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Abstract: A brightness-perceived color appearance model tailored for large gamut display devices,
exemplified by laser displays, was investigated. Psychophysical experiments on the brightness
matching of 30 color stimuli with achromatic white light were conducted by 16 observers. The
analysis compares the performance of a number of existing color appearance models and equivalent
luminance models in predicting brightness. None of the models performed acceptably due to a severe
underestimation of the Helmholtz—Kohlrausch (H-K) effect. A modified model of perceived bright-
ness based on CAM16, taking into account the H-K effect, is proposed. Evaluated by psychophysical
experiments, the proposed model exhibits a superior performance compared to the preceding models,
especially within the extensive color gamut range stipulated by BT.2020. The results help to optimize
the design of laser displays with a wide color gamut and high perceived brightness.

Keywords: laser display; brightness; H-K effect; BT.2020

1. Introduction

Over an extended period, the development of display devices, positioned as pivotal
information output interfaces within the realm of human—computer interaction, has gar-
nered significant attention. The current trajectory of display technology is predominantly
characterized by the pursuit of ultra-high resolution, expansive dimensions, and vibrant
color rendition. In contemporary times, a diverse array of emerging display technolo-
gies is on the horizon, exemplified by the laser display. This technology has witnessed
substantial advancements in aspects encompassing resolution, color gamut range, and
image quality [1]. Laser display represents a novel technological paradigm featuring a
three-color (or multi-color) ensemble of red (R), green (G), and blue (B) lasers as its light
source. Through the precise modulation of the intensity ratios, total luminosity, and the
spatial distribution of these lasers, the technology achieves the presentation of high-quality
color images. Notably, laser display has numerous advantages, including heightened
luminance, expansive color gamut, pronounced chromatic saturation, energy efficiency,
environmental compatibility, and extended operational lifespan [1-3].

In the information age, as digital image technology and various color media devices
have become widely used, the challenge of achieving color matching and reproduction
across different devices and observation environments has emerged as a pressing issue. A
color appearance model mathematically converts CIE 1931 XYZ tristimulus values into
perceptual color attributes based on observational conditions [4-6]. It has the ability to
theoretically guide color gamut mapping and improve cross-media image reproduction.
In addition, it can also explain the complex color phenomena that cannot be explained
via the traditional colorimetry, such as the Hunt effect and the Helson—Judd effect [6].
Applying the color appearance theory to laser display technology can more fully exploit the
advantages of the laser display’s wide color gamut to achieve superior image reproduction.
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One of the most classic color appearance models is CIECAMO02, which was published
by the International Commission on Illumination (CIE) Technical Committee in 2002 [5].
Owing to its robust predictive performance and simplicity of use, it is widely employed
in both scientific research and industrial applications [5-7]. In 2017, Li et al. revised the
CIECAMO2 model to produce CAM16. This revision merged the chromaticity adapta-
tion transform with the cone response transform and introduced a two-step chromaticity
adaptation process [8]. At present, both CIECAMO02 and CAM16 are employed to predict
color appearance under various conditions. Nevertheless, both models exhibit certain
limitations in practical applications. Multiple studies have indicated that these models tend
to underperform in luminance prediction for large gamut displays, largely because they do
not account for the H-K effect [9-11].

The H-K effect refers to the color appearance phenomenon where highly saturated col-
ors appear brighter than less saturated colors, even if they possess equal luminance [12-14].
Early display devices typically had a limited color gamut range, often not even meeting
the sSRGB standard. The performance of CIECAMO02 was notably commendable in this
context. Nowadays, with the continuous development of new display technologies, the
color gamut is becoming wider and wider. Consequently, integrating the H-K effect into
color appearance systems has become indispensable. Withouck et al. revised the CAM97u
model to CAM97um, enhancing the color contribution in the luminance attribute to ac-
commodate the H-K effect [9]. Kim et al. used a psychophysical experiment using an
active-matrix LCD (AMLCD) monitor panel with a 98% color gamut size of the sSRGB
standard and proposed a correction to CIECAMO02 to compensate for the H-K effect [10].
Luke Hellwig et al. extended CIECAMO02 with CAM16 by correcting the computational
formulas based on the existing datasets [11]. However, the color gamut of most of the
display devices nowadays has exceeded the sRGB standard, and the latest color gamut
standard is BT.2020, which has almost twice the color gamut area of sSRGB. Due to the
good monochromaticity of the laser light source, the three primary color points of the laser
display are closer to the spectral color in the color gamut map. Therefore, laser display is
the display technology with the widest color gamut at present, which can fully meet the
requirements of the BT.2020 standard [15,16]. Consequently, it is of great significance to
take laser display as the research object and propose the brightness prediction model that
is more widely applicable to the display devices with a large color gamut.

