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Abstract: Displays with different primary sets were found to introduce perceived color mismatch
between stimuli that are computationally metameric and to affect the variations of the perceived
color difference of metameric stimuli among observers (i.e., observer metamerism). In this
study, computational analyses and psychophysical experiments were carried out to investigate
the possibilities of increasing the color gamut area of a commercially available liquid crystal
display (LCD) system using 16 three-primary sets, so that the perceived color difference of
the white point between the system and the reference display and observer metamerism can be
minimized. It was found the primary set with the peak wavelengths of 450, 525, and 665 nm was
able to increase the sRGB color gamut by 72.1% in the CIE 1931 chromaticity diagram, which
was found to have a strong correlation to the color volume of wide color gamut displays, while
introducing the minimal color mismatch to the white point of the reference display and observer
metamerism. The small white point color mismatch could be due to the similar wavelengths of
the blue and green primaries in comparison to the reference display. In addition, the experiment
results suggested that the CIE 2006 2° Color Matching Functions (CMFs) had better performance
in characterizing the color match of the white point than the CIE 1931 2°, 1964 10°, and 2006
10° CMFs, which could be due to the fact that the stimulus used in the experiment only had a
field of view (FOV) around 3.8°.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The color gamut is a critically important characteristic for a display. It decides the range of colors
which can be produced by a display, with a larger color gamut for producing a wider range of
colors. The releases of new recommendations for standard system colorimetries, from sRGB
[1], Adobe RGB [2], DCI-P3 [3], to Rec. 2020 [4], clearly suggest the preference for a larger
color gamut in the display industry. The color gamut of a display is fundamentally decided by its
primaries. A primary set with chromaticities closer to the boundary of a chromaticity diagram
(i.e., the spectrum locus) results in a larger color gamut.

Based on Grassmann’s laws [5], stimuli with the same chromaticities in the CIE chromaticity
diagram but composed of different primary sets should not be expected to introduce color
mismatch and the color-matching data should be easily transformed between different primary
sets [6]. Various psychophysical studies, however, suggested the failure of color match using
different primary sets [7–13]. Specifically, stimuli with same chromaticities but different spectra
were found to have perceived color difference [7,9,11] and stimuli that were visually match using
different primaries were found to have different chromaticities [8,10,12,13]. The failure of color
match using different primary sets was fundamentally caused by the failure of Grassmann’s
laws and the fact that the CIE chromaticity diagram does not represent the underlying cone
mechanisms in the human visual system [14]. Moreover, changing the primary set was also found
to cause observer metamerism, a phenomenon that the color appearance of a pair of color stimuli
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composed of two primary sets appear to match to one observer, but mismatch to other observers.
It was found that the degrees of observer metamerism (i.e., the variations of color differences
perceived by different observers) varied with the primary sets [15–21].
Four CIE Color Matching Functions (CMFs)—CIE 1931 2°, CIE 1964 10°, CIE 2006 2°,

and CIE 2006 10°—were developed to characterize the color match of an average color-normal
observer [22–24], as shown in Fig. 1. The CIE 1931 2° CMFs were derived based on the results
of two color matching experiments [25–27]; the other three CMFs were derived based on the
works of Stiles and Burch [28] and Speranskaya [29]. In addition, a model was developed to
characterize the effects of field size and age on cone fundamentals in 2006 [23], which allowed
transformations to different corresponding CMFs [24]. In this article, we refer the two sets of
CMFs in [24] as the CIE 2006 2° and 10° CMFs. Various factors, such as lens optical density,
macular pigment optical density, and photopigment optical density, were also found to cause
variations in CMFs. In 2015, Asano proposed an individual colorimetric observer model [30]
based on the CIE 2006 physiological observer model. The individual colorimetric observer
model characterizes the possible variations caused by eight physiological parameters, together
with age and field of view (FOV), to derive the individual cone fundamentals and CMFs. Though
the CMFs vary from person to person, it is critically important to investigate the performance of
the CMFs for an average color-normal observer due to the wide adoption in manufacturing and
quality control processes.

Fig. 1. Illustration of the four CIE CMFs.

