations
on the two displays, eight color-matches corresjogdo the CIE
10° standard observer and the seven observer ceHtegavere
shown in random sequences. Thirty observers ewaduall eight
versions of fifteen test colors. For majority oéthbservers, only
one or two categories consistently produced eithereptable or
satisfactory matches for all colors. The CIE 1Qfnstard observer
was never selected as the most preferred categoryahy
observer, and for six observers, it was rejecteadmsinacceptable
match for more than 50% of the test colors. Thelteshow that it
is possible to effectively classify real, color-mal observers into
a small number of categories, which in certain agadlon
contexts, can produce perceptibly better color meascfor many
observers compared to the matches predicted byCie 10°
standard observer.

Introduction

Conventional color reproduction relies on colorineetdata
for a single “standard observer”, representing arerage
colorimetric observer with normal color vision. Th831 CIE 2°
standard observer and 1964 CIE 10° standard obsargevidely
used in the industry (the latter is more suitableldrge-field color
stimuli encountered in most practical industriaplégations). The
use of a “standard observer” in colorimetric conapions is
essentially based on the assumption that the wbabeilation of
color normal observers can be reasonably repreddnte single
observer model, given by a set of three Color Matghrunctions

(CMFs). In 1989, CIE recognized the variability argandividual
observers by introducing the concept of standaxdatie observer
[1], but the model significantly under-predictedteirobserver
variability [2], and was never adopted by the irtdusThus,
applied colorimetry in its current form does novéany provision
for incorporating observer variability into the cputations.

The relevance of the observer variability issue gisite
dependent on the application context. In cross-anedbdlor
reproduction, the effect of observer variabilitysh#ot been found
to be significant [3]. This is presumably true forost of the
industrial applications of the past several decablesit printing,
photography, painting or textile. Thus, taking ineccount
individual observer variability in applied coloritng did not
warrant a serious consideration in the past.

However, this limitation has become non-trivial twithe
advent and wide-spread adoption of modern wide-gaonsumer
displays. Colors on two displays with very differespectral
characteristics are highly metameric in natureeroftesulting in
colors that are a satisfactory match for one oleserand an
unacceptable match for another. This phenomenommumly
termed as observer metamerism, is particularlyifsigmt when at
least one of the two displays has narrow-band piemaMany
modern Liquid Crystal Displays (LCDs) are fitted thviLight
Emitting Diode (LED) backlight (or sometimes, laggimaries) in
order to achieve more vivid, more saturated anghiber colors.
These displays are particularly susceptible to ntesevariability
[4][5], since their peaky primaries can cause reaide shift in the
chromaticities of perceived colors with relativehinor change in
the visual characteristics of the observer. As @ phathe current
work on observer variability, a preliminary seteo€olor matching
experiment [6] was performed on two displays, orendy a
reference studio CRT display with broad-band priegrand the
other being a Wide-Gamut, narrow-band LCD with LE&xklight.
Each of the ten observers made nine color matcheth® two
displays under dark and white surround conditioB$E 10°
standard observer predicted mean, maximum and 8 9
percentile color difference of individual observeatches were
1.4, 3.3 and 2.6 respectively. An average colorcmatrediction
error of 1.4AE*, over all colors and all observers was reasonable,
confirming that the CIE 10° standard observerrieasonably good
representation of an average observer. Howevemthémum and
the 9¢" percentile AE*,, values between individual observer
matches predicted by the CIE 10° standard obsewere
considered significant, particularly for a carefultontrolled
experimental setup involving uniform color stimulor color



critical applications involving expert observerscls a difference
will even be unacceptable under similar viewingditans.

Not surprisingly, similar observer metamerism iskas been

mathematical model. It was also shown that fordahtiéferent age-
groups of S&B observers (with 6, 10 and 6 observespectively),
using real observer group ages in the CIE06 mcetkltd larger
error in intra-group average observer predictiantiwhat resulted

observed when narrow band RGB-LEDs were matchedh witfrom using the CIE 10° standard observer. If twesearbers of

broadband lights [7]. Note that none of the traditil industrial
color applications mentioned before involved a calgstem with
spectral characteristics similar to modern disptaythe LEDs.