This study explores the reasons for the discrepancy between perceived brightness
and luminance and develops psychophysical experiments accordingly. Sixteen observers
matched the brightness of 30 self-luminous colored stimuli to achromatic white light on
the same dark background. The spectral radiance of the stimuli was measured, as well
as the chromatic properties. This was used as a basis for assessing the performance of
previous brightness models. A modification in brightness prediction is proposed based
on the CAM16 color appearance model, taking into account the H-K effect. The proposed
new model will provide theoretical guidance for the development and design of new
laser displays.

2. Analysis

With the development of color science, traditional colorimetry has gradually shown
its inadequacy in the face of complex color phenomena. A quintessential example is the
H-K effect, which evidently contradicts the additivity principle of luminance in traditional
colorimetry. According to Grassmann’s law of additive color mixture, when two colors of
light are mixed, the luminance of the combined light equals the sum of the luminances of
the individual lights, implying an inevitable increase in perceived brightness by the human
eye. However, the H-K effect indicates that even if the physical luminance increases, the
perceived brightness by the human eye can decrease due to a reduction in color purity.
According to conventional colorimetry, luminance is calculated from the luminous efficiency
function, which quantifies the sensitivity of the visual system to light as a function of the
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wavelength. The desired luminance L can be obtained via L = k f_,;soo I(A)V(A)dA, where

V(A) is the luminous efficiency function, and I(A) is the spectral radiance (power).

The calculation formula for L and Grassmann’s law of additive color mixture both
demonstrate the additivity of luminance. This is also the theoretical foundation that allows
trichromatic display devices to present various color images without distortion. However,
due to the H-K effect, this additivity conflicts with the brightness prediction. One possible
reason for this conflict is that the heterochromatic flicker photometry (HFP) method was
used in the data collection for the initial original V' (A) [17]. The method required observers
to match a single wavelength of light to a reference gray stimulus while having a partial
overlap between the two light patterns and flashing rapidly at a frame rate of 25 Hz. The
color stimuli overlapped spatially with the achromatic stimuli and flashed alternately in
time, as shown in Figure 1a. By adjusting the intensities of the two light beams until no
flicker-induced change in brightness is perceived, one can conclude that their luminances
match. However, Figure 1b depicts the direct brightness matching method. In this method,
there is no flicker and the two light sources are spatially separated. The intensity of
the two light sources can be adjusted separately until they are perceived as having the
same brightness.

(a) (b)

25-Hz flicker No flicker

Figure 1. Schematic diagram of the two brightness (luminance) matching methods.

Therefore, the direct brightness matching method shown in Figure 1b will be used for
the subsequent psychophysical experiments. The aim is to obtain experimental data that
includes the H-K effect factor.

3. Experimental Setup

In this study, we used a trichromatic laser projector developed in-house as the stimulus
source. The color gamut of the laser projection was measured via a Minolta CS-2000 tele-
spectroradiometer in a dark room. The comparison of the color gamut of the laser projection
devices with the sRGB standard and the BT.2020 standard is shown in Figure 2. Table 1
details the trichromatic chromaticity coordinates and compares the color gamut coverage
between the laser projector and the BT.2020 standard.

From the data presented in the table, it is evident that the total color gamut coverage
of the laser projection (67.91%) exceeds that of the BT.2020 standard (63.72%), underscoring
the expansive color gamut of the laser projection. Nevertheless, there is a discrepancy in the
primary green wavelength between the laser projection and the BT.2020 standard, which
prevents the laser projection from encompassing the complete color gamut chart of the
BT.2020 standard. The coverage rate of the laser projection color gamut over the BT.2020
gamut is 93.3%. It is the largest color gamut in the current study for the H-K effect and
brightness perception.

