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The gamut and EOTF (Electro-Optical Transfer Function) of a display together determine its color
performance. Gamut determines the range of displayable colors, and the EOTF determines the color
accuracy and depth. Image reproduction often comprises two parts: the image source and the display
terminal. To ensure the universality of different terminals, the image source is generally produced

in a standardized gamut standard, while the terminal pursues a wider gamut and more spectacular
color performance. As a widely welcomed form of display, WCGDs (Wide Color Gamut Displays) boast
stunning color performance. However, certain colors in WCGDs displays are oversaturated, which is
unacceptable to the human eye. This paper analyzes the oversaturation problem of WCGDs. Firstly,

a display model based on EOTF and gamut parameters is established. Then the color point vector
field varies with EOTF is derived and the drift of luminance and chromaticity are analyzed separately.
Finally, two strategies are present to optimize the color oversaturation problem of WCGDs based

on the analysis conclusions and verify its effectiveness. This paper presents a detailed analysis and
possible strategy for color oversaturation in WCGDs, providing a theoretical basis for the accurate color
reproduction and efficient color management of WCGDs.

Gamut refers to the upper limit of the display’s color reproduction capability!. The display gamut has undergone
an evolution from black-white displays to WCGDs?. The emergence of colored displays made it possible to
present an abundance of colors, but the gamut was limited and differed tremendously from one display to
another?®. With the formulation and promotion of the sSRGB gamut standard, the display gamut was gradually
standardized, thus the accuracy and consistency of color reproduction were greatly promoted®. Nowadays,
WCGDs are becoming mainstream, capable of a wider gamut coverage, such as Adobe RGB, DCI-P3, BT2020,
etc., which can provide a more abundant visual experience for application scenarios such as images, videos, and
games®. With the widespread application of HDR technology in recent years, the color reproduction of displays
has been further enhanced, with significant improvement in color accuracy and depth, and more vivid and
realistic colors®. The evolution of gamut not only enhances the user experience but also promotes the growth
of image and video content creation such as photography, film and television production, image processing,
etc, and facilitates the development and innovation of color management and display technology, bringing new
possibilities for visual presentation in the digital era.

WCGDs can present more vibrant and saturated colors, yet this vibrancy and saturation are often inconsistent
with the actual perception of the human eye, resulting in the problem of color oversaturation, especially blue sky,
grass, skin color, and other memory colors known to humans’®. Color oversaturation significantly affects the
realism of image reproduction and makes the viewing experience much less pleasant. Therefore, when designing
and using WCGDs, special attention must be paid to color accuracy and balance to attenuate color distortion
issues and provide a superior visual experience’.

This paper first briefly introduces the imaging mechanism of WCGDs and analyzes the possible reason
for color oversaturation. Then combined with the basic color model of the display, we thoroughly examine
the influence of the EOTF curve on display color reproduction, mainly the variation of the color parameters
with the mathematical characteristics of EOTE, including the luminance and chromaticity deviations. On this
basis, a color oversaturation solution based on the EOTF curve is proposed in conjunction with the display
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characteristics of WCGDs, and its feasibility and validity are verified according to a color difference index in
uniform color space at the end.

WCGDs and color oversaturation problems

The display imaging process consists of two parts: the image source and the display terminal, as shown in Fig.
1. The image source is captured in some form of OOTF (Optical Optical Transfer Function) and then encoded
by inverse EOTF for photoelectric conversion and output as an image file of a certain color standard. The image
source is input to the display system and then decoded by the display system EOTF into an optical signal for
display'®.

For the image source, to ensure the universality among different devices, image files are usually demanded to
be produced in a standard gamut. Different color gamut standards have been developed for different application
scenarios, such as sSRGB for universal*, Adobe RGB for professional display!!, BT2020 for HDTV'2, DCI-P3 for
cinema'’, etc., respectively corresponding to different coding manners and storage formats. The image source of
the sRGB standard is typically stored in 8bit, corresponding to 65,535 colors, and its EOTF function is usually
an exponential function with a power of 2.2, Adobe RGB is generally stored in 12bit, corresponding to 68 billion
colors, and its EOTF is usually an exponential function with a power of 2.2, while DCI-P3 is typically required
the image source to meet the 16bit HDR standard with PQ curve!“.

