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Color mismatch and observer metamerism
between conventional liquid crystal displays
and organic light emitting diode displays, Part Ii:
Adjacent stimuli with a larger field of view

JIALU WU AND MINCHEN WEI’

Color and Illumination Laboratory, The Hong Kong Polytechnic University, Kowloon, Hong Kong, China

“minchen.wei@polyu.edu.hk

Abstract: In part I of this study [Opt. Express 29, 12292 (2021)], 50 human observers matched
the color appearance of six color stimuli produced by four smartphone displays, including one
conventional liquid crystal display (LCD) and three organic light emitting diode (OLED) displays,
to those produced by a reference smartphone OLED display. The matching and reference stimuli
had a field of view (FOV) around 4.77° and were 5.72° apart. In this experiment, we carefully
designed and built a new apparatus to make the two stimuli adjacent to each other with an FOV
around 20.2°. This not only made the viewing condition in the experiment similar to the typical
viewing condition of smartphone displays, but also allowed for an easier color matching, resulting
in smaller intra- and inter-observer variations. The performance of the four CMFs, however, were
not significantly changed with the increase of the FOV. The CIE 2006 2° CMF:s still had the best
performance in characterizing the color matches, which did not support the recommendation of
using 10° CMFs for stimuli with an FOV beyond 4°. Meanwhile, for the pairs of stimuli with
matched color appearance, the LCD display always had the greatest chromaticity differences and
degrees of observer metamerism among the four displays, regardless of the CMFs. In particular,
the chromaticities of the stimuli produced by the LCD display were always shifted towards the
-u’+v’ direction in the CIE 1976 v’v’ chromaticity diagram, when calculated using the CIE 1931
CMFs. This implies that the neutral colors shown on LCD displays would have a yellow-green
tint on OLED displays, if they were calibrated to the same chromaticities using the CIE 1931 2°
CMFs.
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1. Introduction

Color matching functions (CMFs) play a very important role in color science and management
and are widely used to derive various colorimetric metrics, such as chromaticities, correlated color
temperature (CCT), color differences, color rendition metrics, and color appearance attributes [1].
Industries heavily rely on various metrics derived using CMFs for color specification, quality
control, and algorithm development. For example, the specification of the chromaticities is
critically important to the lighting and display industries, so that the color consistency can be
guaranteed among individual products and also among different product series.

Therefore, substantial efforts have been made to derive CMFs, so that pairs of color stimuli
with the same chromaticities have matched color appearance. Two color matching experiments
were carried out between 1929 and 1931 by Wright [2,3] and Guild [4] and led to a set of CMFs,
which was proposed by the International Commission on Illumination (CIE) in 1931. It is known
as the CIE 1931 2° CMFs and is the most widely used set in all the color-related industries and
applications. This set of CMFs, however, is mainly for characterizing the matches of color stimuli
with a field of view (FOV) around 2°, since the color matching experiments carried out by Wright
and Guild used a 2° bipartite setup. In order to characterize color matches for common viewing
conditions, Stiles and Burch [5] and Speranskaya [6] carried out color matching experiments
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using a 10° bipartite setup, which resulted in a new set of CMFs proposed by CIE in 1964—CIE
1964 10° CMFs. In particular, the CIE 1931 2° CMFs are recommended for characterizing
stimuli with an FOV between 1° and 4°, while the CIE 1964 10° CMFs are recommended for
characterizing stimuli with an FOV beyond 4° [1]. The above two CMFs were developed purely
based on the psychophysical color matching experiments. In 1991, a CIE technical committee
(i.e., TC1-36) was established with a goal to “establish a fundamental chromaticity diagram of
which the coordinates correspond to physiological significant axes”. The committee developed a
model to characterize the cone fundamentals for normal observers with an FOV from 1° to 10° in
2006 [7]. The model was further extended to derive the corresponding CMFs and chromaticity
diagrams, with the CMFs for the 2° and 10° directly provided for easy use in practice, in 2015
[8]. In this article, these two CMFs are referred as the CIE 2006 2° and 10° respectively. These
four CMFs are the standard CMFs, though other sets or models [9,10] have been developed and
proposed.

