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We investigated observer metamerism under a variety of viewing conditions, in a set of color-match-
ing experiments using displays and printed color samples under specific light sources. A selection
was made of light sources with different illuminances, spectral power distributions, and correlated
color temperatures, as well as displays with different sets of primaries. A panel of 157 observers
with normal color vision and ages between 20 and 59 years old performed 5465 visual color match-
es around 9 different color centers. The results from the simulated and real experiments were quite
different. Specifically, the mean color difference from the mean changed with experimental view-
ing conditions, ranging from 0.73 to 1.64 CIELAB units (average 0.99 CIELAB units) in simulated
experiments, and from 3.12 to 4.03 CIELAB units (average 3.55 CIELAB units) in real experi-
ments. In real experiments, observers’ variability reduced for light sources with high illuminance
and high correlated color temperature. Spectral power distributions affected observer metamerism,
but the role played by the primaries of the two displays employed was unclear. 
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1. Introduction

Observers with normal color vision may have different color perceptions because of
the individual variability in their color-matching functions (CMFs). The variability
among observers with normal color vision is also known as “observer metamerism”,
defined as “the property of specimens having different spectral characteristics and
having the same color when viewed by one observer, but different colors when viewed
by a different observer under the same conditions” [1]. The last few words in this defi-
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nition are related to the problem considered in the current paper: the potential influence
of different viewing conditions on the magnitude of observer metamerism. 

The CIE 1931 and CIE 1964 standard colorimetric observers [2], also known as 2° and
10° (standard) observers, are based on the assumption that a single set of CMFs can
reasonably represent a population with normal color vision. However, such an assump-
tion may not be true, in particular for narrowband stimuli, and this failure may reduce
accuracy in color reproduction [3–5]. In 1989, CIE proposed a “standard deviate observ-
er” (SDO) to evaluate observer metamerism [6]. However, reportedly this SDO signifi-
cantly underestimates observer variability [7, 8]. In 2006, the CIE also proposed a model
(called CIEPO06) that provided cone fundamentals by specifying the observer’s age
and field size [9]. This model enables different theoretical observers to be generated
and used to evaluate observer metamerism. 

In 2010 and 2011, SARKAR et al. [10, 11] proposed different observers’ categories
by using a cluster analysis method, starting from 47 individual CMFs from STILES and
BURCH [12] and 61 CMFs from CIEPO06. In a test experiment, 47 human observers
were classified into nine categories (including the CIE 1964 standard colorimetric ob-
server as one category) [13], requiring further investigation.

ASANO et al. [14] carried out a series of experiments to investigate the influence
of CMFs on color discrimination. In their color-image-matching experiment, two dif-
ferent media (Apple Cinema HD LCD monitor and Microvision laser projector) were
employed, and the results from 28 color-normal observers were analyzed. These re-
searchers found an inter-observer variability (measured by the mean color difference
from the mean, MCDM) in the range 3.2–4.4 CIEDE2000 units (roughly equivalent
to 4.9–6.8 CIELAB units [15]), indicating that observer metamerism is quite high
when a laser projector is used. Furthermore, using the STILES and BURCH CMFs [12],
simulated color-matching experiments have been performed under different combina-
tions of physical patches and monitors/projectors with different primaries [16]. The re-
sults showed that: i) the choice of spectra for the matching primaries had a significant
effect on observer variability, ii) observer variability was large for near-neutral reference
colors, and iii) observer variability in the lightness direction was smaller than in chro-
maticity directions. In a real color-matching experiment with a panel of 61 color-nor-
mal observers [16], the average inter-observer variability (measured by the MCDM)
was 9.2 CIEDE2000 units (roughly equivalent to 14.2 CIELAB units [15]), spanning
about 40 CIELAB units, which was much larger than reported in any previous exper-
iment.

OICHERMAN et al. [17] studied observer variability of asymmetric metameric color
matches using computer monitors and object color stimuli, in conditions typical for
surface color industries, and reported that observer metamerism was small for all colors
but neutrals, the CIE SDO [6] underestimating inter-observer variability. 