For the display, limited by LEDs characteristics and control system capabilities, the display terminal generally
has a maximum gamut border and minimum control accuracy”. It is often expected to fully utilize the gamut
advantages and control capabilities of the display system to pursue better visual effects!®. In our previous work,
we have established the basic display model of the display terminal as follows Egs. (1)-(3)".
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where , g, b are uncoded linear color component values, range for [0,1].

eot f(x) is the EOTF of the display system, the input signal is encoded by the EOTF and the output is a nonlinear
color component, usually in terms of the actual display luminance, and normalized values are used throughout
this paper.
H is the display characterization matrix of the display, determined by the LEDs chromatic parameters
(x, yx, 2+ ) and the white balance ratio C1, C2, Cs, it is denoted as'®:
Cigs G z—z Cs Z—:
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CizZ2 (Cp22 (32
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The input linear 7, g, b is first encoded as a nonlinear component by the EOTF and then mapped into tristimulus
values. (X, Y, Z) by the LEDs. This model is based on the CIE xyY color space as it includes both chromaticity
and luminance attributes, which facilitates direct quantification of the display characteristics of the terminal.
With this model, the input image signal may be converted into an optical signal with terminal characteristics that
can be received by the human eye or optical measuring instruments.

EOTF is an Electro-Optical Transfer function, which is utilized to encode and convert the input image electrical
signals into optical output signals in the terminal color reproduction process, from the earliest linear coding to
the nonlinear v -EOTF to the Stevenson power law function!® to PQ curves employed in HDR. The essence of
this conversion is to encode the signal to improve the display’s performance of bright and dark details, to achieve
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Figure 1. Schematic diagram of the process from image creation to display.
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a wider range of colors and more realistic color performance while making it more in line with the human eye
perception, which plays a significant role in the display process.

To reveal the general principles, this paper chooses the v -EOTE which has a concise description and is
widely used, for analyzing and discussing. Substituting v -EOTF into Egs. (1)-(3), we can obtain the xyY model
of the terminal.

xr = X = E?:I Ci%Pn (5)
- - 3
X+Y+Z2 Zizlciipﬂ
y= X _ Z?:l b )
- - 3
X+Y+Z Zi:lciipﬂ
3
Yy = Z C; P ?)
=1

Where P; and C}; respectively represent the three primary color signal components and white balance luminance
ratio value, ; and y; represent the chromaticity parameter of the monochromatic color, subscript ¢, j can take
the value of 1, 2, 3, respectively, refer to r, g, b.

To ensure color consistency and accuracy when displayed on different devices, the vast majority of video and
image content is now produced in adherence to the sSRGB standard. Displays, as a medium for presenting images,
are designed to show more gorgeous colors and usually possess a wide display gamut, such as LED displays.
This contradiction leads to the fact that when WCGDs such as LEDs are fed into an image source of the sSRGB
standard without intervention, the input signal is processed in the terminal’s color coding manner to ensure
superior color performance, which results in oversaturated output colors.

As shown in Fig. 2, the original sRGB triangles are stretched into wide gamut triangles after the WCGD
system, and the points in the gamut are also shifted to different degrees. This kind of shift is manifested as an
increase in saturation and a deviation in hue, which will make the overall image appear more vibrant and provide
a more powerful visual impression to the viewer. However, the shift will also bring a large color difference,
resulting in the phenomenon of “over-saturation” of the images, some even beyond the human eye’s conventional
perception. For example, when displaying human skin, the skin color is excessively red, which significantly
affects the viewing experience.

The cause of this problem is the mismatch between the image source and the display system, mainly the
mismatch between the chromaticity attribute and the encoding manner. WCGDs possess a maximum physical
gamut defined by the colorimetric parameters of the light-emitting chip, which can usually be converted into
a smaller gamut within its physical gamut by gamut-limiting downward compatibility conversion to ensure
better color reproduction.?’-2*, However, the very high cost we spend on improving the color performance of
the display, only a small part of it is utilized at last, which is more than worthwhile for the display terminal. The
best solution is to seek a balance between maximizing the guaranteed gamut and visual effect optimization. This
paper will make such an attempt.

Effect of EOTF on gamut properties
In this section, we will dissect the role of the encoding curve, EOTE, in the color oversaturation problem of
WCGDs, and then analyze in depth and quantitatively the effect of the EOTF on the display terminal’s color

sRGB
BT2020 |

Figure 2. Schematic of WCGDs color oversaturation.
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performance, mainly in terms of luminance and chromaticity. To facilitate the calculation, the most widely used
gamma function is chosen for all the EOTF curves in this paper.

