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Abstract
There exist individual differences in color matching func-

tions and the use of a single standard observer as a represen-
tative of a whole population often limits the accuracy of color
reproduction, especially for narrowband stimuli. We conducted
a paired comparison experiment for 58 color-normal people in-
volving color difference judgments using four nearly metameric
spectra pairs. The performance of observer functions: CIEPO06,
Sarkar’s observers, and the extended CIEPO06 incorporating
peak-shift in L and M cones were investigated. Large observer
variability was found in the obtained results, which is much larger
than what CIEPO06 predicts. At least two different groups were
found in the experimental results, which could be explained by
eye-lens and macular pigment optical density variations. We esti-
mated the individual cone fundamentals from another experiment
where observers performed five color matching, and used them
to predict the paired comparison results. They gave better, or at
least comparable prediction to those of CIE 1964 observer and
CIEPO06.

Introduction
The CIE 1931 standard colorimetric observer and the CIE

1964 standard colorimetric observer, also known as 2!and
10!(standard) observers, have satisfied industries for many
decades. However, the advent of narrowband stimuli such as
lasers and LEDs used in monitors, TVs, mobile displays, or cin-
ema projection is changing this situation. The use of a standard
observer is based on the assumption that a single observer or a
single set of color matching functions (CMFs) can reasonably rep-
resent a whole population of people with normal color vision. If
narrowband stimuli such as lasers and LEDs are observed, how-
ever, they magnify the individual differences in CMFs and this
assumption often breaks [1, 2, 3]. Researchers have tackled this
problem and proposed methods to evaluate observer metamerism,
which are summarized below.

Related Work
In mid-20th century, devices to evaluate observer and illu-

minant metamerism were invented. They include Glenn Color
Rule [4], Davidson and Hemmendinger Color Rule (D&H Color
Rule) [5], and Macbeth Matchpoint. These devices have a series
of color patches arranged in pairs. The observer’s task is to find
a pair of patches that appear the same according to their percep-
tion. Thus, using different illuminations and a single observer
allows us to evaluate illuminant metamerism and using different
observers and a single illumination allows us to evaluate observer
metamerism. A number of researches have been performed using

D&H Color Rule with respect to observer metamerism evaluation
[5, 6, 7, 8, 9, 10, 11].

In 1989, the CIE proposed a ”Standard Deviate Observer”, a
method to evaluate observer metamerism [12, 13]. However, it is
reported that the standard deviate observer significantly underes-
timates observer variability [14, 15].

In 2006, the CIE proposed a model [16] (CIEPO06) that
computes cone fundamentals by specifying an observer’s age and
a field size. It allows us to generate a number of theoretical ob-
servers and use them to evaluate observer metamerism.

In 2011, Sarkar [17, 18] proposed observer categories by an-
alyzing 47 individual CMFs of Stiles and Burch data, and 61 CIE
2006 CMFs using cluster analysis. In a test experiment, forty-nine
human observers were classified into nine categories (including
CIE 1964 observer as one category) using an observer calibrator
prototype [19], which displays two different spectra side by side
in a bipartite field. The performance of these eight observer cate-
gories is not widely verified and needs more investigation.

Research Objective
Most of the observer variability experiments in the past in-

volve colors appearing as unrelated colors, comparison of adjoin-
ing stimuli, a single bipartite field, and/or monocular view, which
might be different from practical viewing conditions.

Our goal in this study was to conduct an experiment un-
der more practical viewing conditions, to see how much observer
variability we would obtain, and to see if observer functions such
as CIEPO06 and Sarkar’s observers cover the variability of human
observers. Note that it is not our purpose to seek for better stan-
dard observer functions or to investigate the accuracy of standard
observer functions.

Experiment and Analysis
Overview

To achieve our goal, we designed a paired comparison ex-
periment using SHARP Quattron display. Quattron is a display
having four primaries, R, G, B, and Y (for Yellow) with 10-bit
assignment that enables us to produce metameric spectra on a sin-
gle display. The spectral power distributions (SPDs) of the four
primaries are shown in Figure 1. Four nearly metameric spectra
pairs are generated and used in the experiment. One metameric
pair consists of two color patches: One patch is made from red,
green, and blue primaries. The other patch is made from blue and
yellow primaries. Figure 2 illustrates the experiment workflow.

Paired comparison is the method that several stimulus inten-
sity levels are chosen (four color difference levels in this case) and
compared pair-wise repeatedly. Unlike traditional color matching
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Figure 1. Spectral Power Distributions of Quattron display primaries.
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Figure 2. Experiment workflow.

experiments, paired comparison is very simple and easy for naive
subjects, allowing us to collect a number of observers easily. The
number of comparisons (Ncmp) without repetition is expressed as
Equation 1.