Meanwhile, researchers and scientists also carried out psychophysical experiments to compare
and verify the performance of these standard CMFs [11-24]. In these experiments, the spectral
composition of the color stimuli, in terms of spectral shape (i.e., narrow-band versus broad-band)
and peak wavelength, was commonly varied as the independent variable, since it has been
found to significantly affect the performance of CMFs and an optimal set of CMFs should work
well for any spectral composition. The color stimuli with different spectral compositions were
produced using various types of facilities, such as cathode-ray tube (CRT) displays, liquid crystal
displays (LCD), organic light emitting diode (OLED) displays, light emitting diode (LED) lamps,
projectors, broadband lamps with filters, and illuminated color samples [11-24]. The observers
adjusted the color appearance of one stimulus to match that of the reference stimulus, and then
the chromaticities of the two stimuli were used to compare the performance of different CMFs.
The findings about the performance of the 2° and 10° CMFs, however, were not consistent. For
example, though the 10° CMFs are recommended for stimuli with an FOV greater than 4°, part
I of our study found that the 2° CMFs had better performance than the 10° CMFs [24]; Li et
al. found the 10° CMFs had better performance [17]. More importantly, no past study held the
spectral compositions to be fixed while varied the FOV as an independent variable, which makes
it difficult to attribute the poor performance of CMFs to the FOV.

In part I of the study [24], we investigated the color mismatch and observer metamerism
between conventional LCD and OLED displays. Fifty human observers completed color matching
tasks for two 4.77° color stimuli, which were 5.72° apart, produced by displays. The CIE 2006 2°
CMFs were found to have better performance than the other three CMFs, which did not support
the recommendation made by the CIE. In order to further investigate whether such a result was
due to the relatively small FOV, we increased the FOV of the stimuli to 20.2° in this experiment,
which was also similar to the typical viewing condition when viewing smartphone displays in
daily life. Moreover, the two stimuli in this experiment were placed adjacent to each other,
allowing for an easy match of the color appearance, which did not happen in part I of the study
and in most past studies.

2. Methods

The experiment was carried out in Color and Illumination Laboratory at The Hong Kong
Polytechnic University, with the Institutional Review Board approving the experiment protocols
and procedures.

2.1. Apparatus

A black metal viewing box, with dimensions of 50 cm (width) X 28.5 cm (depth) x 28.5 cm
(height), was designed and built for this experiment. Two 5.5 cm X 10 cm openings were cut on
the ceiling and back panels. A holder was designed to fix the smartphone at each opening, with
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the center area of the smartphone display appearing at the opening to produce a color stimulus.
A 10 cm X 10 cm opening was cut on the front panel as the viewing window. A mirror with a tilt
angle of 45° was carefully placed and fixed inside the box, so that the two stimuli produced by the
two displays can be viewed adjacent to each other simultaneously through the viewing window.
Specifically, the top stimulus was produced by the display placed above the ceiling panel, which
was viewed through the reflection of the mirror; the bottom stimulus was produced by the display
placed behind the back panel, which was viewed directly. Each stimulus had a size of 5 cm
X 5 cm and a sharp dividing edge was between the two stimuli, which was carefully designed
to achieve a higher accuracy of the color matching, in comparison to part I of this study [24].
It is worthwhile to mention that the mirror was carefully manufactured to have a flat spectral
reflectance distribution across the visible spectrum, with an average reflectance factor around
93%.

During the experiment, the viewing box was placed in front of the observer, with the front
panel 28 cm away from the observer’s eye position. The observer fixed his or her chin on a rest,
but can change the height of the chair, so that the two stimuli appeared to have the same size,
with an FOV around 20.2°, to the observer. Figure 1 shows the design of the viewing box, the
experiment setup, and the stimuli viewed by the observer during the experiment.