To investigate the observer variability within normal color vision under a variety
of viewing conditions, the current paper complements previous findings [11–14, 16, 17],
by reporting the results of a set of cross-media color-matching experiments using dis-
plays and printed color samples. Specifically, we investigated the influence on observer
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metamerism of light sources with different spectral power distributions (SPDs), dif-
ferent illuminances, and different correlated color temperatures (CCTs), as well as the
use of displays with different sets of primary colors. The simulated results (i.e. theo-
retical results from CMFs) and the real results (i.e. experimental results achieved by
real observers participating in our experiments) were compared.

2. Experiment 

2.1. Setups

We performed two groups of cross-media color-matching experiments, where physical
printed samples (12 × 12 cm) were placed in the back wall of a color-assessment cab-
inet, and matching samples with the same size were generated by using displays placed
inside (hereafter called experiments I) or outside (hereafter called experiments II) of
a color-assessment cabinet (see Fig. 1). The illuminated physical samples acted as ref-
erences, and the task of the observers was to adjust the RGB channels in each display
to achieve samples with a visual color match with respect to the references.

In experiments I, two different situations were analyzed: i) light sources (L1) with
different illuminances, but very similar CCTs and SPDs; ii) light sources (L1, L2) with

Viewing cabinet

LCD display Printed sample

LED cube cabinet

LCD/LED display
Printed sample

Light source Light source

Fig. 1. Schemes of experimental setups.

Experiments I Experiments II

T a b l e 1. Experimental information of the cross-media color-matching experiments.

Light sources for printed samples Displays for 
matching samplesPhase Illuminance [lx] Relative SPD CCT [K] Ra 

Experiments I

1 282 L1 6230 96.1 LCD 

2 522 L1 6302 95.9 LCD 

3 902 L1 6385 96.0 LCD 

4 922 L2 6364 94.1 LCD 

Experiments II

1 585 L3 3619 94.1 LCD 

2 794 L4 6594 97.5 LCD 

3 585 L3 3619 94.1 LED

4 794 L4 6594 97.5 LED
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different SPDs, but very similar CCTs and illuminances. The LCD display employed
in experiments I was an EIZO CG19. Specifically, in experiments I we developed four
phases cross-media color-matching experiments (see Table 1). In experiments II, two
different situations were also considered: the printed samples illuminated by two light
sources with different CCTs (L3, L4), provided by a spectral tunable lighting system
with 9 narrow-band and 2 broad-band LEDs [18], each one in comparison with samples
provided by displays with two different sets of primaries (LCD-EIZO CG19 and
LED-NEC PA242W). Therefore, four phases can be distinguished in cross-media
color-matching experiments developed within experiments II (see Table 1). The dif-

T a b l e 2. Summary of the experiments with different viewing conditions. 

Experiments I

Phase 1, 2 and 3 Phase 3 and 4

Different illuminance Different SPD

Similar CCT and SPD Similar CCT and illuminance

Experiments II

Phase 1 and 2 (3 and 4) Phase 1 and 3 (2 and 4)

Different CCT, illuminance, and SPD Different displays

Identical displays Identical CCT and illuminance, and similar SPD
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Fig. 2. Normalized SPDs of the lighting sources. 
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Fig. 3. Normalized SPDs of the 3 primaries in the two displays (dotted line – LCD, solid line – LED).
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ferent comparatives made from experimental results found in experiments I and II are
summarized in Table 2.

The relative spectral power distributions of the lighting sources and the spectral
curves of the primary colors of the displays used in the experiments I and II are shown
in Figs. 2 and 3, respectively. All the light sources used in our experiments had CIE gen-
eral color-rendering indices [19] above 94.1. Light sources L1 and L2 were selected
because they are typical simulators of the main CIE illuminant (i.e. D65), available in
commercial color-assessment cabinets currently employed in industry and research
laboratories. Light sources L3 and L4 were selected as representatives of modern and
solid-state light sources increasingly employed in our everyday life. 