Effect of EOTF on color point distribution

According to the display model established in Part II, the EOTF output from a display system with linear r, g, b
input is a set of dots. By encoding the 7, g, b signals before inputting them into the display system, the output
color’s chromaticity coordinates will vary, and the distribution of color points in the 3D color space will be
altered accordingly. Different encoding manners lead to different primary energy distributions, leading to
different color point distributions, ultimately determining the color performance of the terminal. Figure 3 below
shows the distribution of color points corresponding to different -y values in the sSRGB standard in CIE xyY color
space and relatively perception-uniform CIE Lab color space, respectively.

In the gamut triangle, the center tends to represent the white field, and the apex tends to represent the purer,
more vibrant colors. It is not difficult to conclude from the figure that smaller y values correspond to the denser
distribution of color points in the center, i.e., more desaturated colors. As <y increases, the color dots gradually
spread out across the gamut, becoming sparsely denser in the center and denser near the apex, and more evenly
distributed across the uniform gamut. This aligns with the original purpose of the v function being proposed,
which is to fit more well with human eye perception. Human eye perception conforms to Weber’s law:

AL
=k (8)
This law describes the human eye’s perception of luminance variations as proportional to luminance so that a
person is much less sensitive to bright, unsaturated colors than to low-luminance, saturated ones. By encoding
the color, the energy of the primary is more concentrated in the low-luminance interval, which implies a finer
low-luminance coding. When the primaries are mixed for color reproduction, the finer encoding results in
subtler color variations, and richer color hierarchies. The optimal encoding curve, or perceptual quantizer (PQ),
is the one in which each gray-level encoding interval meets the minimum threshold for human eye perception.

Effect of EOTF on color reproduction in WCGDs
Further analysis of the color point position offsets in xyY color space, for any point (x,y,Y’), there exists a
vector 0~ (Py, P2, P3)=(x~, y, Yy) a direction in which the point changes with -y, where:

oz dy oY
m7:8_,y(r7gab)ay’Y:%(Tv.%b)?Y’Y:a_,y(r?.%b) (9)
Calculated by substituting the equation in Part I:
B 5QusT B 5QysT 10
T T Y T 0T {0
v=1.6 v=2.2 V=28

¥=1.6 v=2.2 v=2.8

50

80,

Gl
i,
/f it

40

50 > N

80,

-100
-100

100
-100

Figure 3. Schematic diagram of color point distribution with ~ in sRGB.
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Simplifying the matrix yields:
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According to the results, the drift of luminance and chromaticity can be analyzed separately.

Effects on luminance
The display luminance is superimposed by the primaries’ luminance. The primary luminance function curve
satisfies the EOTE, i.e., the exponential curve, which increases exponentially with signal input.

Yr = Clr'y,Yg = ng'y7n = C’g,b’Y (19)

According to the calculation above, the luminance variation vector Y is:

3
Y, = Z CiPIn P, (20)

i=1

Primary color luminance variation curve and color points luminance variation vector field in gamut are graphed
respectively as Fig. 4

For monochromatic luminance, the variation vector at a certain vy can also characterize the susceptibility of
the display to fluctuations at a certain luminance. As shown in Fig. 4a, the blue component is the smallest and
therefore has the smallest luminance fluctuation, while the green luminance fluctuates the most. In addition, v
mainly has a more pronounced effect on the luminance of the intermediate grayscale of the primary, and the
luminance variation vector is essentially zero for colors with luminance components of 0 and 1. Moreover, as
v increases, the magnitude of the primaries’ luminance variation vectors decreases. The peak of the vectors
gradually moves to the higher grays, which may be explained by the fact that the encoding concentrates the
energy to the lower grays increasing the affected gray levels. It becomes more apparent with  grows.

When the primary colors are mixed, the extreme low-brightness and high-brightness color points are almost
unaffected, so there is no variation in the vertex position of the gamut body. While the middle point by the
influence of the primary luminance has shifted downward, the color points in the entire color gamut show a
“downhill” trend.