The main objective of this study was to investigate the possibility of increasing the color gamut
of a display system using three-primary sets, with a goal to minimize the observer metamerism
and the perceived color difference of the white point between the system and a commercially
available liquid crystal display (LCD). The a prior hypothesis was that certain primary sets can
increase the color gamut while having the smallest observer metamerism of the white point
in comparison to a commercially available LCD display. Computational analyses based on
1000 individual CMFs were performed, and psychophysical experiments, in which the human
observers performed color match of the white point using 16 primary sets, were carried out for
validation.

2. Experiment setup

2.1. Apparatus

The experiment was carried out using two devices which were placed side-by-side to produce
color stimuli. An iPad Air 2, whose LCD display was covered by a piece of black paper with a 4
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cm × 4 cm opening cut in the center, was used to produce the reference stimulus. An 11-channel
spectrally tunable LED device, together with a diffusing chamber, was used to produce the
matching stimuli. The interiors of the diffusing chamber were painted in white and a diffuser was
placed inside the chamber. An additional diffuser was placed at the opening of the chamber to
make the matching stimulus close to a Lambertian stimulus. Similarly, a black paper with 4 cm
× 4 cm opening cut in the center was placed in front of the diffuser, so that the matching stimulus
had the same size as the reference stimulus. The distance between the two stimuli were 22 cm. A
chin rest was mounted 60 cm in front of the two stimuli, with the observer’s sagittal plane being
aligned with the center between the two stimuli during the experiment. Therefore, each stimulus
occupied an FOV around 3.8° and the viewing angle between the two stimuli was around 20°.
The observers were free to move their eyes and to view the stimuli successively or simultaneously
during the experiment. Figure 2 shows the schematic illustration of the experimental setup and
the photograph taken at the observer’s eye position during the experiment.

Fig. 2. Schematic illustration of the experimental setup and the photograph taken at the
observer’s eye position during the experiment.

2.2. Reference stimulus and primary sets

The reference stimulus produced by the iPad was calibrated to have chromaticities around D65
with a luminance L10 around 250 cd/m2, with the measured spectral power distribution (SPD)
producing a correlated color temperature (CCT) of 6485 K, a Duv of +0.0041, and a luminance
L10 of 253 cd/m2 (note: subscript 10 refers to the calculations using the CIE 1964 10° CMFs).
Eight of the 11 channels, three with peak wavelengths in the longer wavelength region (labeled
as R1-R3), two in the middle wavelength region (labeled as G1 and G2), and three in the
shorter wavelength region (labeled as B1-B3), in the spectrally tunable LED device were used
as the primaries of the matching stimulus. Figure 3 shows the SPDs of the reference stimulus
and the eight primaries at full intensity which were measured using a JETI specbos 1211UV
spectroradiometer at the observer’s eye position. Table 1 summarizes the colorimetric and
photometric characteristics of the eight primaries.
These eight channels resulted in 18 primary sets, with each set including one from R1 to R3,

one from G1 and G2, and one from B1 to B3. The primary sets were calibrated using a piecewise
linear interpolation assuming constant chromaticity coordinates (PLCC) model and the CIE
1964 CMFs. The performance of the reverse model (i.e., converting X10Y10Z10 values to RGB
values) were evaluated using the 24 colors in the Macbeth ColorChecker, with the average color
difference of 3 in ∆E00 units. Two of the 18 sets (i.e., R1G1B3 and R1G2B3) were discarded in
the experiment, since they were not able to cover a large gamut across 3000 and 10000 K at a
luminance of 250 cd/m2 due to the hardware design. Therefore, only 16 primary sets were used
in the experiment.
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Fig. 3. SPDs of the reference stimulus and the eight primaries at the full intensity.