2.2. Reference color samples

CIE has recommended 17 color centers for industrial color difference evaluation [20].
For all phases in experiment I, we selected as reference colors 9 of these 17 centers (the
remaining 8 centers had high chroma values outside the gamut of our displays). We
produced physical samples with the colors of these centers (illuminant D65, CIE 1964
standard colorimetric observer) using an Epson Stylus Pro 7908 inkjet printer. For all
phases in experiment II, to have a reasonable workload, we only considered 5 of these

Fig. 4. Measured spectral reflectance (a) and CIELAB coordinates in experiment I, phase 3 (b) for the
9/5 printed samples employed in experiments I/II (solid/open symbols), with L* values indicated by in-
tegers.
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9 color centers. The spectral reflectance for each physical sample was measured by
an X-Rite SpectroEye spectrophotometer with geometry 0°:45° (Fig. 4a), and the
tristimulus values of the samples were calculated under the different light sources
shown in Fig. 2, assuming the CIE 1964 standard colorimetric observer [2]. As an ex-
ample, the CIELAB coordinates of the reference samples employed in phase 3 of exper-
iment I are shown in Fig. 4b.

2.3. Observers

The four phases in experiments I were performed by 27–35 observers aged from 20 to
59 years old, up to 9 observers made replications, and there were nearly 700 color match-
es for each phase in experiments I. Four phases in experiments II were performed by
117–120 observers aged from 17 to 25 years old, 8 observers made replications, and
there were over 670 color matches for each phase in experiments II. All observers par-
ticipating in our experiments had normal color vision, and were students and teachers
with some background in color science, because they had majored in printing engi-
neering at Beijing Institute of Graphic Communication (BIGC) and had participated
previously in similar color experiments. The experiments I and II were completed with-
in a three-month period, the number of performed color matches being 2745 and 2720,
respectively. So a total of 5465 matches were made in this paper.

2.4. Visual assessments

The cross-media color-matching experiments were conducted in a dark room, and the
displays and viewing cabinet were allowed to warm-up for 90 min before the experiments
started. It was found that the displays had a reasonable stable condition after 90 min, be-
cause at this time the change of CIELAB color differences was below 1.0 CIELAB unit.
The height of each observer’s eyes was adjusted so that they were perpendicular to the
display and the distance to the color samples was about 80 cm. The experiments I and II
were conducted in two stages. First, observers were asked to adjust the background of
the display to match the gray board of the back wall of the color assessment cabinet
under the selected light source. Second, observers were asked to perform the color
matches with the illuminated reference samples, presented in random order, by mod-
ifying the intensities of the RGB channels in the display from 0 to 255, using the pro-
gram interface. After each color match, we measured the color of the reference and
matched samples using a PR-655 SpectraScan spectroradiometer, placed at the same
position as the observers’ eyes.

2.5. Observer metamerism indices for simulated and real experiments

In this section we will define the indices we have employed to measure observer
metamerism in our simulated and real experiments. Specifically, a computational
color-matching simulation was performed to examine the potential magnitude of ob-
servers’ variability in the color-matching experiments with real observers. The simu-
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lation workflow was the one proposed by ASANO et al. [16], using as reference samples
the 9 (or 5) printed samples (Fig. 4), illuminated by the light sources in the cabinets
(Fig. 2), and as matching colors those from primaries of a selected display (LCD or
LED, Fig. 3). Moreover, the Stiles and Burch 10° CMFs for 47 observers were considered
for these simulations, as representative of a population with normal color vision [12].
As a result of this simulation, the SPDs of matching colors were established from ad-
justed scalar factors of the 3 primaries in each display, for each of the 47 observers [4].
Then, assuming the CIE 1964 standard colorimetric observer, it was possible to com-
pute the X10, Y10, Z10 tristimulus values, and CIELAB color differences between the
reference and matched colors. On the other hand, in the so-called real experiments we
computed CIELAB color differences, from the spectroradiometric measurements of
the color coordinates of the two color stimuli matched by different real observers.

To quantify observers’ variability (i.e. observer metamerism), for each color center
(illuminated printed sample P) the next four indices were defined. The indices termed
MCDM (mean color difference from the mean), OMmax (maximum observer metamer-
ism) and OMmean (mean observer metamerism), were previously proposed [16], and
are defined as follows:

(1)

where Vi and Vave represent the CIELAB coordinates of matched color for a given ob-
server i and for the average of all the observers, respectively, N is the number of observers,
and ΔE indicates the CIELAB color-difference,  The mean color difference
from the mean (MCDM) is often used to evaluate measurement precision, higher
MCDM values indicating larger observer variability in the current paper. Next,

(2)

