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Color Vision Improvement of Anomalous
Trichromats Based on a Wide-Color-Gamut Display

Jiafei Ma , Guan Wang, Cong Wang, Binghui Yao, Linxiao Deng , Chun Gu, and Lixin Xu

Abstract—Compared with normal color vision observers (NOs),
anomalous trichromats (AT) have anomalous color vision responses
owing to differences in cone sensitivity. The wide-color-gamut dis-
play provides a promising solution to this problem. Herein, we
propose a color discrimination experiment based on a wide-color-
gamut display. The observers’ abilities to discern colors in various
color directions were tested. The experimental findings were con-
firmed by simulations based on the shifting of the photopigments
spectral absorption. It is concluded that the wide-color-gamut
display significantly improves the color perception ability of AT,
while proper light source optimization significantly enhances the
visualization of AT. The study findings show that this AT-based,
color vision model, may open up opportunities for future visual
perception and biomedical applications.

Index Terms—Anomalous trichromats, color discrimination,
color gamut volume, laser display.

I. INTRODUCTION

HUMAN color vision is based on the response of three cone
photoreceptors located in the retina: L-, M-, and S-cone

cells. Millions of cone cells are closely packed in the retina.
They can be classified as long-, middle-, and short-wavelength-
sensitive (L, M, and S) according to the peak positions of their
relative sensitivities. The human eye perception of colors is the
comprehensive result of the effects of different light radiations
on the three visual pigments. Understanding the spectral sen-
sitivity of long-wavelength sensitive (L-), medium-wavelength
sensitive (M-), and short-wavelength sensitive (S-) wavelength-
sensitive cone types is essential for the modeling of human
color vision and the practical application of color matching and
color specification. The derivation of cone fundamentals from
psycho-physical data has been based on the work of Vos and
Walraven [1], Smith and Pokorny [2], Stockman, Macleond and
Johnson [3], and finally on Stockman, Sharpe and Fach [4] and
Stockman and Sharpe [5].
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People with color vision deficiency have abnormal cone
cells, which arise from alterations in the gene encoding opsin
molecules [6]. This leads to defects in the three-dimensional
color vision of the anomalous trichromats (AT). According
to the spectral shift of either the L-photopigment or the M-
photopigment, AT is classified into several classes. The AT’s L-
or M-photopigment is identical with the exception of 15 of their
364 amino acids. The absorption maxima deviated by 31 nm
[7]. The absorption spectrum of the M-photopigment can be
converted completely to that of the L-photopigment only if the
amino acids at positions 116, 180, 230, 233, 277, 285, and 309
are changed to those found in the L-photopigment. If any of the
above positions of amino acids on two visual proteins in the cone
cells is changed, a spectral shift related to normal cone cells will
occur, which results in the approach between L and M sensitivity
curves.

A lot of work has been done to simulate the color vision of
AT, including experimental verification. Machado proposed AT
can vary from mild to severe depending the amount of shift
found in the peak sensitivity of the phtopigments [8]. Linhares
found that even small changes in optical density and maximum
sensitivity spectral position affect the display color gamut of
anomalous observers when the method of visual cell-sensitive
curve offset was used [9]. Simulations of anomalous color vision
were calculated by fixating the optical density of the M and
L cones and varying their spectral position or by fixating the
anomalous spectral shift and by independently varying the M or
L cones optical density. The display color gamut was estimated
and its area in CIE 1976 UCS. Perales analyzed the effects
of different light sources on the color discrimination ability of
people by comparing their Rösch–MacAdam color volume [10].
The DeMarco et al. [11] data for spectral sensitivities were used
to represent average AT. His theory is based on the assumption
for the protanomalous a separation between the M and L’ cone
pigments of 10 nm and for the deuteranomalous a separation
between the M’ and L cone pigments of 6 nm. Yaguchi et
al. proposed a multispectral imaging method to simulate the
color appearance of AT [12]. He assumed that AT possess a
protanomalous (green shifted) or deuteranomalous (red shifted)
pigment instead of a normal (L or M) one. Luminance and two
opponent color channels are converted into XYZ tristimulus
values and then transformed into sRGB to reproduce a final
image of AT. In the experiment, he tested the discrimination
threshold of wavenumber shift of nine observers for simulation
images of a deuteranope and a protanope. Traditionally, the
different types of color defects are characterized by the Rayleigh
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Fig. 1. Comparison of three color gamuts of the laser projector in CIE XYZ
chromaticity diagram.

color matching, where the observer matches a spectral yellow
to a mixture of spectral red and green. There may be specific
limitations of the Rayleigh matching range as a measure of color
discrimination [13].