Sixteen naive observers, aged between 20 and 35 years (8 females and 8 males),
participated in the psychophysical experiment. All participants had normal or corrected-
to-normal vision and possessed normal color perception abilities. In the psychophysical
experiments, observers were asked to assess the perceived brightness of the stimuli using a
perceptual brightness matching method. Using this method, the numerical and scalable
results of the measured perceived brightness can be obtained directly. At the beginning of
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the experiment, the observer will see a circular pattern, where the right half of the circle
is the color light, and the left half of the circle is the matched achromatic stimulus. In this
case, the white pattern below is used as a reference white point. The observer can use
the remote control to adjust the luminance of the achromatic stimulus so that the left and
right look is the same brightness and record the luminance of the matched achromatic
stimulus as the perceived luminance of the colored light. The observer stands 450 cm away
from the pattern. The circular pattern provides a field of view (FOV) of approximately
2.5° to the observer. Figure 3 shows several of the test patterns cast by the laser projector.
Figure 4 illustrates the distance of the observer in relation to the observation pattern and the
surrounding observation environment. The observer needs to adapt to the dark observation
conditions for at least 5 min before the experiment.

Table 1. Color gamut of the laser projection to the BT.2020 standard.

Red Green Blue
Gamut Coverage
X y X y X y
Laser projection 0.7077 0.2834 0.105 0.8181 0.1547 0.0247 67.91%
BT.2020 0.708 0.292 0.170 0.797 0.131 0.046 63.72%
0.9
08 d
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Figure 3. Color stimulus patterns used in psychophysical experiments.
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Figure 4. Schematic diagram of the experimental station.

To achieve a precise evaluation of the perceived brightness across the broadest possible
color gamut, we meticulously curated a collection of thirty color stimuli. These stimuli
were chosen to exhibit varying levels of luminance and were strategically dispersed across
the entirety of the projection device’s color gamut. The distribution of these stimuli on the
color gamut map is visually represented in Figure 5. Additionally, Table 2 also provides
detailed information regarding the luminance and chromaticity coordinates of the observed
colors, as well as the average matched brightness values from the 16 observers.
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Figure 5. Distribution of 30 color stimuli on the color gamut map.

Table 2. The 30 color sets used in the psychophysical experiment.

Test Colors L X y Average Perceived Brightness
1 40.49 0.7077 0.2834 164.42
2 64.6 0.105 0.818 136.27
3 9.803 0.1547 0.0247 83.42
4 47.28 0.3005 0.0891 181.60
5 189.2 0.4098 0.5527 209.76
6 93.27 0.1451 0.1876 169.95
7 32.11 0.1646 0.1179 101.45
8 19.12 0.2178 0.0852 91.22
9 26.22 0.3944 0.1975 87.07

10 46.22 0.4831 0.3827 92.50
11 52.34 0.295 0.5529 96.60
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Table 2. Cont.
Test Colors L X y Average Perceived Brightness
12 46.75 0.1843 0.3489 85.45
13 37.97 0.6481 0.3394 122.83
14 25.35 0.5448 0.2048 154.99
15 48.93 0.1278 0.4824 117.86
16 46.6 0.2216 0.7145 125.47
17 11.17 0.171 0.0285 110.54
18 25.09 0.152 0.0644 121.41
19 94.87 0.3736 0.3599 123.59
20 73.3 0.2002 0.1866 124.05
21 70.26 0.2507 0.1768 125.90
22 90.06 0.2312 0.3247 130.80
23 103.2 0.2929 0.4299 138.02
24 75.37 0.3328 0.2518 129.24
25 73.46 0.1155 0.6494 163.40
26 39.43 0.6429 0.2504 171.36
27 47.28 0.6454 0.2833 164.46
28 87.01 0.1831 0.6596 164.37
29 49.8 0.6668 0.3097 155.87
30 78.57 0.1357 0.7655 156.26

The coefficient of variation (CV) is often used to compare the agreement between two
sets of data [9,18].

2
n L )
CV = 100 % Z (Qgeomiz fQUbS,I) (1)
i=1 Qgeom
f _ 1”:1 aneoméiQobs,i (2)
Zi:l Qobs,i

where Q,p,;; represents the individual observer brightness of stimulus i, Qggom,i is the
geometric mean of Q,, ; for all the observers, @geom is the arithmetic mean of Qgeop,i for all
stimuli, 7 is the number of evaluated stimuli, and f is the factor adjusting the Qgeor,; and
Qops,i values to the same scale.