Fig. 1. Apparatus and experiment setup. (a) Perspective front view of the apparatus; (b)
Perspective back view of the apparatus; (c) Cross section view of the apparatus and the
positions of the two smart phones; (d) Photograph of the two stimuli viewed from the
observer’s eye position. (Note: the mirror is shown in blue in (a) and (c)).
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2.2. Display, color stimuli, display calibration, control program, and experimental
procedure

The five smart phone displays used in part I of the study [24], including one LCD display and
four OLED displays, were used to produce the color stimuli. The OLED displays were carefully
selected from eight OLED displays, so that they had differences in their primaries, in terms of
the peak wavelengths and the shape of the spectral power distributions (SPDs), and noticeable
perceived color differences. The OLED display with the smallest color gamut was selected as the
reference display, so that the comparison can be made between the LCD and OLED displays and
also among the OLED displays. The gamut and the SPDs of the primaries used in these five
displays are shown in Figs. 1 and 2 in part I of the study [24].
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Fig. 2. Color gamuts and white points of the displays in the MacLeod-Boynton chromaticity
diagram for 2° FOV and the chromaticities of the reference stimuli shown on the reference
display for color matching. (Note: the numbers shown on the figure represent Stimuli 1 to 6,
the crosses are the white points of the displays).
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Fig. 3. Accuracy of the control program, in terms of chromaticities and luminance. (a)
Chromaticities of the adjusted stimuli derived from the measured SPDs and the predictions
using the control program in the CIE 1976 «’v’ chromaticity diagram; (b) Histogram of
1umir;ance of the adjusted stimuli derived from the measured SPDs, with an average of 87.06
cd/m~.



Research Article Vol. 29, No. 25/6 Dec 2021/ Optics Express 41735

Optics EXPRESS

During the experiment, the reference display was fixed behind the back panel to produce the
bottom stimulus, while one of the four test displays was placed above the ceiling panel to produce
the top stimulus, which was purposely designed to allow the experimenter to easily change the
display placed above the ceiling panel during the experiment. Since the mirror had a flat spectral
reflectance distribution across the visible spectrum, the reflection was expected to reduce the
luminance but maintain the chromaticities. This was verified by measuring the SPDs of the 20
stimuli produced by each of the four displays with and without the mirror. Therefore, we changed
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Fig. 4. Chromaticities, together with the 95% confidence error ellipses, of the repeated
matches performed by each observer for Stimulus 2 using the four test displays.
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Fig. 5. Histogram of the MCDM values of the intra-observer variations for each test display.
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the luminance level of the stimuli to 88 cd/m? from 93 cd/m? in part I [24], so the look-up-tables
(LUTs) and control program can be directly used in this experiment. In contrast, the six stimuli
shown on the reference display were recalibrated to have a luminance of 88 cd/m? using the
spectroradiometer. Figure 2 shows the chromaticities of the six reference stimuli and the color
gamuts of the displays in the MacLeod-Boynton chromaticity diagram for 2° FOV. Figure 3 can
show the rough locations of the chromaticities of the six stimuli in the CIE 1976 u’v’ diagram.
The experiment procedure was identical to part I [24] of the study. Briefly speaking, each
observer adjusted the color appearance of seven stimuli (Stimuli 1 to 6 with a repeated adjustment

(a) CIE 1931 2° CMFs (b) CIE 1964 10° CMFs
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Fig. 6. Chromaticities of the stimuli adjusted by the 53 observers using the four displays to
match the color appearance of the reference stimuli shown on the reference display, together
with the fitted 95% confidence error ellipses, calculated using the four CMFs. (a) CIE 1931
2° CMFs; (b) CIE 1964 10°; (c) CIE 2006 2° CMFs; (d) CIE 2006 10° CMFs. (Note: the
numbers shown on the figures represent Stimuli 1 to 6).
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Fig. 7. Average chromaticities of the stimuli adjusted by the 53 observers using the four
displays and the corresponding reference stimuli shown on the reference display calculated
using the four CMFs. (Note: for illustration purposes, the axis ranges are different, but each
grid corresponds to 0.01 unit in #’ and v’, the blackbody locus shown with Stimulus 6 was
plotted using the CIE 1931 2° CMFs).

Table 1. Average difference Au’v’ between the average chromaticities adjusted by the observers of
the six color stimuli using each display and the chromaticities of the reference stimuli shown on the
reference display calculated using the four CMFs.