Previous studies have focused on calculating the color gamut
volume of the light source specified by CIE, or optimizing the
spectrum to increase the AT’s color gamut volume, or using
Rayleigh matching to process the AT-perceived image. There
is little research on the perception of AT in display scenarios.
There is also no related work showing the color improvement
of AT in a wide-color-gamut system. In the display system, the
influence of brightness cannot be ignored. Compared with the
flat color gamut, the three-dimensional color gamut based on a
more uniform color space can describe the impact of brightness
on the color gamut. It is critical to know which parts of the AT
color gamut are missing or abnormal in the display. The light
source of the laser display can be switched, and the color of
these defects can be enhanced in a targeted manner, which is
our purpose.

In this paper, we propose and demonstrate a method for
measuring color gamut volume. Based on color discrimination
experiments, it was proved that the wide-color-gamut display
significantly improved the color perception ability of AT. More-
over, an efficient and fast algorithm was proposed to calculate
the color gamut volume of AT in a display. The color gamut
volume of AT can be optimized by changing the wavelength
and spectral width of the light source.

II. DESIGN OF COLOR DISCRIMINATION EXPERIMENT

Thornton hypothesized that a high-color-discrimination light
source can enhance the color discrimination ability of people
with color vision deficits [14]. Based on the minimum percep-
tion threshold experiment, the color discrimination ability of
observers in all color directions was obtained by discriminating
a series of colors. Three color gamuts of display devices were
selected for the experiments. Fig. 1 shows a comparison of three
color gamuts of the laser projector on the CIE XYZ chromaticity

TABLE I
THREE COLOR GAMUTS OF LASER PROJECTOR IN THE COLOR DISCRIMINATION

EXPERIMENT

diagram. For comparison, a color discrimination experiment
was conducted for AT and NOs with the laser projector. Subse-
quently, the volume of the CIELAB color space and the number
of discernible colors were calculated and used for the estimation
of color diversity [15].

A. Experimental Setup

In the experiment, the projector was a laser projector manu-
factured by Barco and the model is 20C. For convenience, the
color gamut of the projector is named as the small, medium,
and maximum color gamut of the laser projector. These color
gamuts were determined by adjusting the power ratio of each
primary through the control panel of the projector. Table I shows
the color coordinates of the three primary colors R, G, and B,
and the white point W on the CIE XYZ chromaticity diagram,
where the color coordinates were measured with a Konica
CS2000 colorimeter. Before starting the experiment, the RGB
coordinates of the color gamut of the projector were calibrated
by changing the coordinates of the control panel, and calibrating
with the actual measurement values of the colorimeter until the
difference between the two is less than ± 0.002. The luminance
of the laser display was adjusted 200 ± 20 cd/m2 to ensure that
the pattern could be observed in bright vision. The luminance of
the three color gamuts are listed in Table I. In these luminance
conditions, the response of the rod cells in the human eye is
suppressed, and the response of the cone cells becomes dominant
[16]. Experiments were performed in the three color gamuts to
obtain the number of discernible colors in each gamut.

The psychological perception attributes of human eye color
stimulation can be divided into lightness, chroma and hue an-
gle. Based on this, the following color block experiment was
designed. The specific experimental device is shown in Fig. 2.
Nine color patches of the same size and hue were generated
using an algorithm developed in MATLAB (version R2019b,
MathWorks, Natick, MA, USA). The only difference is that one
of the color patches was slightly more saturated compared with
the other eight patches. The observers sat at 9.35 m in front of
the laser projecting screen. This distance met the requirements
of a 2-degree field-of-view (FOV) of the color block and a
10-degree FOV of the entire color discrimination page. Nine
male observers (three deutans, four protans and two normal
trichromats) aged 24–29 years participated in the experiment.
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Fig. 2. Color discrimination experimental device and color stimulus.