In the following sections, we discuss the limitasmf an age-
dependent observer in predicting observer metameriand
present a novel statistical approach for derivingves
representative colorimetric observer categories. eXperimental
method for classifying individual observers as hgiag to one of
these seven categories is also presented. In ttperieent,
thirteen observers evaluated and ranked eight oressof fifteen
test colors, corresponding to the seven observiegctges and the
CIE 10° standard observer. Based on these resalth, observer is
assigned to one of the seven observer categories.

CIE 2006 model and limitations of an age-
dependent observer in an applied context

In 2006, CIE’s (Commission Internationale de I'Hclage)
technical committee TC 1-36 published a report (@&scribed
hereafter as CIE06) on the choice of a set of Cdatching
Functions and estimates of cone fundamentals &cdfor-normal
observer. The CIE06 model is largely based on tloek wof
Stockman and Sharpe [9]. Starting from 1959 SHasch
(described hereafter as S&B) 10° CMFs [10], it dedi 2° and 10°
reference observers and provides a convenient fvanke for
calculating average cone fundamentals for any faité between
1° and 10° and for an age between 20 and 80. €pwneling
CMFs can be obtained through a linear transformatiothe cone
fundamentals.

However, CIEO6 age parameter
correspond to real observer ages. In other wonasligted model
functions that best match the real observer datannaalways be
obtained using real observer ages. This may hapeeause of
unsystematic observer variability, and/or becausth® exclusion
of one or more age-independent physiological factoom the
CIEO6 model [11]. CIE committee TC 1-36 also redegd this
restriction by pointing out that CIEO6 fundamentdiserver is a
theoretical construct based on averages [8] (Sedti®).

similar ages, but having different peak wavelengtfslong-

wavelength sensitive cone photo-pigment absorpsipactra are
asked to evaluate colors on a modern wide-gamutlajiswith

narrow-band primaries (and to a lesser extentage of a display
with broad-band primaries), they are likely to disge on several
color perceptions, particularly in the cyan andebtegions of the
color space [11]. However, the CIE06 model will beable to
predict any variation since the peak-wavelengtlft $actor is not
taken into account in the model. This discreparsylikely to

propagate to color matches across displays. WideiE model is
not meant to predict individual CMFs, intra-groueeages should
have been better predicted by the model. More obselata from
various age-groups may be necessary for confirmthis

observation.

Nevertheless, the introduction of CIE06 model ishpps one
of the most fundamental contributions in the fiefdcolor science
since the establishment of CIE 10° standard obs&m/E964. With
respect to this work, its significance lies in faet that it provides
an effective model for observer variability overages.

A Cluster Analysis of a combined set of S&B
47-observer data and CIEO6 model predictions

A hypothesis of this work is that the CIEO6 modeddictions
and the experimentally obtained visual color matghilata from
the 1959 S&B study, when combined together, incai@omost of
the variability that can be found among the colasrnmal
population. The combined data set included 61 ClEoBe
fundamentals corresponding to 20-80 age paramateer and the
cone fundamentals corresponding to 47 Stiles-Botaservers, a

does not necessariliptal of 108 cone fundamentals. A theoretical asialywas

performed to find a minimal set of average conadamentalshat
cover all possible variations in this combined data

In terms of statistics, this is a problem of cléisation (i.e.
grouping) within a complex data set. One of the hods
appropriate for solving this problem étuster analysig13]. The
purpose of the analysis is to arrange the functiatts relatively
homogeneous groups based on multivariate obsengatim the
current analysis, the total number of variable85s(normalized

In a recent work [12] by current authors, CIEO6 agevalues at 35 wavelengths) and total number of elbsiens is 108.

parameters that resulted in the best predictionsthef cone
fundamentals of individual S&B observers were deteed. This
was done by computing the correlation coefficienésween the
normalized cone fundamentals for each S&B obseaws those
corresponding to all possible CIE06 age parameikres between
20 and 80 (a total of 61). For each S&B observédre t
corresponding CIE age was the one yielding thedsghorrelation
coefficient for a given cone fundamental. This mex was
repeated for all three cone fundamentals and fbr4al S&B
observers. No direct correspondence between thé aed
predicted ages was observed that could be repessdintough a

A cluster analysis starts with undifferentiatedigre and attempts
to create clusters of objects (i.e. the CMFs) based the
similarities observed among a set of variables CHF values at
each wavelength). Variables must be selected thatimally
discriminate among objects. Increasing dataset s&meilts in
increased cluster reliabilityOne of the cluster analysis methods
commonly employed is the Partitioning method, &sown as the
K-means method. It begins by partitioning the dctlaa (rather
than similarity measures) into a specific numbeclabters. Then,
objects are assigned and reassigned in an iteratiethod to
simultaneously minimize intra-cluster variabilitynda maximize



inter-cluster variability. This method was chosen iais more
likely to lead to a robust solution compared toeotimethods.