Table 3 summarizes the results of observer consistency in the form of CV values.
The results show that the interobserver mean of 15.9% is similar to the previous experi-
ments [9,18], indicating good agreement.

Table 3. Evaluation of Interobserver Agreement via Calculation of the CV.

Observer 1 2 3 4 5 6
CV (%) 16.9 134 16.3 16.0 18.1 134
Observer 7 8 9 10 11 12
CV (%) 15.8 15.5 18.3 12.3 16.0 17.6
Observer 13 14 15 16 Mean
CV (%) 20.3 13.7 14.8 16.2 15.9

4. Model Performances

In recent studies concerning the H-K effect and perceptual brightness, numerous mod-
els have been developed. Two commonly used classes of models were selected to evaluate
their brightness prediction performance on the wide color gamut laser projection device.
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4.1. Equivalent Luminance According to Nayatani

Nayatani proposed two methods that take into account the H-K effect for calculat-
ing the equivalent luminance [12]: the variable achromatic color (VAC) and the variable
chromatic color (VCC) method, given by Equations (2) and (3), respectively:

L
Tvee = 7 = 0.4462{1 + [~0.8660q(6) + 0.0872Kp,] x suo(x, ) + 0.3086}°  (3)

L
Yvac = % = 0.4462{1 + [—0.13404(6) + 0.0872Kp,] X suo(x,y) +0.3086}°  (4)

g(6) = —0.01585 — 0.03017cos6 — 0.04556¢0520 — 0.02667c0s36 — 0.00295¢c05460 + 0.14592 sinf

1-0.05084si126 — 0.01900si136 — 0.00764 sin4é ©®)
6.469 + 6.3621.0-4495
Kg, = 0.2717 x a 6
o 6.469 + L0445 ©
1/2
suo(x,y) =13 {(u’ — uf")z + 0 —or,? )

The function g(8) describes the effects of the hue angle 6 on the H-K effect. K,
illustrates the increase in the H-K effect when the adapted luminance of the chromatic
object color is increased. The computational model of VAC was chosen here because
the experiment took the approach of adjusting the luminance of the achromatic stimuli
for matching.

4.2. CIECAMO02/CAM16

CAMO2 and CAM16 are the commonly used color appearance models. There is no
difference between the two after the achromatic stage. Therefore, the two are treated here
as a unified model. The calculation process of CAMO2 is relatively complex; for the detailed
calculation process of CAMO02 and CAM16, please refer to the reference [5,8]. In addition,
some models consider incorporating the factors of the H-K effect into the existing color
appearance systems [10,11]. Among them, the Hellwig model is an extended model based
on CAM16 considering the H-K effect. It has demonstrated an excellent performance
in certain datasets [11]. The Hellwig model uses the form of Equation (8) to add the
contribution with the H-K effect to the new Jyg, subsequently obtaining the brightness Q.

Juk =]+ f(h)-C7 (8)

Here, we select both CAM16 and the Hellwig model for the brightness prediction
performance evaluation. Figure 6 shows the comparison of the perceived brightness
matching values of the above three models in the psychophysical experiments. An ideal
model predicts equal lightness (black line) for the chromatic stimuli and the experimentally-
matched achromatic stimuli. If a point falls below the line, this indicates that the model
underpredicts the H-K effect for that chromatic stimulus—its predicted brightness is less
than the predicted brightness of the experimentally matched achromatic stimulus.

The definition of CV is consistent with Equations (1) and (2). The model calculation
results are taken as Q,, ; , and the average perceived brightness from the psychophysical
experiments is taken as ngm,i. As can be seen in Figure 6, the performance of the three
models is rather unsatisfactory with large CV values. The VAC model exhibits an infe-
rior0020performance. As observed in Figure 6b,c, for the high luminance stimuli, CAM16
and the Hellwig model tend to systematically underestimate the brightness of the colored
stimuli. This suggests that CAM16 does not account for the H-K effect. The Hellwig
model incorporates the H-K effect into CAM16 to achieve a better brightness prediction
performance for larger color gamuts. However, the color gamut range of his experimental
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data is only similar to sSRGB, resulting in limited corrective effects when applied to wide
color gamut laser display devices.
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Figure 6. Comparison of the predictions of models on psychophysical experiment brightness match-
ing data. (a) VAC model; (b) CAM16; (c) Hellwig model.