AT were tested by Ishihara, and color weakness certificates were
issued by the hospital of University of Science and Technology
of China. All nine observers signed the informed consent form
for the experiment. Before starting the experiment, the machine
was adjusted and warmed up for two hours, then the observers
perform a two-minute dark adaptation process. After reopening
the test pattern, the observer performed a light adaptation for
one minute. The experiments were conducted in a dark room,
and the observers’ task was to find a color block with higher
chroma among the nine objects on the screen, and then use
the numeric keyboard on their hands to select the number at
the corresponding position. For each test, the observer initially
obtained five scores. According to his/her answer,

1) If the judgment was correct, two points were added
2) If the judgment was false, four points were deducted
When the score increased to eight, the color discrimination

was considered successful, and the chroma difference between
the color blocks was reduced until the observers could not
distinguish the difference. When the score dropped to zero, the
color discrimination failed, and the chroma difference between
the color blocks increased until the observer was able to perceive
the difference. Thus, the color discrimination threshold at this
chroma level could be determined. The chroma increased, the
participants must perform a hue angle until the overall chroma
became larger than 100. A concept needs to be clarified first
that the overall chroma of the color block is, for example, 30,
and a threshold experiment is performed at this chroma level.
Combined with the advantages of staircase method [17], our
experiment will have multiple judgments for each color stimulus
pair, and get the stimulus pair closest to the threshold as much
as possible. For each discrimination, regardless of whether the
discrimination is successful or unsuccessful, the chroma step
length of the next stimulus is maintained at minimum 0.5 units.
Similar to the staircase method, in other words, observers need
to distinguish the color block pairs that change by 0.5 chroma
units each time, and respond to every test, with chroma adjusting
accordingly, which greatly eliminates accidental errors.

In the color space, the chroma of the color is defined as:

C∗
ab =

(
a∗2 + b∗2

) 1
2 (1)

TABLE II
COMPARISON OF COLOR GAMUT AREAS MEASURED BY NINE OBSERVERS

and the hue angle of the color is defined as:

hab = arctan (b∗/a∗) (2)

The hue angle ranged from 0° to 360°. Twelve color directions
were selected at equal intervals in the program as follows: 0,
30, 60, 90, 120, 150, 180, 210, 240, 270, 300, and 330. After
the overall saturation level of one hue angle reaches 100, the
program will switch to the next hue angle in order to repeat the
experiment until all 12 hue angles are completed. Finally, the
program will give 12 columns of chroma data. The number of
colors distinguished by the observer was measured in each color
direction based on the minimum perceptible difference [18].
The participants had to distinguish colors at all 12 hue angles
in three color gamuts. Therefore, the number of distinguished
colors under 12 hue angles is obtained.

B. Experimental Results and Analysis

A comparison of the three color gamuts of the laser projector
based on the CIEXYZ chromaticity diagram is shown in Fig. 1.
The number of distinguished colors of the observer at each
hue angle is connected with a line, which can approximate
the observer’s color gamut, which are shown in Fig. 3. It was
found that a laser projection system with a wider color gamut
can improve the observers’ visual experience; in particular, the
color gamut of AT under almost all hue angles improved. For
a single observer, a wider color gamut display can expand the
color gamut he sees, which can improve his viewing experience.
Among the two NOs, the numbers of colors discerned for 12
hue angles measured experimentally were also quite different
because the response curves of the three types of cone cells in
different people were not the same. Similarly, compared with
normal observers, the curves of cone cells of observers with
color weaknesses were shifted, which resulted in a deviation of
color perception. Since the spectral separation between the two
cones is reduced, in order to obtain the same color difference
signal, an approximately exponentially large color difference is
required. In the case of the same saturation range, the number
of distinguishable colors of AT is less than that of NOs. The
color gamuts of AT were much smaller than those of the normal
observers.