In the two-phase computational implementation intlsM®,
the first phase used batch updates, in which d@addtion consisted
of reassigning objects to their nearest clustetroah all at once,
followed by recalculation of cluster centroids. Téecond phase
used online updates, in which objects were indiziljureassigned
if doing so would reduce the sum of distances, ahdster
centroids were recomputed after each reassignianh cluster in
the partition was defined by its member objects lands centroid,
or center. Suitable wavelength ranges (i.e. thebmurof variables)
were chosen for L, M and S to avoid the influenevariations
where functions had low amplitudes. Initial clusteentroid
locations were selected by dividing 20-80 age rangequal parts
and using corresponding CIEO6 functions. Squaredlid®an
distance measure (in cone fundamental space) wed insthis
analysis. The clustering was repeated 20 timesh(wifferent
initial cluster centroid positions described abowéddel functions
were obtained by taking the mean of cluster memidrs analysis
was performed on LMS cone fundamentals, and theembollS
functions were then converted into CIE 10° standabderver
equivalent CMFs through a 3x3 transformati@m approximate
3x3 LMS-to-XYZ transformation matrix (Eq. 1) was roputed
from the available 1964 108 y z standard observer functions
and] m scone fundamentals of 47 Stiles-Burch observers.

X10(A) 1.905378
V() |=| 0.698648
z10(A) | |-0.024300 0.040453

-1.321620 0.4195127[ I10(A)
0.333043 —0.013601] muo(A)
2.073582 || si0(A)

@

Table 1. Comparison of average and maximum color
differences ( AE*qo) with respect to real observer (averaged over
all 47 observers) for various average CMF sets

Average AE*g Maximum
il U.nder for 240 AE*go for 240
Comparison
patches patches
CIE 10°standard 0.9 21
observer
3 Model functions
(total 27) 0.7 15
4 Model functions
(total 64) 0.6 1.5
5 Model functions
(total 125) 0.5 11
6 Model functions
(total 216) 0.4 0.7

Derived model sets of CMFs were then used to pretiic
Stiles-Burch observer data. CIELAB coordinates wesenputed
for all 240 color patches of the ColorChecker HQreference
color chart with a CIE illuminant D65, by usingr@al Stiles-Burch
observer CMF data, ii) CIE 1964 10° standard olexefunctions
and iii) all possible combinations of each of thedal sets of
CMFs derived from the above cluster analysis. THen,each
observer, color difference\E*,q) were computed between the

CIELAB values obtained from real observer CMFs §cé3] and
those obtained from the predicted CMFs [case (i) §ii)]. Thus
for each of the 47 Stiles-Burch observers, avecader difference
AE*qq is computed out of the 240 patches. Lower theagescolor
difference, the better is the model prediction. HEmalysis was
repeated for 3, 4, 5 and 6 model sets of CMFscéihbinations of
the CMFs (3 to 6) are compared to CIE 1964 10° mesdgiving
respectively 3= 27 to § = 216 total possibilities). Note that for
the model CMFs, the combination yielding best reswhs
considered for individual observers (thus, eacthef47 observers
had a corresponding best combination). Then theageeand the
maximumAE*,, were computed, as shown in Table 1. Based on
the accuracy of prediction, five model sets of ChMifese found to
be the minimal to meet the goal of achieving clas®ne unit of
maximum color differenceAE*) for the 240 color patches of the
ColorChecker DE reference color chart and the CIE illuminant
D65, averaged over all 47 Stiles-Burch observerghWhese 5
model sets of x-, y- and z- CMFs (or L-, M- and &ne
fundamentals), there can be 5x5x5, or 125 posgldeses of
observers.

Deriving reduced sets of model CMFs: seven
observer categories

Out of the above-mentioned 125 possible observegosies
(i.e. combinations of each of five x-, y- and z- E8), several
categories can meet the goal of achieving any firetbAE*y,
criterion for a given observer. Thus, for the seathstraint, fewer
than 125 categories will suffice for achieving stctory result for
all the 47 observers. Thus in thi& tep, an iterative algorithm
was implemented to pick the minimal number of obser
categories such that at least one out of thesgads satisfies the
AE*q, criterion for any S&B observer. The derivation sifich
reduced sets is dependent on the color data setttenatolor
difference criterion. As before, the 240 color pate of the
ColorChecker samples with the CIE illuminant D65reveised,
since the samples cover a wide range of colors.