Ncmp =
n · (n"1)

2
(1)

where n is the number of stimuli. The number of repetition is
empirically determined to 16 times in a preliminary experiment.

The decision is made such that the experiment time is as short as
possible but still retains reliability. Therefore, the number of total
judgments per one subject is 96 (= 4 · (4"1)/2#16).

By applying Case V of Thurstone’s law of comparative judg-
ments, it is possible to extract the perceptual scale [20]. How to
obtain the perceptual scale is briefly explained below. First, the
frequency was recorded in a matrix where the number of rows
and columns corresponded to the number of stimuli; A value of
1 was added to the matrix if the color difference of j-th pair was
judged greater than that of i-th pair. The frequency possibly varied
from 0 to 16. Next, the frequencies were converted to probability
simply dividing by the maximum (=16). The diagonal line was
filled with 0.5 assuming the comparison of same stimuli would
produce 50% probability. In case we have probability of 0 and
1, which produces the z-score of ±! and makes further analysis
impossible, the probability of 0 and 1 was replaced by 10"3 and
1" 10"3. Then, the probability was converted to the perceptual
scale, z-score using a psychometric function expressed as Equa-
tion 2.

S = log
p

1" p
(2)

where S is z-score and p is the probability (0 < p < 1). The
z-scores in the matrix were averaged for each column, which gave
us a z-score for each of the four SPD pairs. Finally, the four z-
scores were normalized such that they have the mean value of zero
and the standard deviation of unity. The obtained results would
tell us which pair appears more/less different in a perceptual order
for each human observer.

On the other hand, from measurements, we can compute
color differences of the four SPD pairs for a given observer func-
tion. The computation steps are summarized below. First, an ob-
server function (CMFs) was defined. Second, the CMFs were
transformed into CIE 1964 observer space using a matrix M3#3,
expressed as Equation 3. The M3#3 could be estimated by linear
regression expressed as Equation 4.

Ttrans = M3#3 ·Ttarget (3)

M3#3 = TCIE1964 · (T T
targetTtarget)

"1Ttarget (4)

Here, Ttarget is a set of CMFs for the defined observer and
TCIE1964 is a set of CMFs for CIE 1964 observer. All the matrices
T are 3# n matrices where n is the number of wavelength sam-
pling. The expression (T T

targetTtarget)"1Ttarget is a pseudo-inverse
of Ttarget . This transformation was preferred to use the color dif-
ference formula as uniformly as possible. Note that Ttarget can
be any CMFs including the cone fundamentals from CIEPO06
and rgb CMFs, because they are all in a linear relationship with
each other. Third, using the transformed CMFs, pseudo"XY Z10!

were computed for the four SPDs and the reference white spec-
trum (D65). Forth, CIELAB values were computed, and then the
color differences were computed using CIE DE2000 ("E00). Fi-
nally, the same normalization as z-scores was performed to the
color differences in order to bring color differences and z-scores
to the same space and compare them directly. In this way, we can
investigate which observer function correlates with a given human
observer.
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Experiment Conditions
The image that subjects observe during the experiment is il-

lustrated in Figure 3. Two SPD pairs (left and right circles) are
shown side by side on a gray background. The distance between
two circles is about 2!and each circle subtends about 4.5!in visual
angle. The letters and the cross at the center are written in white,
which is considered as reference white. Both the background and
the reference white are made from all the four primaries, and ap-
proximately have D65 white point. The background has L$ of
around 50, the luminance of the reference white is 318.7 [cd/m2].
The calculations here are done using CIE 1964 observer.

Choose Left/Right that appears more di!erent

Figure 3. Experiment view.

There are eight stimuli (two patches for four pairs) used in
this experiment. The eight stimuli are all very similar colors (pur-
plish blue) but have slightly different spectra, and appear differ-
ently for different observers. Their differences with respect to
CIELAB values for CIE 1931 and 1964 observers are shown in
Table 1.

Table 1. CIELAB values of four SPD pairs for CIE 1931, 1964
standard observers

Pair 1 Pair 2 Pair 3 Pair 4
RGBmix BYmix RGBmix BYmix RGBmix BYmix RGBmix BYmix

L$ 60.3 60.8 60.7 61.1 60.4 61.2 60.9 61.1
CIE a$ 0.1 0.3 2.5 -1.1 2.4 -0.2 0.6 -1.4
1931 b$ -24.8 -25.1 -24.6 -23.1 -24.7 -24.5 -24.5 -22.4

"E00 0.5 3.0 2.4 1.7

L$ 61.1 61.3 61.4 61.6 61.1 61.7 61.6 61.5
CIE a$ -2.3 -0.1 -0.2 -1.2 -0.3 -0.5 -1.9 -1.4
1964 b$ -23.7 -24.7 -23.6 -22.8 -23.7 -24.1 -23.5 -22.1

"E00 1.9 0.8 0.6 0.9

The stimuli are presented in a random order. The locations
of the presentations are also randomized so that each stimulus is
assigned to the four locations uniformly.