(3)

where ΔEP, i is the mean CIELAB color difference between the 9 (or 5) printed samples
and their matched colors for a given observer i, and the word “max” in Eq. (2) and the
overline in Eqs. (2) and (3) mean the maximum and the average values of such color dif-
ferences considering all the observers, respectively. In simulated experiments, OMmax
and OMmean indicate the maximum and average observer metamerism from STILES and
BURCH CMFs [12], averaging our 9 (or 5) color centers. Finally, CIELAB color coor-
dinates for a reference stimulus and simulate matched colors for each observer i were
computed and fitted to ellipses in the a*b* plane, using covariance analysis and 90% sta-
tistical significance (Fig. 5). The areas of these ellipses (average of all centers) were
considered to be another appropriate index of observer metamerism, named OMarea, 

(4)

MCDM
1
N

-------- E Vi Vave 
i 1 N=
=

Eab 10
* .

OMmax max EP i =

OMmean EP i=

OMarea Area a* b* P=
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3. Results and discussion

3.1. Observers’ variability in real experiments

As stated in the previous section, over 8 observers made replications of the experiments,
allowing the computation of intra-observer variability from results of each observer’s
replication and the mean of all replications made by that observer. The intra-observer
variability in an experiment is defined as the average intra-observer variability of all
the observers performing replications of that experiment. On the other hand, the inter
-observer variability for a given experiment is defined as the average deviation between
average results of individual observers and the mean results from all the observers.
Table 3 shows the intra- and inter-observer variability, in terms of CIELAB color dif-
ferences, for each of our experiments. From the average of the 8 experiments, the inter
-observer variability was 3.55 CIELAB units, which is larger than the intra-observer
variability (2.23 CIELAB units), and in agreement with results found in previous sim-
ilar color-matching experiments [14, 17].

3.2. Simulated and real results

To quantify observers’ variability (i.e. observer metamerism), we employed the average
color difference of the 9 (or 5) values provided by Eqs. (1)–(4) for each color center P.
Table 4 shows the results of simulated and real color-matching experiments, with the

T a b l e 3. Intra- and inter-observer variability in terms of CIELAB color-difference values for each of
our experiments.

Experiment I Experiment II

1 2 3 4 1 2 3 4

Intra-observer 2.94 2.46 2.32 2.62 2.02 1.83 1.94 1.71

Inter-observer 4.03 3.79 3.12 3.67 3.69 3.12 3.71 3.27

T a b l e 4. Results of simulated and real color-matching experiments (average of all color centers), using
observer metamerism indices defined in Eqs. (1)–(4).

Simulated experiments Real experiments

MCDM OMmax OMmean OMarea MCDM OMmax OMmean OMarea

Experiments I

1 0.74 1.48 0.76 0.86 4.03 8.07 4.62 3.67

2 0.75 1.51 0.77 0.87 3.79 7.86 4.18 3.15

3 0.73 1.46 0.76 0.86 3.12 6.82 3.44 2.95

4 0.82 1.60 0.86 1.02 3.67 7.25 4.04 3.34

Experiments II

1 0.76 2.97 1.82 0.95 3.69 9.53 5.74 3.67

2 0.84 2.61 1.88 1.00 3.12 7.17 4.33 2.89

3 1.64 4.80 1.69 1.61 3.71 8.24 5.00 3.65

4 1.60 3.89 2.09 1.87 3.27 7.37 4.84 3.20
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arithmetical mean of values of indices MCDM, OMmax, OMmean, and OMarea (see
Eqs. (1)–(4)), considering the 9 (or 5) centers. The minimum/maximum values within
experiments I and II were distinguished by using bold/underlined fonts in Table 4.
The results for MCDM and real experiments in Table 4 are identical to the inter-ob-
server variability shown in the last row of previous Table 3.