Note that while Euclidean distances in the LMS spaere
used in deriving the model CMFs, we usg*y, color difference
equations for deriving the reduced sets of modeFEMNVhile we
are well aware that this equation corresponds ® 10° standard
observer and does not fully hold for other obsemverdels, we
hypothesize that thaE*y,, metric can be used as a reasonable
baseline for the purpose of comparing the perfoneanf various
observer models. The error introduced in doingamot be more
than that in case of usingE*y, on the visual data of individual
observers, which is done routinely. The use AfE*,, was
motivated by the need to use a perceptual metrilewderiving the
reduced set. Euclidean distance in the cone fundi@ingpace does
not satisfy that need.

Several criteria were established for selectingréueiced sets
of CMFs. The sam@E*y, values computed in the previous step
were used [case (i) and (iii)], but they were ne¢raged over all
observers. Instead, for each observer th& pércentile of the
AE*qq values for all the 240 color patches were considleThus,
for each of the 47 observers there were 125 sucdteptile AE*,



values (hereafter referred to as DE in this sejtioorresponding
to 125 possible observer CMF combinations. We nals¢ into

consideration that for
some observers with
atypical color vision

characteristics, a given
DE criterion may be
hard to achieve with any
of the 125 CMFs, while
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stricter criterion can be
satisfied. ~ Thus, an
observer-dependent DE
threshold was computed
using the 18 or the &'
percentile of the 125 DE
values, whichever was
below 1.2. This meant
the worst 5% or 10% DE values would not be considerhile
deciding which observer categories could be asdignea given
S&B observer. For six observers, the DE thresholehputed this
way was more than 2.0. However, these thresholds a#il less
than the DE values computed similarly with the QI standard
observer, indicating that these specific S&B obserwvere far
away from the average of the population.

o -
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Figure 1. Spectral Power Distribution of the
CRT and the LCD used in the experiments

The suitability of a given CMF combination for ai8&B
observer was determined by a “CMF Performance hdEX),
based on the average percent deviation from thahpéshold (a
positive Pl indicated average DE was lower thanttineshold). A
CMF combination for the reduced sets was selectegd on the
highest number of observers with positive Pl ad e®lthe largest
value of the PI.

Table 2. The reduced set of seven observer categori  es, their

constituent average CMFs, and the total number of S &B

observers assigned to the various categories

. o Total %O0Obs
Iteration | Combination | X | Y | Z Obs Covered

1 2 1 1 2 17 36.2
2 58 3 2 3 14 66
3 6 1 2 1 8 83
4 33 2 2 3 4 91.5
5 81 4 2 1 2 95.7
6 63 3 3 3 1 97.9
7 76 4 1 1 1 100

Table 2 shows which of the 125 combinations, andirth
constituent x-, y-, z- functions were picked foe teduced sets of
7 observer classes. 4 x-CMFs, 3 y-CMFs and 3 z-Cbtffstitute
the reduced sets. Total number of Stiles-Burch mesg assigned
to each set, as well as cumulative percent of ebsgicovered are
listed. For example, combination 2 is made up*bk-CMF, T y-

combinations 2 and 58 together satisfied 66% of 8&B
observers, so on and so forth. As shown, these icatitns were
selected in an iterative process, excluding theeess satisfied
by the prior combinations in the subsequent iterti

An experimental method for classifying color-
normal observers

An experimental method for observer classificatioas

for some others, even a implemented using two displays. The first was a SBhy BVM

Cathode Ray Tube (CRT) display widely used as @dictteference
display, and the second was an HP Dreamcolor (L&298Nide-

Gamut Liquid Crystal Display (LCD) with LED backhg For

both displays, the luminance of the full white ve®t close to 97
cd/nf. Spectral power distributions of the two displaye shown
in fig 1. These displays were chosen because ofsidpaificant

difference in their spectral characteristics, whitieant a color
match made on the two displays would be highly meti in

nature. The same experimental setup as in the cuokiching

experiments was used, which is described in delséwhere [6].