Display A Display B Display C Display D Average
CIE 1931 2° 0.00660 0.00403 0.00230 0.00243 0.00384
CIE 1964 10° 0.00802 0.00159 0.00461 0.00229 0.00413
CIE 2006 2° 0.00738 0.00241 0.00222 0.00234 0.00359
CIE 2006 10° 0.00913 0.00172 0.00537 0.00226 0.00462

of Stimulus 2 for evaluating the intra-observer variations), which were produced by each test
display and appeared at the top, to match the color appearance of the corresponding reference
stimuli that were produced by the reference display and appeared at the bottom. The order of the
seven stimuli was randomized and the order of the four test displays was also randomized.

2.3. Observers

Fifty-three observers (28 males and 25 females) between 19 and 38 years of age (mean =24.1,
std. dev. =3.28) were recruited for the experiment. All the observers had normal color vision, as
tested using the Ishihara Color Vision Test. The observers were recruited from the same observer
pool as part I of the study [24], but not all the observers participated in both experiments.
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Fig. 8. Chromaticity differences Au’v’ between the average chromaticities of the stimuli
adjusted by the 53 observers and the chromaticities of the reference stimuli shown on the
reference display calculated using the four CMFs. (a) CIE 1931 2° CMFs; (b) CIE 1964
10° CMFs; (c) CIE 2006 2° CMFs; (d) CIE 2006 10° CMFs. (Note: the dash line labels 1
just-noticeable color difference, 1 JND. However, it was developed only based on the CIE
1931 2° CMFs and may not be applicable to the other three CMFs).

3. Results and discussions

3.1.  Verification of the control program accuracy

Though the control program allowed the observer to change the color appearance of the stimulus
by changing its chromaticities along the ©” and v’ axes in the CIE 1976 u’v’ chromaticity diagram,
it actually changed the RGB digital values through the LUTs. After the experiment, the RGB
combinations adjusted by the observers were used to reproduce the stimuli on the corresponding
displays, and the SPDs were measured from the observer’s eye position. The chromaticities
(w’,v’) of all the adjusted stimuli derived from the measured SPDs and from the predictions
using the control program are shown in Fig. 3(a), with the chromaticity difference Au’v’ values
between 0.0006 and 0.0052 and an average Au’v’ of 0.0026. Figure 3(b) shows the histogram of
the luminance values of the adjusted stimuli derived from the measured SPDs, with an average of
87.06 cd/m”. These suggested that the control program and calibration used in part I of the study
[24] also produced reliable data in this experiment.

3.2. Intra- and inter-observer variations

Both the intra- and inter-observer variations were characterized using the mean color difference
from the mean (MCDM) in the CIE 1976 u’v’ chromaticity diagram, which was similar to part I
[24]. Figure 4 shows the chromaticities, together with the 95% confidence error ellipses, of the
repeated matches made by each observer for Stimulus 2 using the four test displays. Both the
size and orientation of the ellipses overlapped well. The histograms of the MCDM values of
four displays are shown in Fig. 5, with the average MCDM values being 0.0023, 0.0023, 0.0020,
and 0.0021 for Displays A, B, C, and D respectively. These MCDM value were smaller than
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Fig. 9. Scatter plots of the Au’v’ values calculated using four CMFs between this experiment
with an FOV ~ 20.2° and part I with an FOV = 4.8° [24]. (a) Individual stimuli (6 stimuli X
4 displays x 4 CMFs =96 data points); (b) Average of the six stimuli for each display (4
displays x 4 CMFs = 16 data points).

0.004 units of «’v’ (i.e., = 1 unit of just-noticeable color difference, JND) [25]. In particular,
they were smaller than those in part I of the study [24], which was believed due to the fact that
the new apparatus allowed the two stimuli to appear adjacent to each other in the experiment.
The MCDM values for characterizing the inter-observer variations were between 0.0022 and
0.0095, with an average of 0.0047, which was also smaller than those in part I [24]. Therefore,
the experiment results were believed to be highly reliable.