Table 1. Colorimetric and photometric characteristics of the eight primaries based on the
measured SPDs

Primary
Peak wavelength

(nm)
Dominant

wavelength (nm)
FWHM
(nm) x10 y10 L10 (cd/m2) u’10 v’10

B1 425 436 15 0.1655 0.0255 70.6 0.2225 0.0771

B2 450 454 18 0.1500 0.0474 213.7 0.1836 0.1305

B3 475 478 26 0.1066 0.1896 435.0 0.0842 0.3371

G1 505 506 32 0.1103 0.6418 559.6 0.0421 0.5511

G2 525 530 36 0.2243 0.7056 689.6 0.0814 0.5763

R1 600 595 16 0.6118 0.3874 165.9 0.3809 0.5426

R2 640 625 21 0.6888 0.3104 199.5 0.5153 0.5224

R3 665 642 19 0.7052 0.2924 125.1 0.5533 0.5162

For each primary set, a customized program was developed based on the PLCC model, so
that the four arrow keys on a Bluetooth keyboard can remotely adjust the chromaticities of the
matching stimulus in the CIE 1976 u’10-v’10 chromaticity diagram at the constant L10 value of
250 cd/m2. The left and right arrow keys allowed the adjustments along the blackbody locus
with a step of 2 mireds unit (i.e., 106 K−1); the up and down arrow keys allowed the adjustments
perpendicular to the blackbody locus with a step of 0.0008 u’10v’10 unit. All the adjustments
were started at the stimulus with a CCT of 7000 K and a Duv of +0.04, which had a significant
color difference from the reference stimulus. Figure 4 shows the chromaticities of the eight
primaries, the reference stimulus, and the starting point, together with the chromaticity ranges
of the 16 primary sets with the L10 at 250 cd/m2. Table 2 summarizes the color gamut areas of
the 16 primary sets, the reference display, and the four standard color gamuts in the CIE 1931
chromaticity diagram and the CIE 1976 UCS chromaticity diagram.
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Fig. 4. Chromaticities of the eight primaries, the reference stimulus, and the starting point,
together with the chromaticity ranges of the 16 primary sets with the L10 at 250 cd/m2.

Table 2. Color gamut areas of the 16 primary sets and the standard color gamuts in the CIE 1931
chromaticity diagram and CIE 1976 UCS chromaticity diagram

Primary set CIE 1931 CIE 1976 L (cd/m2) L10 (cd/m2) Primary set CIE 1931 CIE 1976 L (cd/m2) L10 (cd/m2)

R1G1B1 0.152 0.082 375 335 R2G2B2 0.185 0.113 794 730

R1G1B2 0.151 0.076 366 324 R2G2B3 0.168 0.071 660 564

R1G2B1 0.146 0.075 481 453 R3G1B1 0.180 0.135 443 387

R1G2B2 0.145 0.069 453 422 R3G1B2 0.179 0.125 434 377

R2G1B1 0.170 0.124 643 555 R3G1B3 0.163 0.076 397 329

R2G1B2 0.169 0.114 629 540 R3G2B1 0.194 0.134 595 558

R2G1B3 0.154 0.069 578 475 R3G2B2 0.193 0.124 564 524

R2G2B1 0.185 0.121 837 777 R3G2B3 0.174 0.077 458 396

Reference 0.163 0.143 236 252

sRGB 0.112 0.065 Rec 2020 0.212 0.112

DCI-P3 0.152 0.081 Adobe RGB 0.151 0.076

3. Computational analysis

The computational analyses were performed using 1000 individual CMFs, based on the individual
colorimetric observer model proposed by Asano [30]. It was used to simulate as if the color
matching experiment was performed by these 1000 observers. These CMFs were derived using
the Monte Carlo method, with the input age fixed at 25, which was estimated to be the average
age of the observers of the experiment, and the FOV of 4°, which was similar to our experimental
setup. Figure 5 shows these 1000 CMFs. Each of these 1000 CMFs was used to derive three
scalers for the matching stimulus, with each scaler for one primary in a primary set, so that the
reference and matching stimuli had the same tristimulus values using this CMF. Thus, a total of
1000 matching stimuli were derived for each primary set.

The one-standard-deviation ellipses [31] were fitted based on the chromaticities calculated
using these 1000 SPDs and the four CMFs (i.e., the CIE 1931 2°, CIE 1964 10°, CIE 2006 2°,
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Fig. 5. 1000 individual CMFs used in the computational analyses. These CMFs were
derived based on the individual colorimetric observer model proposed by Asano [30], with
the input age of 25 and the FOV of 4°.

and CIE 2006 10° CMFs), as shown in Fig. 6. The areas of the ellipses and the chromaticity
distances between the reference stimulus and the average of the 1000 chromaticities are shown in
Fig. 7, with the numerical values summarized in the Appendix (Table 3).