The two displays were
characterized using CIE 10°
standard observer and each of
the seven observer categories.
Thus, corresponding to each of | CRT
the eight sets of CMFs, a
display forward and reverse
model were determined. 10°

Mirror

In order to be able to
identify the right category for a
given observer, it is important Figure 2. Experimental setup
that for each test color at least
some of the seven versions of
matches shown on the two
displays are distinguishable from one another, @yl (or possibly
more) of these matches appear perceptibly bett@paced to the
rest. This selection is limited by the spectralrabteristics of the
display primaries, since the displayed metameriorsaare greatly
affected by these characteristics. With this restm in mind,
there can be several possible ways to select gteodors. In this
work, an algorithm was implemented to rank varioakrs based
on the variance of tristimulus values correspondiagvarious
observer categories. As before, the 240 ColorChguiiehes were
used. First, using display characterization datatfe CRT and the
LCD, seven pairs of XYZ tristimulus values were quted for
each color. Thus for each of the 240 colors, thesee seven sets
of XYZ values predicted for the CRT, and seven esponding
sets of XYZ values predicted for the LCD. Root-msanare
(rms) distance of the two pairs of XYZ values weamputed,
which indicated how close the colors were in teohsespective
tristimulus values for a given CMF-set. The var@r(square of
standard deviation) of these seven rms distancesusad as a
metric to determine if a color is suitable for otvee classification.

CMF and ¢ z-CMF, satisfying the aforementioned DE thresholgHigh variance indicated more variability in coloatches among

for 17 observers, which is 36.2% of Stiles-Burctsafer pool.
Combination 58 met the DE threshold for anotheolidervers, so

the seven versions of the test color. Note thah éheugh XYZ
values for various observer categories belong fterént color



gamuts, the scales of the XYZ coordinate systenstiighe same
(dependent on the wavelengths of monochromatic griéa in
original Stiles-Burch experimental setup). Thisowakd us to
compare these distances.

Once all the colors were ranked based on the waiaretrics,
fifteen colors were selected after a pilot test wasformed with
three observers to determine the suitability of ¢coéors for the
observer classification experiment. This visuat tgas necessary
since the tristimulus space, in which the variaomeputation was
performed, is not perceptual. Typically colors withatively low
chroma and low lightness turned out to be bettadickates as test
colors. Some of these 15 colors had similar hues,different
lightness levels.

An additional analysis was performed to identifyeth
wavelength regions of x-, y- and z- functions wittighest
variability among the seven observer classes. Eigasvs the x-, y-
and z- functions of the seven observer categonestlae CIE 10°
standard observer (black dots). Wavelength rangesrevx-, y-
and z- CMFs have highest variability are shown exsical shaded
lines. The vertical black lines correspond to ttev@lengths where
variances among the CMFs are the largest. Wavéisngtound
580 nm, 520 nm and 430 nm have high variabilitgase of x-, y-
and z- CMFs respectively. However, the variatiorihie x- CMFs
of observer classes is not significant around 625+6m, where the
red display primaries have sharp peaks. This fuithustrates why
the suitability of a color for observer classificat is dependent on
the spectral characteristics of the display priegr one set of
reference colors suitable for observer classificathn one display
may not be appropriate for another display. Notat tthese
wavelength regions are specific to the observagmates and thus
are independent of specific display primaries.

XYZ Functions for 7 Observer Classes
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Figure 3. Wavelength regions of x-, y- and z- functions with high variability

among the seven observer categories

Thirty observers took part in the observer clasatfon
experiment, including the ten observers who pauigd in the
preliminary color matching experiments [6]. Bothivea and

experienced observers participated. Ten observers females.
Many observers belonged to the age group 35-4&eparate trials,
each observer was presented fifteen test colorh &l consisted
of eight color-matches corresponding to the CIE $@indard
observer and the seven observer categories, whica shown on
the CRT and LCD as uniform colors. The observerseveble to
conveniently browse through the eight versions gi$mo buttons
(forward and reverse) of a user control. The olmetvad no
knowledge of the categories or the order in whindytappeared.
At the beginning of each trial, a random sequenas generated
for the eight categories.