Table II lists the color gamut areas obtained by the nine
observers in the color discrimination experiments in the cases
of three color gamuts. It can be noted that with an increase in
the color gamut, the color gamut area of AT also increased,
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Fig. 3. Schematic of the color discrimination abilities of the two NOs and seven AT for 12 hue angles. (a), (b), (c) Observer 1, 2 and 3 are deutans. (d), (e), (f),
(g) Observer 4, 5, 6 and 7 are protans. (h, i) Normal observers 1 and 2. The areas enclosed by lines of different colors represent the color gamut of the observer
at the different color gamut of the projector. The radial numbers in the figure indicate the number of colors distinguished by the observer in the range of chroma
0–100, while the angle numbers in the figure indicate different hue angles. The experiment was based on L∗ = 50 planes in the CIELAB color space.

and the increase was larger than that of normal observers. For
all nine observers, increasing the color gamut of the projector
can increase the color gamut area. It should be noted that these
results only represent the number of distinguished colors of each
observer at different hue angles. They are relative sizes and
cannot be used as absolute measures. However, in the relatively
uniform CIELAB color space, the number of distinguishable
colors should be considered proportional to the distance from
the color gamut boundary to the center.

III. SIMULATION OF AT

Compared with the early CRT displays and Xenon lamp
projectors to today’s laser display, the wide-color-gamut display
with laser can improve people’s color perception. Moreover,
there is no research to simulate the color gamut of AT under
different display color gamut. Based on the above experimental
results, a method was proposed to calculate the color gamut
volume of AT. By analyzing the color gamut volume of AT, the
color gamut can be optimized by changing some parameters.

Fig. 4 shows the 2-degree LMS fundamentals of normal
trichromats based on the Stiles and Burch [19] 10-degree CMFs
(color matching functions) adjusted to 2-degree. The peaks of M-
and L-cone are 27.4 nm apart on the wavelength axis. According

Fig. 4. L-, M-, and S-cone fundamentals for normal observers by Stockman
[5].

to Asenjo et al. [7], amino acid residues at positions 116, 180,
230, 233, 277, 285, and 309 can determine the spectral properties
of opsin. About a 30 nm difference in wavelength of the maxi-
mum absorption of the L- and M-photopigments is thought to be
caused by these seven amino acid residues. Baylor et al. [17] and
Lamb [20] showed that photopigments have an identical shape
on a log wavenumber abscissa. We adopted the hypothesis of
Hirohisa [12] that the spectral quantal absorption of the L- and
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Fig. 5. Simulations of cone fundamentals for (a) protanomalous and (b) deuteranomalous observers.

M-phtopigments should shift along the wavenumber from the
normal spectral absorption, which is expressed as (3) and (4):

logA
′
L (ν) = logAL (ν − Δν)

logA
′
M (ν) = logAM (ν + Δν) (3)

A′
L (ν) andAL (ν) are L-photopigments absorptance spectral

in terms of quanta of a normal trichromat and a protanomaly,
respectively, andA′

M (ν) andAM (ν) are the spectral absorption
of the M-photopigments of a normal trichromat and a deutera-
nomaly, respectively. Considering the optical density of macular
and ocular media, the fraction of the incident light at the retinal
level absorbed in the cones, or the absorptance spectral in terms
of quanta, is [21]:

ai,l (λ) = 1− 10[− Dτ,max,l · Ai,0(L−pigment)(λ)]

ai,m (λ) = 1− 10[− Dτ,max,m · Ai,0(M−pigment)(λ)]

ai,s (λ) = 1− 10[− Dτ,max,s · Ai,0(S−pigment)(λ)] (4)

Ai,0 (λ) is the low density spectral absorbance of the visual
pigment. For L-cones, M-cones and S-cones, the peak densities
Dτ,max are 0.5, 0.5 and 0.4 at a 2° field size, respectively. The
cone fundamental sensitivity in terms of quanta is given by the
cone absorptance spectral in terms of quanta multiplied by the
tansmittance at every wavelength:

l̄q (λ) = ai,l,2 (λ) · τmacula (λ) · τocul (λ)

m̄q (λ) = ai,m,2 (λ) · τmacula (λ) · τocul (λ)

s̄q (λ) = ai,s,2 (λ) · τmacula (λ) · τocul (λ) (5)