The area of the ellipse can be used to characterize whether a certain primary set caused large
inter-observer variations. It can be observed that the three primary sets— R1G2B2, R2G2B2,
and R3G2B2—resulted in the smallest variations among the observers, regardless of the CMFs.
In addition, the primary sets including B3 always caused much larger inter-observer variations
than other primaries. Moreover, the sizes and orientations of the four ellipses for each primary
set were always similar, suggesting the variations among individuals were similar in comparison
to an average observer as characterized using a typical CMF.

In addition, the computational results suggested that the shifts of the red primary from R1 to R2
to R3 can increase the color gamut by 27.8 and 32.9% respectively in the CIE 1931 chromaticity
diagram, as shown in Fig. 8, while introducing little observer metamerism and metamerism
failure. Using the primary set R3G2B2 can increase the color gamut area of sRGB by 72.1%. It is
worthwhile to mention that the color gamut calculated in the CIE 1931 chromaticity diagram was
found to have a higher correlation to the gamut volume than those calculated in other chromaticity
diagram for wide color gamut displays [31].

The distance between the average adjusted chromaticities and the chromaticities of the reference
stimulus can be used to characterize whether a certain CMF can be applied to characterize the
color match of the stimuli produced using the two primary sets (i.e., the one used for color match
and the one used for producing the reference stimulus). The average chromaticity differences of
the 16 primary sets were 0.0160, 0.0101, 0.0117, and 0.0115 in u’v’ units for the CIE 1931 2°,
CIE 1964 10°, CIE 2006 2°, and CIE 2006 10° CMFs respectively, suggesting no significant
differences among the four CMFs on average. The three primary sets—R1G2B2, R2G2B2,
and R3G2B2—also had the smallest chromaticity distances, in addition to the ellipse areas. It
suggested that the white point of a display using these three primary sets would have smallest
color differences to the reference stimulus, if they were calibrated using the four CMFs.
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Fig. 6. One-standard-deviation ellipses fitted based on the 1000 chromaticities, which
were calculated using 1000 SPDs and the four CMFs, under each primary set and the
chromaticities of the reference stimulus calculated using the four CMFs. These 1000 SPDs
were derived using each of the 1000 individual CMFs to achieve a mathematical color match
to the reference stimulus. For illustration purposes, the blackbody loci are plotted using the
CIE 1964 10° CMFs.
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Fig. 7. (a) Areas of the ellipses shown in Fig. 6 for the different primary sets. The larger
the ellipse area, the larger the inter-observer variation when using a certain primary set; (b)
Chromaticity distances between the center of the ellipses and reference stimulus shown in
Fig. 6 for the different primary sets. The smaller the chromaticity distance, the better the
performance of a CMF in characterizing the color match. The three primary sets having the
smallest areas and distances are highlighted with a red *.
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Fig. 8. Comparisons of color gamuts enclosed by the three primary sets—R1G2B2,
R2G2B2, and R3G2B2—and the sRGB gamut.

4. Psychophysical experiments

The experiment was carried out in the Color and Illumination Laboratory at The Hong Kong
Polytechnic University. The procedure and protocol of the experiment were approved by the
Institutional Review Board at The Hong Kong Polytechnic University.

4.1. Observers

Eight observers (two females and six males) between 21 and 31 years of age (mean= 25, std.
dev.= 3.2) completed the experiment. All the observers had a normal color vision, as tested
using the Ishihara Color Vision Test, and none of them had prior knowledge about the study.

4.2. Experimental procedures

Upon arrival, the observer completed the general information survey and the Ishihara Color
Vision Test. Then the experimenter explained the procedure and task to the observer and escorted
the observer to the equipment. The observer was asked to fix his or her chin on the chin rest
throughout the experiment. The experimenter read the instructions and answered questions raised
by the observer. Then the general illumination in the space was switched off and the observer
was adapted in the dark condition for two minutes.