The observers were asked to assign the eight cadegato
one of three groups, namelynacceptable acceptable and
satisfactory This was accomplished in several steps, by: ihngo
through the eight versions to have an idea of éimge of the color
matches, ii) determining which of the eight coloatohes have
easily noticeable differences and thus are unaabéptmatches;
these were assigned to theacceptablegroup and removed from
the current trial, iii) determining which of thesteof the color-
matches have perceptible differences, but are atiteptable
matches; these were markedaaseptableand removed from the
current trial, if needed, and iv) determining whicblor-matches
have no perceptible difference; these versions atoeated to the
satisfactorygroup. A software tool was developed that allowes
test administrator to assign or reassign any cayegoany of the
above three groups. The tool also allowed remowingdding any
category during the trial, a feature that was usedonjunction
with random ordering for the verification of observchoices,
when there was a sign of ambiguity or hesitatiohe Dbservers
were free to assign any number of categories, rnifoneeded, to
any of the groups. For examples, in some casesategary was
deemed as satisfactory.

The full session for each observer took betweemmittutes
and one hour to finish.

Results and discussions

At the end of the test, a scoring table was forrfa@deach
observer by summing the total numbersafisfactory acceptable
and unacceptable scores for each of the eight categories,
considering all 15 test colors. Table 3 shows twangples of such
table for observers #1 and #8. Note that the cayefas the CIE
10° standard observer. In determining the suitgbdf a category
for any given observer, a high negative weight essigned to the
unacceptablecounts, a small positive weight was assigned o th
acceptablecounts and a high positive weight was assignetthéo
satisfactorycounts. Accordingly, an empirical performancersco
for each category was computed as per Eqg. 2, aciddied in
Table 3. Here S A and U represent fractional count (i.e. total
counts divided by 15) ofsatisfactory acceptable and
unacceptablegroups respectivel\R represents absolute scores of
each category an’; represents relative scores, such that a score
of 100 is assigned to the highest ranking category.

Through such scoring, the highest preference wasedion a
category that was at least acceptable (i.e. adoleptar



satisfactory) for most of the test colors, followby the higher satisfactory for most colors, indicating the masitable category
number of satisfactory counts. For example, for observer #1, for this observer is probably not included in theeluced set. It
category 3 was preferred over category 5 sincad selected nine  must be emphasized that this experimental setwmlis meant to
times assatisfactory as opposed to seven times for category 5. Foclassify a given observer as belonging to one efrépresentative

observer 8 on the other hand, category 2 receigeerl ranking
than category 4 since the former was rejected oase
unacceptableeven though they were judgedtisfactoryfor the
same number of times.

R =80S+20A-10QJ
U=1-S-A
= R =180S+120A-100
R :ﬂ

2R

Thus, the objective of this analysis was to setecategory
that is more likely to result in an acceptable catmtch, even if it
is not always the best possible match. This is hjcatly
represented in fig 4, where each bubble corresptmdscategory,
and the area of a bubble is proportional to itatiet scoreR'. The
shaded bubbles are the assigned categories. Gategdth non-
positive scores, resulting from multipieyacceptablecounts, are
not plotted. Thus, the number of bubbles corresipontb a given
observer and their relative sizes are indicativettef level of
certainty with which we can assign a category & tibserver. For
example, there is higher uncertainty in categoriecsion for
observer #8 and little in case of observer #29. ©heervers
belonging to the same categories are placed tagdébhebetter
visual interpretation of the results.

@

Table 3. Results for Observer 1 (top) and Observer 8 (bottom),
showing for each category the total number of test colors
belonging to various groups and the relative scores R'i for each
category (category 1: CIE 10°standard observer)

R.

R 1 2 3 4 5 6 7 8
Satisfactory [ 0 9 0 7 0 0 5
Acceptable [ 0 6 [ 8 4 1 7
Unacceptable 3 15 0 9 0 11 14 3

Score 36 179 | 100 93 86 121 | 164 29

A, s

kg 1 2 3 4 5 6 8
Satisfactory 9 12 12 10 0 11 0
Acceptable 5 1 12 2 4 4 9
Unacceptable 0 1 0 5

Score ) 88 40 100 88 92 94 32

For several observers, two categories receivedasimtores,
while for observers #17, #22 and #29, even the tastgory was
rejected for one or more test colors (not showrese are
expected since actual CMFs of an observer arakedy to exactly
match with one of the categories, a difference thahanifested
differently for various test colors, more so beeatiese test colors
are significantly influenced by the spectral cheegstics of the
display primaries. In such cases of ambiguityoitld be assumed
that the chromaticities corresponding to varioutegaries lied
within the observer’s tolerance, and so any ofehestegories, or
their weighted mean could be used for classifyirig tbserver. On
the other hand, for observer #18, no category wasmed

categories, and not to obtain his/her actual CMWhjch is
impossible to achieve with such setup.