3.3. Performance of the four CMFs in characterizing color matches

The chromaticities of the stimuli adjusted by all the observers using the four displays and the
95% confidence error ellipses were calculated using the four CMFs, as shown in the CIE 1976
u’v’ chromaticity diagram (Fig. 6). Figure 7 shows the average chromaticities of the stimuli
adjusted by the observers (i.e., the center of each ellipse in Fig. 6) and the chromaticities of the
corresponding reference stimuli using the four CMFs, with Fig. 8 and Table 1 summarizing the
chromaticity differences Au’v’. In general, the distributions of the chromaticities and ellipses
shown in Fig. 6 were similar to those in part I of the study [24].

In color matching experiments, a smaller Au’v’ is always preferred, since an optimal set of
CMFs should result in a Au’v’ value of zero for the color stimuli having matched color appearance.
Overall, the CIE 2006 2°, CIE 1964 10°, and CIE 1931 2° CMFs resulted in similar average Au’v’
values around 0.004, which was smaller than the value of 0.005 of the CIE 2006 10° CMFs.
Figure 9 shows the Au’v’ values calculated using the four CMFs in this experiment versus those
in part I (i.e., FOV of 20.2° versus 4.8°) [24]. In general, the data points were scattered around
the diagonal line, suggesting the similar results between the two experiments. For Display D,
which had the most similar primaries as the reference display, the four data points were below
the diagonal line, as shown in Fig. 9(b), suggesting smaller chromaticity differences for stimuli
with matched color appearance when using the four CMFs for the larger FOV. When applied
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Fig. 10. Average chromaticities of the stimuli adjusted by the 53 observers in this experiment
and the 50 observers in part I (ellipse centers) [24] and the fitted 95% confidence error
ellipses in relative to the chromaticities of the corresponding reference stimuli shown on the
reference display, plotted using the four CMFs. (note: the blackbody loci calculated using
the four CMFs are plotted with Stimulus 6).

on Display A, the CIE 2006 2° CMFs resulted in a larger chromaticity difference from ~0.004
to ~0.008 units for the larger FOV, while the two 10° CMFs resulted in similar chromaticity
differences for the two FOVs (i.e., closer to the diagonal line). For the three OLED displays (i.e.,
Displays B, C, and D), the CIE 2006 2° CMFs still had the best performance for all the six color
stimuli on average. Thus, though the size of the stimuli were increased in this experiment, the
results still did not support the CIE’s recommendation of using 10° CMFs for characterizing the
color of stimuli with an FOV greater than 4°.

Display A (LCD) always had the largest average Au’v’ values regardless of the CMFs, which
should be due to the significantly different primaries from the reference display. In contrast,
Display D always had the smallest average Au’v’ values regardless of the CMFs and all the
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CIE 1964 10° CMFs; (¢) CIE 2006 2° CMFs; (d) CIE 2006 10° CMFs.
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Fig. 12. Scatter plots of the areas of fitted 95% confidence error ellipses of the stimuli
adjusted by the 53 observers using the four CMFs between this experiment with an FOV ~
20.2° and part I with an FOV = 4.8° [24]. (a) Individual stimuli (6 stimuli x 4 displays x
4 CMFs =96 data points); (b) Average of the six stimuli for each display (4 displays x 4

CMFs = 16 data points).

Auw’v’ values were consistently smaller than 0.004 (i.e., 1 JND), which was believed due to the
very similar primaries as the reference display (note: Display D and the reference display were
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manufactured by the same supplier). In particular, the average Au’v’ values of the six stimuli for
the four displays were 0.0066, 0.0040, 0.0023, and 0.0024 respectively when calculated using the
CIE 1931 2° CMFs, which were 2.87, 1.74, 1.15, and 1.14 times of the MCDM values of the
intra-observer variations summarized in Fig. 5, suggesting the meaningfulness of the comparisons
among the displays. Therefore, it is obvious that the performance of the CMFs varied with the
primary sets.