The reference stimulus, which was produced by the iPad, was presented on the left; the
matching stimulus which was produced by the spectrally tunable LED device with the starting
chromaticities described above was presented on the right. Both devices had been switched on for
30 minutes prior to the experiment for stabilization. The observer was asked to adjust the color
appearance of the matching stimulus to match the color appearance of the reference stimulus as
similar as possible using the four arrow keys on the keyboard. As described in Section 2.2, the
left and right arrows allowed the adjustments along the blackbody locus; the up and down arrows
allowed the adjustments perpendicular to the blackbody locus. The observer was allowed to take
as much time as he or she needed. Once he or she confirmed the best match, he was asked to
press the enter key to proceed to the next primary set. The same procedure was followed for each
primary set. Each observer completed the color match using four of the 16 primary sets twice for
evaluating the intra-observer variations, with a total of 20 matches. The order of the 20 matches
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was randomized. The entire experiment took around 30 minutes for each observer. In total, 160
matches were made.

4.3. Results

The SPDs of all the matched stimuli that were adjusted by the observers were measured after the
completion of the experiment using the JETI spectroradiometer from the observer’s eye positon.
These SPDs were used to derive photometric and colorimetric values. It was found the values
of L10 derived from the measured SPDs were 2.2% higher than the values calculated using the
PLCC model on average.

4.3.1. Intra- and inter-observer variations

Figure 9 shows the chromaticities, together with the one-standard-deviation ellipses, adjusted
by all the observers using each primary set. The intra- and inter-observer variations were
characterized using the mean color difference from the mean (MCDM) in the CIE 1976 u’10-v’10
chromaticity diagram. The intra-observer variation was evaluated using the differences between
the chromaticities that were adjusted by each observer twice using each of the four primary sets,
which resulted in the MCDM values between 0.0012 and 0.0033, with a mean of 0.0020 in
u’10v’10 units. The chromaticities and the fitted ellipses of these repeated adjustments are also
shown in Fig. 9.

Fig. 9. Chromaticities of the stimuli adjusted by the observers, together with the fitted
one-standard-deviation ellipse, using each primary set to match the color appearance of the
reference stimulus whose chromaticities are labeled with +. The chromaticities and ellipses
in blue are the repeated adjustments.

The inter-observer variation was evaluated using the differences between the chromaticities
adjusted by each observer and the average chromaticities adjusted by all the observers (i.e., an
average observer) for each primary set with a mean MCDM values of 0.0057 in u’10v’10 units.
Figure 10 shows the inter-observer variation of each primary set, based on the MCDM value and
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the area of the fitted one-standard-deviation ellipse. Both the intra- and inter-observer variations
were comparable to past studies [8,32,33].

Fig. 10. Inter-observer variation of each primary set, in terms of the mean color difference
from the mean in u’10v’10 units and the area of the fitted one-standard-deviation ellipse.

4.3.2. Effects of primary sets and CMFs on color matching

Figure 11 shows the one-standard-deviation ellipses that were fitted using the chromaticities of
the stimuli adjusted by the observers, which were calculated using the four CMFs, with the ellipse

Fig. 11. One-standard-deviation ellipses fitted based on the chromaticities of the matched
stimuli, which were calculated using the SPDs adjusted by the observers and the four
CMFs, and the chromaticities of the reference stimulus calculated using the four CMFs. For
illustration purposes, the blackbody loci are plotted using the CIE 1964 10° CMFs.
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area and the distance between the average chromaticities of the adjusted and reference stimuli
being shown in Fig. 12 and the numerical values being summarized in the Appendix (Table 3).

Fig. 12. (a) Areas of the ellipses shown in Fig. 11; (b) Chromaticity distances between the
center of the ellipses and reference stimulus shown in Fig. 11. The three primary sets having
the smallest areas and distances are highlighted with a red *.

The experiment results showed that the four primary sets using B3 (i.e., R2G1B3, B3G1B3,
R2G2B3, and R3G2B3) resulted in much larger variations among the observers, which was
similar to the computational analyses. The average chromaticity distances between the matched
stimuli using different primary sets and the reference stimulus were 0.0123, 0.0109, 0.0072,
and 0.0124 in u’v’ units for the CIE 1931 2°, CIE 1964 10°, CIE 2006 2°, and CIE 2006 10°
CMFs respectively, which suggested that the CIE 2006 2° CMFs had the best performance to
characterize the color matches using these primary sets. Similar as the computational results,
the three primary sets—R1G2B2, R2G2B2, and R3G2B2—resulted in the smallest variations
among the observers and also had the smallest color differences in comparison to the reference
stimulus as characterized using these four CMFs.