4.3. Proposed Model

Assuming an additive contribution of chromaticity or chroma to the lightness or
brightness is a better way to explain the H-K effect. Therefore, the common correction
method is to consider the H-K effect in the lightness equation and then derive the H-K
compensated brightness from the lightness. One of the widely referenced forms is Fairchild
and Pirrotta’s model, although it was used in CIELAB [19]. Kim introduced it to CIECAMO02
and achieved good results in the sSRGB color gamut [10]. Based on past research [10,11,19],
it can be assumed that the new model has the following form:

Jux =]+ fi(]) f2(h)-C? )

where ] is lightness, f1(]) represents the effect of lightness on the H-K effect, and f,(h)
is the hue angle dependency. It is treated as a factor related to the hue angle, although
CAM16 has claimed to have eliminated the effect of the hue angle in chromaticity. And, C
is the chroma. The H-K-effect-compensated brightness Qp is calculated from Jyx by:

4\ (Juk\*’ 0.25
Quk = (C> (100) (Aw+4) = F} (10)

The form of f;(]) is assumed to have the following form:

AU) = +a] (11)

f2(h) was hypothesized to have the following form:

fa(h) = a3+ agy 1=sink _Zsmh (12)

The parameters 'y and «; to a, are obtained after conducting a multivariate nonlinear
regression on the experimental data using MATLAB. The aim is to minimize the difference
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between the model output Qyx and the average perceived brightness observed by the
participants. The fitting results yielded the following values:

Jux =T+ fi(]) f2()-C*%7 (13)
£() =152 - 0.013] (14)
fo(h) = 0.65+0.11 @ (15)

Figure 7 shows the fit of our proposed model to the data from the psychophysical
experiment. In this case, the CV is 15.5%, which is close to the mean value of 15.9% for the
observers within the psychophysical experiment. This demonstrates its ability to predict
the brightness well over a large color gamut.

220

200

180 -

160 [~

140

120 -

100

Proposed Model

80 -

60 CV=15. 5%

20 1 1 1 1 1 1 1 1 1
20 40 60 80 100 120 140 160 180 200 220

Visual Brightness

Figure 7. Comparison of Perceived Brightness Matching Values between proposed model and
Psychophysical Experiment.

5. Discussion

Generally, color models require the experiments to be conducted separately in dark,
dim, and average environments to be applicable across most scenarios. Since projection
devices use reflective imaging, excessive ambient light reflecting off the screen and into the
eyes can impair the viewing experience and also affect the reliability of the experimental
data. Hence, we conducted color matching experiments solely in a dark environment.
Moreover, the differences among the three environments are reflected in the three environ-
mental parameters in the model. Using the parameters from CAM16 directly, the resulting
errors are not significant.

It should be noted that the H-K effect is not only affected by color saturation, but
also changes with brightness. That is, the lower the luminance, the more pronounced
the H-K effect is, hence the reason why several sets of color stimuli with different color
saturation and luminance were selected for the experiment. Due to the visual characteristics
of the human eye, in the general three-color display equipment, the peak luminance of
blue is generally much lower than the remaining two colors. The laser projector used in
the experiment, for example, the peak luminance of its blue light, is only about 30 nit,
which is much lower than the green at 220 nit. This is also the reason why the color
spikes could not be selected for the experiment with the same luminance. Evaluating the
luminance perception of complex images and extending the luminance range to meet the
HDR conditions are also issues to be addressed in the future.

On the other hand, the good coherence of the laser brings some scattering noise that
affects the quality of the displayed picture. To overcome this challenge, we adopted a multi-
wavelength design, sacrificing a bit of the color gamut, and developed an 8K laser display
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prototype. Compared to the laser projector used in the previous experiments, it has a
slightly smaller color gamut range, higher resolution, and reduced speckle noise. However,
due to some other issues, its maximum luminance is only 175 nit. Nonetheless, compared to
traditional display devices, it utilizes a lower physical luminance to achieve an impressive
perceived brightness effect. Table 4 shows the three primary chromaticity coordinates of
the new laser display as well as a percentage of the full color gamut. Figure 8 shows the
coverage on the color gamut chart. Figure 9 shows a physical drawing of the prototype.