Regarding the stability of the display, the temporal change in
colorimetric values between 1-hour warm-up and 9-hour warm-
up is about 0.1% on average. The spatial change in SPDs for the
four different locations is about 0.3% on average. The changes
are overall very small for the purpose of this study. In addition,
the changes would be further discounted by randomly presenting
stimuli.

Experiment Procedure and Subjects
Subjects sat on a chair and looked at the display. Before the

experiment started, they were asked to adjust the chair such that

their eyes were at about the same height as the center of display
and about 1m away from the display. Then, they were asked to
judge which color difference appears greater than the other by
pressing L/R button on keyboard. Subjects had an option to go
back and modify the previous judgment.

Subjects were instructed to fixate their view to the center (the
cross in Figure 3) during judgments. This fixation was meant to
avoid the macular pigment intense region affecting the results, and
to simulate 10!viewing condition.

58 color-normal subjects participated in this experiment.
Subjects were screened using Ishihara’s Tests for Colour-
Blindness. The youngest observer was 18 year-old and the oldest
was 69 year-old. The number of males and females is 42 and 16,
respectively. The number of naive observers and expert observers
is 28 and 30, respectively.

Results and Discussion
Results obtained from Human Observers

Obs01 Obs02 Obs03 Obs04 Obs05 Obs06

Obs07 Obs08 Obs09 Obs10 Obs11 Obs12

Obs13 Obs14 Obs15 Obs16 Obs17 Obs18

Obs19 Obs20 Obs21 Obs22 Obs23 Obs24

Obs25 Obs26 Obs27 Obs28 Obs29 Obs30

Obs31 Obs32 Obs33 Obs34 Obs35 Obs36

Obs37 Obs38 Obs39 Obs40 Obs41 Obs42

Obs43 Obs44 Obs45 Obs46 Obs47 Obs48

Obs49 Obs50 Obs51 Obs52 Obs53 Obs54

Obs55 Obs56 Obs57 Obs58

i-th SPD Pair (1 - 4)

N
or

m
al

iz
ed

 Z
-S

co
re

Figure 4. Normalized z-scores obtained from 58 color-normal human ob-
servers. Observers are sorted based on the normalized z-score for pair 1.
The bars are color-coded based on observer’s age group: 20 year-old for
blue, 30 year-old for green, 40 and more year-old for red.

The normalized z-scores from human observers are plotted
in Figure 4. Each plot corresponds to each observer’s results. For
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each plot, the four bars represent the normalized z-scores for the
four SPD pairs.

At a first glance, the observer variability is quite large, es-
pecially for young observers (age group 20 and 30). We can
see at least two different groups. The majority of people forms
mountain-shape, having larger values for pair 2 and 3. The sec-
ond group forms valley-shape, having larger values for pair 1 and
4. Another thing to notice is that most of the older observers have
valley-shape and they never form mountain-shape. The other pos-
sible factors that might affect results such as region, gender, total
experiment time, and observer experience were also investigated
and no dependence was found.

Assessment of Different Observer Functions
The simulation results for CIE 1931 and 1964 observers are

shown in Figure 5. For CIE 1931 observer, pair 2 appears most
different and pair 1 appears nearly matched, while pair 1 ap-
pears most different for CIE 1964 observer. The differences be-
tween the two observers come from the spectral differences of
each pair. For instance, pair 1 has relatively large spectral dif-
ference in short-wavelength region (not shown in this paper) and
CIE 1964 observer magnifies this difference whereas CIE 1931
observer compresses it.
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Figure 5. Normalized "E00 for CIE 1931, 1964 observers.

In a similar manner, the normalized "E00 are computed for
Sarkar’s observers and shown in Figure 6. Cat:1, cat:2, ..., cat:9
indicate Sarkar’s i-th categorical observer. Note that the category
1 observer is same as CIE 1964 observer. Most of Sarkar’s ob-
servers (category 2, 4, 5, 6) are similar to CIE 1964 observer since
they were derived from 10!CMFs. Sarkar reported that category 8
and 9 are dominated by elderly people [18], which correlates with
the fact that people in higher-age group always form mountain-
shape in this experiment.