5. Discussions

5.1. Comparisons between experiment results and computational analyses

It can be observed that the centers of the ellipses in Fig. 11 were closer to the starting point than
those in Fig. 6. This could be due to the fixed starting point used in the experiment, while a
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recent study suggested to use multiple starting points that were uniformly distributed around
the expected end point to avoid a starting point bias [34]. In addition, the ellipses in Figs. 6
and 11 had similar orientations for most primary sets. Figure 13 compares the ellipse areas
and chromaticity distances derived from the experiment, in comparison to the computational
analyses. As shown in Fig. 13(a), the observer variations were only underestimated in the
computational analyses when the primary set R1G2B2 was used. For the other 15 primary sets,
the ellipses derived from the experiment consistently generally had similar areas in comparison
to those derived from the computational analyses, with all the four CMFs resulting only 1%
average difference. Similarly, the primary set R1G2B2 also caused the largest differences, in
terms of the chromaticity difference between the stimuli adjusted by an average observer and the
reference stimulus, between the experiment and computational analyses, as shown in Fig. 13(b).
In comparison to the computational analyses, the average chromaticity differences of all the 16
primary sets derived from the experiment were 19% and 34% smaller when the CIE 1931 2° and
CIE 2006 2° CMFs were used, while they were 13% and 14% larger when the CIE 1964 10°
and CIE 2006 10° CMFs were used. Therefore, the individual colorimetric observer model was
generally a good tool for estimating individual color matches, but may not always be accurate for
different primary sets.

Fig. 13. Comparisons between the experiment results and computational analyses, as
reported in Figs. 6 and 11. (a) Ratio of the ellipse area; (b) Ratio of the chromaticity distance.
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5.2. Effects of primary sets

The best performance of the three primary sets (i.e., R1G2B2, R2G2B2, and R3G2B2), as found
in the computational analyses and the experiment, was likely due to the similar wavelength ranges
of the blue and green primaries between the primary sets and the reference stimulus, as shown
in Fig. 3. When the spectra of two stimuli match, CMFs would no longer significantly affect
the color match. The insignificant effect of the red primary could be due to the fact that the
CMFs in the red wavelength regions generally have much gentler slopes (i.e., the first order
derivative of the CMF value to the wavelength was small) and become less sensitive to the shifts
in this region. On the other hand, the wavelengths of the primaries of these three sets, especially
B2 and G2, were also found to allow good color matches in a recent study [8], which used a
smooth broadband source as a reference stimulus. In addition, the wavelengths of the B2 and G2
and those of the reference stimulus were close to the “prime-color” (PC) regions identified in
Thornton [35,36].

With the stimuli and primaries used in this study, it was difficult to explain why the three
primary sets had the best performance. In order to better understand the underlying good
performance of the primaries in these wavelength regions, reference stimuli with various SPDs
(e.g., broadband SPDs and SPDs composed of primaries at various wavelength regions) should
be used in future studies.

The effects of primary sets can also be investigated by looking at how the change of individual
primary affected the adjusted chromaticities. Figure 14 shows the shift of the average adjusted
chromaticities that were calculated using the four CMFs when only one primary was switched.
For example, the first column in Fig. 14 shows the average chromaticity shifts when the red
primary was switched from R1 to R2, and R2 to R3, while the green and blue primaries were fixed.
It can be observed that the two 2° CMFs—Figs. 14(a) and 14(c)—had the similar chromaticity
shift directions, in response to the change of a primary, while the two 10° CMFs—Figs. 14(b)
and 14(d)—had the similar shifts. More importantly, it can be observed that the change of the
blue primary generally introduced the largest shifts, while the change of the red primary had the
smallest shifts.

5.3. Individual observers

The variations of individual observers merit further discussions. For each primary set, the sizes
and orientations of the four ellipses, which were derived based on the chromaticities calculated
using the four CMFs, were generally similar, as shown in Fig. 11. The shifts from the average
chromaticities (i.e., the average observer) to the chromaticities of the adjusted stimuli are plotted
for each observer in Fig. 15. It can be observed that the chromaticities of the stimuli adjusted
by some observers were consistently shifted towards a certain direction, in comparison to an
average observer. For example, the chromaticities adjusted by Observer 3 were consistently
shifted towards the direction of positive u’ and negative v’ in comparison to an average observer.