Table 4. Color gamut of the 8K laser TV to the BT.2020 standard.

Red Green Blue
Gamut Coverage
X y X y X y
8K Laser TV 0.707 0.2834 0.106 0.8034 0.1397 0.0399 66.36%
BT.2020 0.708 0.292 0.170 0.797 0.131 0.046 63.72%
s [T T
\ '— 8K laser TV|
0.6
)
0.4 \
0.2
_—
_— T
_—
0o \L/
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
X

Figure 8. Color gamut of 8K laser TV.

Figure 9. Physical drawing of the 8K laser TV prototype.

At the same time, several observers were invited to view the same images using the
new 8K laser TV and a conventional LCD display. The observers could adjust the screen
brightness to a range they felt comfortable with on their own. The actual physical luminance
of the two displays was then compared using the cs-2000. Statistical results indicate that,
when the observers perceive the luminance as comfortable, the actual physical brightness
of laser display devices is 25% to 40% lower than that of LCD devices. This suggests that
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the H-K effect, induced by the wide color gamut display devices, is notably prominent
in complex visual stimuli. The quantification of the H-K effect in complex images is the
subsequent step that needs to be undertaken.

6. Conclusions

This study invited 16 observers to conduct psychophysical experiments on brightness
matching using laser projection over a large color gamut of bt2020. The existing model
performs poorly due to the prominent H-K effect in large color gamut display devices.
Based on the CAM16 model, an improved model is obtained by taking the chromaticity
contribution to the brightness into account. The performance of the model is more consistent
with the psychophysical experimental results and proves to be more applicable to the large
color gamut laser display devices. The model provides a theoretical basis for the luminance
design of laser display devices. However, subsequent analyses indicate that the model’s
applicability is constrained by the color gamut and the dynamic range of present-day
display devices. Future implementations on devices boasting a broader color gamut and
heightened dynamic range, as well as the evaluations involving intricate image models,
necessitate further refinement.

Author Contributions: Conceptualization, ].Z. and W.G.; Methodology, ].Z. and Y.B.; Software, ].Z.;
Validation, Y.B. and M.S.; Formal analysis, Y.B.; Investigation, W.G. and M.S.; Resources, W.G. and
M.S.; Data curation, M.S.; Writing—original draft, J.Z.; Writing—review & editing, J.Z. and W.G.;
Visualization, J.Z.; Supervision, W.G. and Z.X.; Project administration, W.G. and Z.X.; Funding
acquisition, W.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the special project of central government guiding local
science and technology development in Beijing 2020 (Z20111000430000).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Xu, Z. Large Colour Gamut Display—The New Generation of Display Technique. Physics 2010, 39, 227-231.

2. Chellappan, K.V,; Erden, E.; Urey, H. Laser-Based Displays: A Review. Appl. Opt. 2010, 49, F79-F98. [CrossRef] [PubMed]

3.  Gao, W, Xu, Z,; Bi, Y;; Yuan, Y. Present Development and Tendency of Laser Display Technology; Strategic Study of Chinese Academy
of Engineering: Beijing, China, 2020; Volume 22, pp. 227-231.

4. Hunt, RW.G. A Model of Color Vision for Predicting Color Appearance. Color Res. Appl. 1982, 23, 138-146.

5. Moroney, N.; Fairchild, M.D.; Hunt, RW.G.; Li, C.; Luo, M.R.; Newman, T. The CIECAMO02 Color Appearance Model. In
Proceedings of the Tenth Color Imaging Conference: Color Science and Engineering Systems, Technologies, Applications, CIC
2002, Scottsdale, AZ, USA, 12 November 2002.