Regarding CIEPO06, it takes age and field size as input.
Note that the age factor controls the lens pigment optical den-
sity and the field size mainly controls the macular pigment optical
density. The effect of the age and field size changes on physio-
logical factors are demonstrated in Figure 7. Different age and
field size combinations were investigated to see how they change
the prediction. The simulation results using CIEPO06 are shown
in Figure 8. Increasing age factor in CIEPO06 causes the bars
change from mountain-shape to valley-shape, which predicts the
human observers’ results. It is also found that decreasing field
size has similar effect to prediction as increasing age factor. This
is understandable since increasing lens pigment optical density
(by increasing age factor) and increasing macular pigment optical
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Figure 6. Normalized "E00 for Sarkar’s observers.

density (by decreasing field size) both act as a yellowing filter in
our eyes.
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Figure 7. Physiological factors in CIEPO06. Red, green, and blue lines
indicate L, M, and S cone photopigment sensitivities. Yellow lines indicate
macular transmission and cyan lines indicate lens transmission.

In the human observers’ results, the mountain-shape can be
explained by CIEPO06 with smaller field size and/or higher age,
and the valley-shape can be explained by CIEPO06 with larger
field size and lower age. In other words, people in the mountain-
shape group might have more yellow pigments than people in the
valley-shape group.

However, if CIEPO06 is used to predict each observer’s re-
sults using the observer’s age and field size of 10!as input, the
prediction is not satisfactory. For example, the results of peo-
ple in age group 20 and 30 vary from mountain-shape to valley-
shape. On the other hand, the predictions for CIEPO06 using
age 20 to 30 and field size of 10!(row1-4 at column 1 in Figure
8 ) do not vary that much. This is probably because CIEPO06
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models the performance of the average observer for a given age
and field size, and would not be suitable to predict individual ob-
server’s results. Also, it is mentioned in CIE TC 1-36 report that
since observers, even within the same age bracket, may differ, a
fundamental observer must be a theoretical construct based on av-
erages. Any ”real observer” will be different from the ”TC 1-36
Modified Colorimetric Observer” [16]. Another possible explana-
tion would be that CIEPO06 does not incorporate peak-shifts in L
and M cone photopigments due to genetic polymorphism [21, 22],
which causes individual differences in CMFs.
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Figure 8. Normalized "E00 for CIEPO06 with varying age and field size.
The bar charts are color-coded based on the covariance with the prediction
(age:20, FS:10). The bar becomes yellower as the covariance decreases.

Relationship between Quattron Results and Esti-
mated Individual Cone Fundamentals

We conducted another experiment where human observers
performed five color matching and individual cone fundamentals
were estimated from the results. The idea is similar to the work by
Fairchild [23] and Viénot [24]. It is investigated if the results in
this paper would be predictable by the estimated individual cone
fundamentals.

To estimate the individual cone fundamentals, first, we ex-
tended CIEPO06, incorporating the peak-shifts in L and M cone
photopigments. Next, we generated a number of cone fundamen-
tals from the extended CIEPO06 with varying the four parameters
(age, field size, peak-shift in L-cone, and peak-shift in M-cone).
Then, we simply performed predictions using all the generated
cone fundamentals. A set of parameters that predicts the five
color matching results best is chosen as this person’s physiologi-
cal parameters. Finally, the individual cone fundamentals can be
obtained using the estimated physiological parameters as input.

The predictions of CIE 1964 observer, CIEPO06, and the in-
dividualized cone fundamentals for four observers are shown in
Figure 9. The observer numbers correspond to the ones in Figure
4. The maximum and minimum covariances are 1 and -1, respec-

tively. Huge prediction improvement can be seen for observer
36. For other observers, the predictions of the individualized cone
fundamentals are comparable to those of CIEPO06.

Obs 36

cov: −0.55

cov: −0.62

cov: 0.86

cov: 0.95

cov: 0.95

cov: 0.94

cov: 0.03

cov: −0.27

cov: −0.04

cov: 0.10

cov: 0.60

cov: 0.45

Obs 09 Obs 20Obs 18

Experiment Results
(Norm. z-scores)

Norm. !E00
(CIE 1964 Obs)

Norm. !E00
(CIEPO06)

Norm. !E00
(Indiv. Cone Fund.)

Figure 9. The experimental results, the predictions of CIE 1964 observer,
CIEPO06, and the individualized cone fundamentals for four observers. The
covariance (max: 1, min: -1) with experimental result is shown for each pre-
diction.

Conclusion
A paired comparison experiment involving color difference

judgments was designed and conducted for 58 human observers
with normal color vision.

We found at least two different groups in our results: (1)
those with high z-scores for pair 2 and 3, which forms mountain-
shape, and (2) those with high z-scores for pair 1 and 4, which
form valley-shape. The first group can be explained by CIEPO06
with more yellow pigmentation and the second group can be ex-
plained by CIEPO06 with less yellow pigmentation. All the peo-
ple with higher age are in the first group. The variability in hu-
man observers’ results is much larger than the one predicted from
CIEPO06. The individualized cone fundamentals give better, at
least comparable prediction to those of CIE 1964 observer and
CIEPO06.
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