5.4. Experiment setup

Last but not the least, the experiment setup used in the psychophysical experiments merits further
comments. During the experiment, the observer was free to look at the reference and matching
stimuli successively or simultaneously, as the stimuli were not next to each other. This could
lead to the stimuli being imaged on different retinal regions and cause differences due to the
non-uniform distributions of the macular pigment at different retinal locations [14]. It is difficult
to predict how this affected the results, but it needs to be considered in future experiments.
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Fig. 14. Chromaticity shifts of an average observer, as characterized using the four CMFs,
due to the shifts of a single primary from a shorter to a longer wavelength, while the other
two primaries were fixed. (a) CIE 1931 2° CMFs; (b) CIE 1964 10° CMFs; (c) CIE 2006 2°
CMFs; (d) CIE 2006 10° CMFs. (Note: some combinations only had the primary shifts
once. For example, when G1 and B1 were fixed, R was switched from R1 to R2 to R3; when
G1 and B3 were fixed, R was only switched from R2 to R3).
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Fig. 15. Shifts from the average chromaticities adjusted by the observers (i.e., an average
observer) to the chromaticities of the stimuli adjusted by each observer using the 16 primary
sets. The calculations were also performed using four CMFs. In total, there are 64 arrows in
each figure, with 16 arrows in each color (i.e., each CMF set).

6. Conclusion

Computational analyses and psychophysical experiments were performed to investigate the
possible increase of color gamut of a commercially available LCD display system by changing
the primaries, while minimizing the perceived color differences of the white point and observer
metamerism. Sixteen real primary sets that were composed of three blue, two green, and three
red primaries were considered to match the white point of a reference display. The computational
analyses employed 1000 individual CMFs that were derived using the individual colorimetric
observer model [30] to achieve a computational color match to the white point of the reference
display. The psychophysical experiments involved eight human observers to perform color
match using stimuli with an FOV around 3.8°. The computational analyses and psychophysical
experiments generally suggested similar effects of primary sets and CMFs, while significant
differences existed for some specific primary set. It was found the primary set with the peak
wavelengths of 450, 525, and 665 nm was able to increase the color gamut by 72.1% in the CIE
1931 chromaticity diagram [37] while introducing the minimal color mismatch to the white point
of the reference display and the observer mismatch. In addition, the psychophysical experiment
results suggested that the CIE 2006 2° CMFs on average had the best performance to predict the
perceived color difference of the white point between these 16 primary sets and the reference
display. Future experiments involving more observers and stimuli with different types of SPDs
and primaries are needed to better understand observer metamerism.
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Appendix

Table 3. Numerical values of the areas of the ellipses and the chromaticity distances between the
center of the ellipses and reference stimulus shown in Fig. 7 (computational analyses) and Fig. 12

(psychophysical experiments).