Similarly, we can use the above method to calculate AT cone
fundamentals. By converting the 2° cone fundamentals l̄q(λ),
m̄q(λ) and s̄q(λ) in terms of quanta into 2° cone fundamentals
l̄(λ), m̄(λ), and s̄(λ) in terms of energy one should multiply
by λ and renormalize at the nearest 0.1 nm to the maximum
values, respectively at 570.2 nm, 542.8 nm and 442.1 nm.

Fig. 5 shows cone fundamentals derived by different offsets of
peak values of L- and M-photopigments absorptance spectral in
terms of energy on the wavenumber axis. The left figure shows
the curves obtained by moving the peak of L-photopigments
absorptance spectral by 100, 300, 500, 700 cm−1 along the
wavenumber axis, respectively. The right figure shows the curves
obtained by moving the peak of M-photopigments absorptance
spectral in terms of energy by 100, 300, 500, 700 cm−1 along
the wavenumber axis, respectively. Subsequently, the AT cone
fundamentals were converted to X’Y’Z’ stimulation values by
applying Stockman’s transformation [22].

Ou-Yang proposed a three-dimensional color volume bound-
ary description of color displays, which can be precisely con-
structed from the two-dimensional polygon gamut area [23].
As the brightness increases, the color gamut area on the color
coordinates shrinks, and the color gamut polygon area under
different brightness is determined by the vertices. Masaoka [24]
proposed the estimation of the CGV (color gamut volume)
of display. The vertices of each polygon are determined by a
combination of color channel values lying on the gamut surface.
When the color channels are arranged in the hue direction, the
values contain two types. On the basis of previous research, we
proposed to calculate the CGV of AT in the tri-chromatic RGB
display. The calculation of polygon is based on the xyY color
space, where Y represents luminance. In order to standardize
color accurately, 630, 532, 467 nm were selected as tri-chromatic
RGB light source. The spectrum of the three primary colors was
set to a Gaussian distribution with a spectral width of 1 nm.
The range of wavelengths covers visible light from 390 nm to
830 nm. Both the color matching function and the light source
must be interpolated so that the function has adequately small
wavelength step, such as 0.1 nm, and the sampling wavelengths
match each other. According to the recommendation of CIE
[21], spline interpolation is used instead of linear interpolation
for the light source spectrum, and linear interpolation is used
for the color matching function. The total luminance Yt can
be calculated according to the X’Y’Z’ stimulus values of AT
and the spectral data of the three primary colors. To estimate
CGV of AT in the display, polygon were calculated in two types
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Fig. 6. Color gamut in CIELAB color space for protanomalous (green-shifted L-photopigments) and deuteranomalous (red-shifted M-photopigments). The blue
part is the color gamut of normal observers as a control.

according to which zone Yt belongs to. Interpolating 1000 points
for each constant lightness plane, in this way, the 3-D contour
of the gamut boundary under different luminance is obtained.
These data were transformed into the CIELAB color space with
the lightness ranged from 1 to 99 at intervals of 1 and the peak
lightness of the white point normalized to 100.

A. Color Gamut Volume With Different Offsets

For easier comparison, the white point of the three primary
color light sources was set to the coordinates of D65. Fig.6
shows CGV and the top view of CGV for protanomalous (green-
shifted L-photopigments) and deuteranomalous (red-shifted M-
photopigments). The blue area represents the color g-amut of
the NOs, and the red area represents the color gamuts of AT
at different offsets along the wavenumber axis. The results of
CGV are consistent with that of Perales [25] in 2010. The
color gamut of deuteranomal and protanomal are reduced to
a certain extent relative to the color gamut of NOs. The number
of discernible colors estimated of CGV for normal and color-
deficient observers are listed in Table III, which were calculated
by adding up the area of each layer of lightness from 1 to 99.
The number of colors perceived by each class of observers is
then estimated by the color volumes enclosed by color gamut
boundary. For the CIELAB representation, the color volume for
AT is smaller than the color volume for NOs. And the larger
the offset, the smaller the color volume. Under the same offset,
the color volume of protanomalous is slightly larger than that of