Table 4 shows pronounced differences between simulated and real results, in such
a way that observer metamerism in real experiments is considerably higher than in sim-
ulated experiments, in agreement with previous literature [16]. An explanation of this
result is that in our previous simulations we considered only the observer metamerism
caused by the variability in a given set of CMFs. However, in real color-matching ex-
periments, in addition to the variability of CMFs of real observers, other additional
factors like experimental errors inherent to the color-matching task performed by ob-
servers, or specific viewing conditions, may also play a role. For example, it can be noted
that in experiment I the separation between the samples (gap) was lower than in exper-
iment II, although it can be considered that observers performed a “simultaneous color
-matching task” in both experiments and it was not reported by the observers that ex-
periment II was more difficult than experiment I. However, the separation between the
samples may have induced different adaptations states in the observers performing the
color-matching experiments, and may have also generate different degrees of accuracy
in the color-matching task, because, as reported in previous literature, the separation
between samples reduces visual sensitivity to color differences [21, 22]. Unfortunately,
from current results it is not possible to quantify the influence of these effects. The view-
ing conditions had different effects: in experiments I, the phase 4 had the largest ob-
server metamerism for simulated experiments, while for real experiments, the phase 1
had the largest observer metamerism. Similarly, in simulated experiments II, the phase 3
and 4 (both with the same display primaries) had the largest observer metamerism,
while this was not true for real experiments. In real experiments, the inter-observer var-
iability ranged from 1.18 to 7.70 and from 1.53 to 7.31 CIELAB units in experiments
I and II, respectively, with average values shown in Table 3. These ranges are wider
than those reported by ASANO et al. in their color-image matching experiments [14]
(around 4.9–6.8 CIELAB units), although in another color-matching experiment, these
authors also reported a substantially higher value around 14.2 CIELAB units for a neu-
tral color [16].

As stated before, the OMmax and OMmean indices are the maximum and average
CIELAB color differences between a reference sample (illuminated printed sample)
and the color match with this sample provided by different observers using specific
visual displays. For more details concerning these CIELAB color differences, Table 5
shows the percentage of observers registering color differences below three specific
tolerance limits (3.0, 5.0 and 7.0 CIELAB units) in each of our experiments. From re-
sults in Table 5, in experiments I and II, the highest color-matching accuracies were
found in the phase 3 of experiment I and the phase 2 of experiment II, respectively,
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with 39.7%/96.2% and 5.8%/75.9% of the observers achieving values below 3.0/5.0
CIELAB units.

3.3. Chromaticity ellipses and lightness differences

From color-matching results in each of the 8 experiments performed by real observers,
the average size of fitted a*b* ellipses at different centers was the metamerism index
OMarea in previous Eq. (4). However, the OMarea index provides partial information,
lacking the orientation and shape of the fitted ellipses, which are also useful. Figure 5
allows a comparison of the orientations, shapes, and sizes of the ellipses found in our
visual experiments at the different centers. Figure 5 also shows the coordinates of
the 4/2 reference samples used in experiments I/II at each color center (see Table 1
and Fig. 4), which are relatively close to the centers of the ellipses. Anyway, some dif-
ferences between reference stimuli and color-matching ellipses have been reported in
previous literature using visual colorimeters [23], although the reasons of such phe-
nomenon, generically qualified as an “additivity failure”, are not well understood.

T a b l e 5. Percentages (%) of observers achieving color matches bellow three different CIELAB values.

Phase CIELAB < 3.0 CIELAB < 5.0 CIELAB < 7.0

Experiments I

1 3.9 59.7 94.8

2 20.5 74.0 97.3

3 39.7 96.2 100.0

4 20.8 84.4 96.1

Experiments II

1 0.0 29.4 81.6

2 5.8 75.9 98.5

3 2.2 53.0 97.0

4 1.5 55.9 99.3
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Fig. 5. Experimental 90% confidence color-matching ellipses fitted to results in our real experiments
I-1 (red), I-2 (green), I-3 (blue), I-4 (black), II-1 (cyan), II-2 (magenta), II-3 (orange) and II-4 (gray).
The dots represent the coordinates of the reference samples in our experiments.
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As we can see (Fig. 5), the orientation, shape, and size of the ellipses in experi-
ments I and II follow similar trends. Except at the gray center, where ellipses were close
to circles and with smallest size, the major axes of the ellipses are oriented approxi-
mately in radial directions, and have higher values at the most chromatic centers. In
fact, the ellipses shown in Fig. 5 agree with conventional color discrimination ellipses
in a*b* reported in previous literature [24–26], which is not surprising, because current
color-matching experiments can be considered a particular case of color-discrimina-
tion experiments. 