Area of ellipse Chromaticity distance

CIE 1931 CIE 1976 CIE 2006 2° CIE 2006 10° CIE 1931 CIE 1976 CIE 2006 2° CIE 2006 10°

C
om

pu
ta

tio
na

la
na

ly
sis

R1G1B1 1.78E-04 1.84E-04 1.91E-04 1.87E-04 8.32E-03 1.20E-02 8.02E-03 1.32E-02

R2G1B1 3.54E-04 3.30E-04 3.77E-04 3.34E-04 1.45E-02 1.42E-02 1.41E-02 1.65E-02

R3G1B1 4.70E-04 4.30E-04 5.00E-04 4.34E-04 1.82E-02 1.52E-02 1.66E-02 1.76E-02

R2G1B3 4.04E-04 2.97E-04 3.51E-04 2.94E-04 2.92E-02 1.46E-02 1.92E-02 1.72E-02

R1G1B2 5.31E-05 5.07E-05 5.08E-05 5.17E-05 8.58E-03 8.09E-03 5.75E-03 8.63E-03

R2G1B2 1.54E-04 1.33E-04 1.46E-04 1.35E-04 1.75E-02 1.10E-02 1.35E-02 1.28E-02

R3G1B2 2.48E-04 2.10E-04 2.35E-04 2.12E-04 2.13E-02 1.22E-02 1.63E-02 1.41E-02

R3G1B3 5.50E-04 3.97E-04 4.77E-04 3.91E-04 3.25E-02 1.58E-02 2.19E-02 1.83E-02

R1G2B1 1.19E-04 1.21E-04 1.27E-04 1.23E-04 1.48E-02 9.18E-03 8.12E-03 9.90E-03

R2G2B1 1.13E-04 1.07E-04 1.21E-04 1.08E-04 1.29E-02 9.29E-03 8.04E-03 1.01E-02

R3G2B1 2.21E-04 2.04E-04 2.34E-04 2.06E-04 1.40E-02 9.81E-03 9.40E-03 1.07E-02

R2G2B3 2.51E-04 1.77E-04 2.17E-04 1.74E-04 2.25E-02 1.01E-02 1.45E-02 1.18E-02

R1G2B2 1.18E-05 1.10E-05 1.13E-05 1.12E-05 2.59E-03 2.22E-03 2.27E-03 2.19E-03

R2G2B2 2.08E-05 1.81E-05 1.99E-05 1.83E-05 5.30E-03 3.02E-03 5.17E-03 3.51E-03

R3G2B2 4.19E-05 3.58E-05 4.00E-05 3.61E-05 8.27E-03 4.15E-03 7.21E-03 4.60E-03

R3G2B3 3.40E-04 2.36E-04 2.94E-04 2.31E-04 2.50E-02 1.09E-02 1.66E-02 1.25E-02

Ps
yc

ho
ph

ys
ic

al
ex

pe
ri

m
en

t

R1G1B1 6.04E-05 6.41E-05 6.47E-05 6.52E-05 1.19E-02 1.17E-02 4.38E-03 1.33E-02

R2G1B1 1.83E-04 1.73E-04 1.95E-04 1.75E-04 1.02E-02 1.48E-02 7.41E-03 1.71E-02

R3G1B1 2.17E-04 1.99E-04 2.32E-04 2.01E-04 1.14E-02 1.69E-02 7.91E-03 1.93E-02

R2G1B3 4.68E-04 3.38E-04 4.05E-04 3.33E-04 2.15E-02 1.56E-02 1.24E-02 1.85E-02

R1G1B2 4.28E-05 4.18E-05 4.08E-05 4.25E-05 3.27E-03 5.87E-03 3.42E-03 6.80E-03

R2G1B2 1.24E-04 1.08E-04 1.18E-04 1.09E-04 7.69E-03 1.26E-02 5.94E-03 1.44E-02

R3G1B2 3.36E-04 2.87E-04 3.19E-04 2.90E-04 1.17E-02 1.43E-02 9.13E-03 1.59E-02

R3G1B3 4.74E-04 3.34E-04 4.09E-04 3.28E-04 2.86E-02 1.46E-02 1.78E-02 1.67E-02

R1G2B1 8.50E-05 8.80E-05 9.06E-05 8.97E-05 1.62E-02 1.04E-02 5.37E-03 1.16E-02

R2G2B1 1.29E-04 1.24E-04 1.37E-04 1.25E-04 1.49E-02 9.37E-03 5.95E-03 9.90E-03

R3G2B1 1.18E-04 1.12E-04 1.26E-04 1.13E-04 1.72E-02 1.09E-02 6.43E-03 1.17E-02

R2G2B3 3.90E-04 2.69E-04 3.37E-04 2.64E-04 1.36E-02 1.35E-02 7.48E-03 1.59E-02

R1G2B2 8.18E-05 7.73E-05 7.86E-05 7.85E-05 3.78E-03 4.80E-03 3.67E-03 5.35E-03

R2G2B2 4.43E-05 3.89E-05 4.26E-05 3.93E-05 2.88E-03 2.97E-03 3.01E-03 3.15E-03

R3G2B2 6.39E-05 5.49E-05 6.16E-05 5.54E-05 3.95E-03 4.34E-03 3.60E-03 4.51E-03

R3G2B3 4.19E-04 2.82E-04 3.60E-04 2.76E-04 1.81E-02 1.19E-02 1.11E-02 1.41E-02
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