TABLE III
NUMBER OF DISCERNIBLE COLORS ESTIMATED FOR THE COLOR SOLID FOR

NORMAL AND COLOR-DEFICIENT OBSERVERS

deuteranomalous. In terms of color, the offset for photopigments
along the wavenumber axis significantly reduced the red and
green axis of the CIELAB color space. It is worth mentioning
that the color solid of AT surpasses that of NOs. This shows
that as the photopigment response curve shifts, AT perceive
colors that NOs can’t perceive. There are similar conclusions
in Perales’ paper [25].

B. Effects of Peak Wavelength and Spectral Width of
Primaries on Color Gamut Volume

The wavelengths of the three primary color light sources used
to simulate the optimal color are 630 nm, 532 nm, and 467 nm,
respectively. The spectral widths of the three primary color light
sources were set to 1 nm, and the waveforms were all Gaussian.
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Fig. 7. Color gamut in CIELAB color space for protanomalous (L-photopigments green-shifts 300 cm−1) and deuteranomalous (M-photopigments red-shifts
300 cm−1) when the green wavelength are 510 nm, 520 nm, 532 nm, and 540 nm, respectively. The blue part is the color gamut of normal observers under the
same conditions as a control.

However, the wavelength and spectral width of the light source
obviously affect the color gamuts of the observers with normal
color vision, including those with AT. Perales et al. studied
the effects of three-band spectra with high-color-discrimination
ability for normal observers on the color discrimination ability of
people with color vision defects [10]. The light source optimized
based on the spectrum can improve considerably the resolution
of red–green anomalies, but it is almost neutral for dichromats.
Therefore, the choice of red and green light sources is critical
for the AT. Fig. 7 shows the CGV when L and M shifts 300
cm−1, respectively, and the green wavelengths are 510 nm,
520 nm, 532 nm, and 540 nm. For better visualization of the
differences between AT and NOs, two color areas are used to
represent the color gamut of AT and NOs. The blue areas in
each subgraph represent the color gamuts of NOs, and the red
areas and green areas represent the color gamuts of AT. The
main reduction for AT is found for red and green regions of
the color space. But as the wavelength of green light increases,
the yellow region of the color space is found to increase. Fig. 8
shows the CGV of L (green-shifts 300 cm−1) and M (red-shifts
300 cm−1) when the wavelength of red light are 630 nm, 650 nm,
670 nm, and 690 nm, respectively. The change in wavelength
of the red light has no prominent effect on the color gamut of
AT and NOs. Fig. 9 shows the color gamut volume trend when
the wavelength or spectral width of the light source changes.
For protanomals where the peak sensitivity of the L-cone shifts
300 cm−1, the maximum value is obtained at 520 nm with the
green wavelength increasing. For deuteranomaly where the peak
sensitivity of the M-cone shifts 300 cm−1, the maximum value is

obtained at 532 nm with the green wavelength increasing. With
the wavelength of the red light source increasing from 630 nm
to 690 nm, the color gamut volume increased by only 6% for
AT and NOs, but the increasement is not significant and tended
to be saturated.

The spectral width of the green light source increased from
10 nm to 40 nm, and the color gamut volume decreased. This
represents a 36% reduction in total, while the spectral width of
the red light source increased from 10 nm to 40 nm, and the color
gamut volume decreased by 17%. For the M shift of 300 cm−1,
the change in the spectral width of the green light source first
increased and then decreased the color gamut volume, achieving
a maximum value at the 30 nm width of the green spectrum.
This shows that different types of AT responded differently to
changes in the width of the green spectrum. The color gamut of
the green light source decreased faster with an increase in the
spectral width compared with the red light source. Therefore,
the change in green has the greatest impact on the overall color
gamut volume. However, when the spectral sensitivity curve of
the cone cells is shifted, the increase in the spectral width of the
light source does not necessarily lead to a decrease in the color
gamut. Therefore, it is necessary to choose the appropriate light
source for different types of AT.