From fig 4, it is clear that the observer categ®riollow a
definite pattern. For example, categories 5, 3 arate closer to
each other, while categories 2, 4 and 7 are cluseach other.
Categories 6 and 8 are distinctly different frora tithers. With a
very few exceptions, observers belonging to catego8 and 5
rejected categories 2, 6, 7 and 8, observers biglgrig categories
2 and 7 rejected categories 3, 5, 6 and 8, so drs@iorth.

Also interesting is the fact that the CIE 10° stadobserver
(category 1) did not get the highest score forralsi observer,
although it was the " best category for four observers. For
observers #16, #17, #25 and #29, the standard \@vseolor-
matches were rejected for all 15 test colors (hmws). For all
four, the categories could be determined with higgrtainty,
indicating that the CIE 10° standard observer masielefinitely
inappropriate for these observers.

Categories
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Figure 4. Observer categories as determined through the observer
classification experiment (category 1: CIE 10°stan dard observer)

When considered alone, the CIE standard obsereerddw
probably produce an overall acceptable result fanyrof these 30
observers. But in comparison, other observer mogetsiuced
better results relatively more often and thus vpeederred over the
CIE 10° standard observer. It is possible thatmi@ehoice, many



observers would prefer a category different frore BIE 10°
standard observer. A possible explanation for tve preference
for the CIE standard observer across the boardrligs derivation
through the averaging over all CMFs, which resirita synthetic
model that does not quite correspond to any reaemier.
Observers who are sufficiently different from theeaage unduly
skew the results of the mean.

The two most popular categories are 7 and 5, repties
30% and 27% of observers respectively. Category Somewhat
close to the CIE standard observer as per our wbser
classification experiment. Category 7 is quite elés category 2,
which, as per our previous analysis, was the domiioategory for
the Stiles-Burch observers.

Our results raise two fundamental questions: 1ulhehe
“standard observer” be an average of the whole latipn, or
should it be based on a statistical representatimt better
represents the majority of the population?, andl@®s a single
“standard observer” continue to satisfy our neethyp or is it time
to have a provision for multiple observer models dpplied
colorimetry, and if so, how? In our ongoing work.e ware
attempting to address the second question. Iteigr ¢dhat multiple
observer models may not be necessary, or evenabksirfor
industrial applications where observer metamerismat a major
issue, unlike modern wide-gamut displays and LEpliaations.

With respect to the first question, it is importamtrecognize
that the best possible representation of the pépulaf color-
normal observers is critical, as the choice fundeaally affects
our field. As far as an average match for all ob=er over the
whole color space is concerned, the CIE 10° stahdbserver will
probably still be reasonably good [6], but is iallg the best
possible representation of the color-normal pojpai&t

Conclusions and future work

The results from the first phase of observer cliasgion
experiment presented in this paper definitively foaom the
existence of observer metamerism issue in modesplajis with
narrow-band primaries. But more importantly, thésoashow that
such display systems can be exploited to bettedigirethe
variability in individual observers. The new methfmat observer
classification described in this paper can heleatively address
the issue of observer metamerism in industrial iappbns, and
can also be a vital tool in fundamental color redeaThere is
however no unique way to derive the observer caiegolt is
possible that there is some redundancy and/orfingufcy in our
seven reduced sets of observer categories witlecesp a large
pool of color-normal observers. An inference cafydre drawn
when a sufficient number of observers are testemlveder, our
initial results confirm a key hypothesis of this rkkothat real,
color-normal observers can be classified into allsmamber of
categories by means of a practical experimentalpsstiitable for
industrial applications. This is the first stepachieving our final
goal of developing awbserver-dependent color imagimgethod,
where color workflow in a color reproduction devicgan
potentially be tuned to one of several observessea.

The immediate next steps in this ongoing work wooédto
further validate the observer categories througlwide-scale
observer classification experiment, if needed, tpdae observer
categories based on a large set of observers,uaticef refine the
experimental method. It will also be important tetablish a
method for reversible transformations between thstirhulus
space based on the CIE 10° standard observer asd tbtained
by using various observer categories. Finally, #féect and
advantage of observer classification on complexgesaneed to be
investigated in viewing conditions that are typidal industrial
applications.
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