When the CIE 1931 2° CMFs, the most widely used CMFs for display calibration and
characterization, were used, Display A (LCD) had the largest chromaticity differences Au’v’,
with all the values greater than 0.004 (i.e., 1 JND). As shown in Fig. 7, all the chromaticities of
Display A (LCD) were shifted towards the -u’+v’ direction, in relative to those of the reference
display. This implies that serious color mismatches would be perceived, if the color stimuli shown
on Display A (LCD) and the reference display were calibrated to have the same chromaticities
using the CIE 1931 2° CMFs. In particular, a stimulus appearing neutral on the LCD display
will appear to have a yellow-green tint on the OLED display, while a stimulus appearing neutral
on the OLED display will appear to have a pinkish tint on the LCD display. Both the color
mismatch and the appearance of the tint were consistent to our observations. More importantly,
the change of the CMFs cannot simultaneously reduce the Au’v’ values of the six color stimuli.
The decrease in the Au’v’ values for Stimuli 2 (green), 4 (purple), and 6 (neutral) always came
with the increase for Stimuli 1 (red), 3 (blue), and 5 (reddish purple). Thus, the performance of
the CMFs also varied with the color stimuli.

3.4. Performance of the four CMFs in characterizing observer metamerism

The degree of observer metamerism can be characterized based on the size of the 95% confidence
error ellipses shown in Fig. 6. In order to more clearly make the comparisons, we moved the
chromaticities of the stimuli shown on the reference display to the origin, and plotted the 95%
confidence error ellipse in Fig. 10, with the ellipse areas being summarized in Fig. 11.

It can be found that both the size and orientation of the ellipses were similar among the four
CMFs. The degrees of observer metamerism were very similar among the three OLED displays
(i.e., Displays B, C, and D), which were much smaller than that of Display A (LCD), especially
for Stimuli 3 (blue), 4 (purple), and 5 (reddish purple). Figure 12 compares the ellipse areas
between the results of this experiment and those in part I [24]. The datapoints were closer to
the diagonal line than those shown in Fig. 9, suggesting little effect of the FOV on the degree of
observer metamerism. It can be observed that the two 10° CMFs resulted in the smaller ellipses
area, suggesting that these two CMFs had better performance in predicting the variations among
the observers.

4. Conclusion

In this experiment, 53 human observers performed color match of six color stimuli using four
smartphone displays (i.e., one LCD display having an sRGB color gamut and three OLED
displays having P3 color gamuts) and a reference OLED smartphone display. The stimuli
were carefully selected in a physiological-based chromaticity diagram. In comparison to the
experiment setup in part I, a new apparatus was carefully designed and built. It not only made
the color stimuli produced by the test and reference displays to appear adjacent to each other,
allowing an easier color match for the observers, but also increased the field of view (FOV) from
4.77° to 20.2°, making the display size more similar to the typical viewing condition. Both the
inter- and intra-observer variations, as characterized using the mean color difference from the
mean (MCDM) values, were smaller than those in part I.

Large differences were found between the LCD and the reference OLED displays. The four
CMFs always had the worst performance in characterizing the color matches between the LCD
and the reference OLED displays. And the LCD display always introduced the greatest degree of
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observer metamerism. This suggested the importance of the color primaries, in terms of the peak
wavelengths and spectral shapes, to perceived color matches and observer metamerism.

On the other hand, the performance of the four CMFs, in terms of characterizing color matches
and observer metamerism, were very similar to those in part I. When using the CIE 1931 2° CMFs
to characterize the color matches, the chromaticities of the stimuli produced by the LCD display
were significantly different from those produced by the OLED displays, with the chromaticities
being shifted towards the -u’+v’ direction in the CIE 1976 «’v’ chromaticity diagram. This
suggests that if the LCD and OLED displays are calibrated to produce stimuli with the same
chromaticities using the CIE 1931 2° CMFs, the stimuli shown on the OLED display will have
a green-yellow tint if those shown on the LCD displays appear neutral. In addition, though
the stimuli in this experiment had an FOV of 20.2°, the CIE 2006 2° CMFs still had the best
performance among the four CMFs for all the displays, in terms of the average chromaticity
differences among stimuli with matched color appearance, which still failed to support the
recommendation using 10° for stimuli with an FOV beyond 4°. The performance of the CMFs
also varied with the color stimuli.
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