C. Discussion

Based on the above data and the theory described above, the
color gamut volume of NOs and AT on the L∗ = 50 planes was
calculated, as shown in Fig. 10. Applying our theory to analyze
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Fig. 8. Color gamut in CIELAB color space for protanomalous (L-photopigments green-shifts 300 cm−1) and deuteranomalous (M-photopigments red-shifts
300 cm−1) when the red wavelength are 630 nm, 650 nm, 670 nm, and 690 nm, respectively. The blue part is the color gamut of normal observers under the same
conditions as a control.

Fig. 9. Color gamut volume trend when the wavelength or spectral widths of the light source vary.
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Fig. 10. (a) Normal observers. (b) Observers with defective color vision with L shifting by 300 cm−1. (c) Observers with defective color vision with M shifting
by 300 cm−1. The green line indicates the color gamut of the observer with the projector the maximum color gamut. Similarly, the red line indicates the medium
color gamut, and the blue line indicates the small color gamut.

the color gamut of AT and those with NOs, the L∗ = 50 planes
in the CIELAB space were selected for comparison. The L∗ =
50 planes had the largest gamut area, which is convenient for
intuitive comparisons [26]. We theoretically analyzed the color
gamuts of NOs and AT with L- or M-cone shifting 300 cm−1 in
the three color gamuts applied in the experiment. The theoretical
calculations of the color gamut areas in Fig. 10(a) are equal to
12182, 17228, and 27224. For AT with L shifting 300 cm−1,
the L∗ = 50 plane color gamut area is 9943, 13045, and 17739,
respectively. For AT with M shifting by 300 cm−1, the L∗ = 50
plane color gamut areas is 8539, 11785, and 15989, respectively.
As the color gamut used in the experiment increases, the color
gamut of the observer shows an increasing trend. This indicates
that a wide-color-gamut display has a significant effect on the
color gamut of the human visual system. The color gamuts of
AT with L or M shifting 300 cm−1 is significantly smaller than
those of observers with normal color vision.

Fig. 3 shows that the color gamuts of observers are different
even if the light source is the same. This shows a relatively large
individual difference. The color gamut of AT is much smaller
than that of the NOs on the L∗ = 50 planes. The same result
can support our conclusion in other class of AT. Table IV shows
the comparison between experimental data and theoretical data
of the number of colors that the observers can distinguish. All
values are relative values, and each small-color-gamut result is
specified as 100%, and the results of the wider gamut are ratios
of the small gamut results. Both experimental and theoretical
simulation results show that wide-color-gamut enhances color
perception in AT with different severity. It is worth noting
that the wide-color-gamut enhancement results in theory are
basically higher than that in experiment. This is mainly due to
the existence of the human eye color discrimination ellipse. In
theoretical analysis, our data comes from the average of big data
samples, and there are differences with actual individuals. Just
like the experimental data shown in Table II, there are also large
differences among normal observers. This requires an accurate
instrument that can quickly and accurately obtain the tristimulus
value of the human eye, so that the calculation result will be faster
and more accurate. However, in terms of theoretical analysis and
experimental results, our theory is more consistent with the color
perception of abnormal observers.