Because chromaticity ellipses in Fig. 5 just focus on observers’ variability in the
a*b* plane, this piece of information must be complemented by considering the results
found in the third dimension L*. In ASANO et al. [16], the variability in L* was minor
in their simulation experiments, so that they made L* set constant for their color-matching
visual experiments, and their observers only adjusted the a* and b* values. For compar-
ison of the magnitude of lightness and chromaticity differences in our simulated and
real color-matching experiments, Fig. 6 shows CIELAB coordinates using the 47 STILES

and BURCH CMFs [12] considered at the simulation experiment (green points), and the
visual results achieved by real observers in phase 4 of experiment II (blue points), for
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Fig. 6. CIELAB plots (a* vs. b*, a* vs. L*, and b* vs. L*) of color matches achieved for the gray color center
using the CMFs in [12] (green dots), and the visual results from observers in experiment II-4 (blue dots).
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the gray color center. For easier comparison, in the plots in Fig. 6 we used the same
range (20 CIELAB units) for all axes. Figure 6 shows that results from individual ob-
servers have large discrepancies. More specifically, we can see that in simulated exper-
iments the variability in the a* and b* directions was much larger than the one in the
L* direction, in agreement with results from ASANO et al. [16], using also the CMFs of
the 47 STILES and BURCH observers [12] and a gray color center. This result can be ex-
plained by considering that the differences among the  CMFs in [12] are very
small, which leads to almost identical L* values in the simulations. However, in our
experiment with real observers the variability in the L* direction cannot be disregarded,
because it is even larger than the one in the a* and b* directions (see blue dots in the
bottom plots in Fig. 6). This result can be attributed to the fact that in our color-match-
ing experiments the real observers may have different CMFs, and factors related to gen-
eral color appearance and uncertainty in the visual task may have also played a role,
as explained in previous Section 3.2.

3.4. Effect of different viewing conditions

Light sources with different illuminances, but similar correlated color temperature
and SPDs, were used in phases 1, 2, 3 of experiment I. From Table 4, the light source
with the highest illuminance (phase 3 of experiment I) resulted in the lowest MCDM
values (3.12), OMmax (6.82), OMmean (3.44), and OMarea (2.95), and phase 1 of exper-
iment I, with the lowest illuminance, led to the largest observer metamerism values.
We can conclude that light sources with high/low illuminances reduce/increase ob-
server metamerism.

The comparison of results in phases 3 and 4 of experiment I allows the study of the
influence of light sources with only different SPDs on observer metamerism. Table 4
shows that light sources with different SPDs cause different observer metamerism, be-
cause in phase 3 of experiment I, the values are lower than those in phase 4 of experi-
ment I. Thus, we can conclude that light sources with different SPDs alter the observer’s
metamerism of the same physical samples. 

The results from phases 1 and 2 (or phases 3 and 4) of experiment II involve light
sources with different CCTs, but relatively similar illuminances and identical displays.
From results in Table 4, light sources with high CCTs (phases 2 or 4 of experiment II)
led to lower observer metamerism values than those with low CCTs (phases 1 or 3 of
experiment II). 

A comparison of results in phases 1 and 3 of experiment II (or phases 2 and 4 of
experiment II) indicates the influence of the primaries of the displays (Fig. 3) on ob-
server metamerism. Our results for real experiments indicated slightly higher observer
metamerism for the LED than for the LCD employed, which is inconsistent with the
results reported for simulation in ASANO et al. [16]. Figure 3 shows that the bandwidths
of the R and G channels in our LCD display (phases 1 and 2 of experiment II) were
narrower than those in our LED display (phases 3 and 4 of experiment II), the opposite
happening for the B channels of these displays.

y λ 
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4. Conclusions

Simulated and real cross-media color-matching experiments were conducted under dif-
ferent viewing conditions, and observer metamerism was measured by using the MCDM,
OMmax, OMmean and OMarea indices as well as considering a*, b* fitted ellipses. The main
conclusions are as follows: 

1) The results in simulated and real experiments are quite different, which can be
partly explained by considering that in real experiments other different factors than
the CMFs of the observers may also be relevant. 

2) Light sources producing high/low illuminances or with high/low CCTs reduce/
increase observer metamerism. The SPDs of the primary colors of the displays employed
have no obvious influence on magnitude of observer metamerism, perhaps because the
difference between the SPDs of our light sources is not large enough.

3) The observer metamerism in our experimental visual results can be expressed
by fitted a*, b* 90% confidence ellipses, which show very similar trends to those in
color-discrimination experiments reported in previous literature [24–26].
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