6. Choi, S.Y; Luo, M.R,; Pointer, M.R; Li, C.; Rhodes, P.A. Changes in Color Appearance of a Large Display in Various Surround
Ambient Conditions. Color Res. Appl. 2010, 35, 200-212. [CrossRef]

7. Park, YK; Luo, M.R; Li, C.J.; Kwak, Y. Refined CIECAMO2 for Bright Surround Conditions. Color Res. Appl. 2015, 40, 114-124.
[CrossRef]

8. Li, C; Li, Z.; Wang, Z. Comprehensive Color Solutions: CAM16, CAT16, and CAM16-UCS. Color Res. Appl. 2017, 42, 703-718.
[CrossRef]

9. Withouck, M.; Smet, K.A.G.; Ryckaert, W.R.; Deconinck, G.; Hanselaer, P. Predicting the Brightness of Unrelated Self-Luminous
Stimuli. Opt. Express 2014, 22, 16298-16309. [CrossRef] [PubMed]

10. Kim, M, Jo, J.; Park, Y.; Lee, S. Amendment of CIECAMO02 with a Technical Extension to Compensate Helmholtz-Kohlrausch
Effect for Chromatic Characterization of Display Devices. Displays 2019, 56, 1-10. [CrossRef]

11. Hellwig, L.; Stolitzka, D.; Fairchild, M.D. Extending CIECAMO02 and CAM16 for the Helmholtz—Kohlrausch Effect. Color Res.
Appl. 2022, 47,1096-1104. [CrossRef]

12.  Nayatani, Y. Simple Estimation Methods for the Helmholtz—Kohlrausch Effect. Color Res. Appl. 1997, 22, 385-401. [CrossRef]

13.  Donofrio, R.L. Review Paper: The Helmholtz-Kohlrausch Effect. J. Soc. Inf. Disp. 2011, 19, 658-664. [CrossRef]

14.  Withouck, M.; Smet, K.A.G.; Ryckaert, W.R.; Pointer, M.R.; Deconinck, G.; Koenderink, ].; Hanselaer, P. Brightness Perception of
Un-related Self-Luminous Colors. J. Opt. Soc. Am. A 2013, 30, 1248-1255. [CrossRef] [PubMed]

15. Masaoka, K.; Nishida, Y.; Sugawara, M. Designing Display Primaries with Currently Available Light Sources for UHDTV

Wide-Gamut System Colorimetry. Opt. Express 2014, 22, 19069-19077. [CrossRef] [PubMed]


https://doi.org/10.1364/AO.49.000F79
https://www.ncbi.nlm.nih.gov/pubmed/20820205
https://doi.org/10.1002/col.20567
https://doi.org/10.1002/col.21872
https://doi.org/10.1002/col.22131
https://doi.org/10.1364/OE.22.016298
https://www.ncbi.nlm.nih.gov/pubmed/24977881
https://doi.org/10.1016/j.displa.2018.09.005
https://doi.org/10.1002/col.22793
https://doi.org/10.1002/(SICI)1520-6378(199712)22:6%3C385::AID-COL6%3E3.0.CO;2-R
https://doi.org/10.1889/JSID19.10.658
https://doi.org/10.1364/JOSAA.30.001248
https://www.ncbi.nlm.nih.gov/pubmed/24323112
https://doi.org/10.1364/OE.22.019069
https://www.ncbi.nlm.nih.gov/pubmed/25320993

Micromachines 2023, 14, 1850 12 of 12

16.

17.
18.

19.

Song, H.; Li, H.; Liu, X. Studies on Different Primaries for a Nearly Ultimate Gamut in a Laser Display. Opt. Express 2018, 26,
23436-23448. [CrossRef] [PubMed]

Lennie, P; Pokorny, J.; Smith, V.C. Luminance. J. Opt. Soc. Am. A 1993, 10, 1283-1293. [CrossRef] [PubMed]

Garcia, P.A.; Huertas, R.; Melgosa, M.; Cui, G. Measurement of the Relationship Between Perceived and Computed Color
Differences. J. Opt. Soc. Am. A 2007, 24, 1823-1829. [CrossRef]

Fairchild, M.D,; Pirrotta, E. Predicting the Lightness of Chromatic Object Colors Using CIELAB. Color Res. Appl. 1991, 16, 385-393.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1364/OE.26.023436
https://www.ncbi.nlm.nih.gov/pubmed/30184844
https://doi.org/10.1364/JOSAA.10.001283
https://www.ncbi.nlm.nih.gov/pubmed/8320586
https://doi.org/10.1364/JOSAA.24.001823
https://doi.org/10.1002/col.5080160608

	Introduction 
	Analysis 
	Experimental Setup 
	Model Performances 
	Equivalent Luminance According to Nayatani 
	CIECAM02/CAM16 
	Proposed Model 

	Discussion 
	Conclusions 
	References