TABLE IV
COMPARISON BETWEEN EXPERIMENTAL DATA AND THEORETICAL DATA OF

THE NUMBER OF COLORS THAT THE OBSERVER CAN DISTINGUISH

We experimentally and theoretically demonstrate the promise
of the wide-color-gamut laser display in solving color vision
defects of AT. Our experiments and theories have confirmed that
the wide-color-gamut display technology makes it possible for
AT to perceive more colors. Moreover, the theoretical study in
Fig. 7 shows that the adjustment of the central wavelength of the
green light source in the display system can increase the coverage
of the color stereo between AT and normal trichromats. Our
results point to strong compensation for color loss in AT through
optimization of color gamut in the laser display. Our method
not only has a similar effect on laser display, but also on other
WCG displays, such as quantum dot display [27], whose color
gamut can achieve over 97% Rec. 2020 standard. Osamu Ma-
suda researched the lighting spectrum to maximize colorfulness
[28]. The spectral profile of white illumination maximized the
theoretical limit of perceivable object colors. This suggested that
the color temperature of the white light source had a significant
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influence on the color perceived by the AT. In the experiment,
the color temperature of our light source was not consistent,
which may have resulted in measurement errors. Accordingly,
the light source requires more precise control. When the color
gamut of the display device changes, the color gamut of the
observer also changes accordingly. Therefore, the wavelength
and spectral width of the light source are changed to increase
the color gamut of the observers. Our theory and experiments
provide a reference for the color discrimination of AT with wide
color gamut.

Several approaches have been proposed to assist the people
with color vision deficits in distinguishing colors. These ap-
proach include optical approach as well as recoloring methods.
Optical approach use the notch filter [29], and the most famous
production is EnChroma. The principle is to reduce the overlap
between the spectra sensitivity functions of the L, M and S cone
cells. The notch filter may unnecessarily filter away color that
color vision deficiency can well distinguish even without the
filter. Recoloring approach is mainly for displaying digital visual
content. For example, the accessibility feature “color filters/
color correction” implemented in iOS/Android equipment. The
color adjustment of these methods does not involve an increase in
the number of colors, but a redistribution of colors in the image.
In this paper, the laser display with wide-color-gamut increases
the number of colors perceived by AT, and the characteristics
of high-color-saturation improve the color resolution of AT. But
better results require a combination of hardware and algorithms,
for which our results provide a good reference. There are also
some studies of neural adaptation. Werner analyzed the adaptive
changes in color vision from long-term filter usage in AT [30].
After using the filter for a long time, the nervous system has an
adaptability, and the response of AT is increased. Similarly, the
wide-gamut-display is also likely to have adaptive enhancements
to the nervous system of AT. In this way, it will be an interesting
job whether the enhancement effect of the nervous system will
be maintained during the period of not watching the display.

The results presented herein are obtained by expressing the
color boundary in the CIELAB space, which is not an absolutely
uniform color space. Because the experimental measurement
here is a correlation estimate rather than an absolute value, these
non-uniformities have minor effects on the inferences.

The proposed model is a color gamut model based on the
LMS cone fundamentals of AT. We adopt the log-wavenumber-
shifting model proposed by Yaguchi [12]. The LMS model pro-
posed by Yaguchi takes into account the correction of the retinal
macular pigment and the lens pigment, so that the generated AT
stimulation value is more accurate and comprehensive. Different
from the research of Yaguchi, our paper focus on the calculation
of the stereo color gamut, because in a display system, brightness
is a non-negligible quantity, and the color perceived by AT needs
to be represented in the stereo color gamut. Combined with
our proposed color discrimination experiments based on display
systems, our theory can well predict how the AT perceives colors
in a stereo color space. Only the average values of the LMS
data published by Stockman were considered in this study [5].
However, there were individual differences in the LMS response
curves of AT, which led to the differences in the relative values

of the experimental results and theoretical analysis outcomes
at different hue angles. Moreover, a large number of observers,
especially AT, are needed to perform human eye color discrimi-
nation experiments so that the optimal solution can be found for
the selection of the light source of the projection equipment.

IV. CONCLUSION

We proposed a method to measure the color gamut volumes
of AT and NOs based on color discrimination experiments. The
results proved that the color gamut of AT increased with the
color gamut of display expanded. This indicates that the wide
color gamut can improve considerably the color discrimination
ability of AT. To simulate the color gamut volume of different
types of AT, an offset method based on the spectral response
curve of photopigments was proposed. This method is in good
agreement with the experimental results, and the color gamut
volume of AT can be increased by optimizing the wavelength
and spectral width of the light source in the display device. This
work can provide a reference for the selection and optimization
of light sources for display devices for people with varying color
vision capacities. This will be helpful in future displays and
biomedical customized products.
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