Effects on chromaticity
The previous calculation yields the color coordinate shift-vector (z~, y):
3 3
_ Zi:l Zj:l CLCJﬁ (.%‘j — xb) PL-'YP]-’Y In P;

Z?:l ijl CiC; PP}

YiYj

Ly

Scientific Reports |

(2024) 14:28851

| https://doi.org/10.1038/s41598-024-80111-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

v increase

Peak’

0 01 02 03 04 05 06 07 08 09 1 2 03 9 0 01 02 03 04 05 06 07 08 09 1

signal

1 —— Luminance deviation

1} I
e el B 1“,1 ; vector

l |
m | I A
{” IIL 'I hI'1TT’ .
‘Iﬁﬂlqiﬂiﬂ% iﬂ Ijﬁlj j'l ,Iﬁt\{}mTT } ﬂnﬂgﬂﬁ ?}3 ;Errﬂ,} leh '{ ';;
TITI L‘ %j ﬁ” } I#ﬂr'i"lhf 5”"1 ' j
‘r 1 ] !

(b)Color points luminance variation vector field in gamut

Figure 4. Variation of luminance with .
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According to the Einstein summation convention, the expression can be abbreviated as:
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where df is an offset factor that satisfies the logarithmic relationship with the independent variables range
[0,1], which means that as the signal component approaches 1, the closer the offset factor nears 0, the smaller
the coordinate offsets x~, y~ are consequently, and vice versa as the signal component becomes smaller and

approaches 0, the larger the coordinate offsets =, ¥ are.

Geometrically speaking, smaller signal components generally produce color points distributed around the
triangle vertex, so the color deviation in the triangle vertex region of the gamut will be more pronounced. And
since the red primary color coordinates are relatively large, it will more likely lead to a larger offset factor, so
the points in the red region (especially the points near the red vertice) have correspondingly greater coordinate

deviations.

The chromaticity offset vectors within the gamut triangle are shown in Fig. 5. The vector color in the figure
is proportional to the vector length, and it can be seen that the deviation trend is consistent with the results of
the previous analysis, with an overall larger deviation at the vertices and the largest deviation in the red region.
In addition, it is not difficult to recognize from the figure that all the vectors are pointing from the center to the
vertices of the triangle, which means that almost all the colors tend to become more saturated. The color point
deviation in the gamut leads the color to be saturated, and some of them with large deviations from the original
color will show the phenomenon of oversaturation, which is what we know as the color oversaturation distortion

problem of WCGDs.
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Figure 5. Chromaticity offset vectors within the gamut triangle.

Promising EOTF-based solutions

Based on the previous analysis and conclusion, the oversaturation problem of WCGDs is mainly attributed to
the color point’s deviation towards the triangle’s vertex region under the encoding of EOTF (especially the red
vertex region). Therefore, we can control the encoding manner of EOTF to make the color point deviate in the
opposite direction to compensate for the original deviation of the color point, to achieve the purpose of adjusting
the color accuracy.

Brief description of the experiment
Assuming that the display terminal satisfies the BT2020 gamut with v = 2.8 and the input image source satisfies
the sSRGB standard with gamma = 2.2, the following two modification strategies are proposed:

Strategy 1: Modify the +y for all primary colors of the terminal from 2.8 to 2.2.

Strategy 2: To address the more severe red distortion, keep y 2.8 for the blue and green primaries and modify
the v from 2.8 to 2.2 for the red primary only.

Experimental Data Sample: The three primary colors are input with normalized values from 0:0.01:1,
forming 100* groups of color input drive samples.

According to ((5))-((7)) in the paper, the terminal output color parameters x, y, and Y for the sample values
are calculated based on the EOTF curve specified by the control group. Then, 100% groups of color output
values for Strategy 1 and Strategy 2 are obtained. The color differences between the two improvement strategies
and the original values are then calculated, respectively.

To guarantee consistency with the human perception, the color difference indicator Auv in the uniform
color space Luv is chosen as a metric to evaluate the color difference between the input video source and the
display’*?, and its value can be applied to evaluate the relative centrifugal degree of color deviation from the
human eye.

First, the obtained output values are converted into the Luv color space. The formulas for calculating

L, u, andv are as follows:

" — 4X _ 4x (25)
X 4+15Y+3Z -2 +12y+3
9y 9
v Y (26)

T X +15Y +3Z -2+ 12y+3

where x and y can be calculated using (1-3). Then,Auw can be calculated by the following Eq. (27):
Auv = \/m (27)
Au = uwcabD — Usignal (28)

Av = UWCGD — Usignal (29)

The 100 sets of color differences Auwv between the output color values of the two strategies and the output
color values based on the image display standards are calculated after the image signal is input into the display
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Origin y=2 |y=21|y=22|v=23|y=24|7y=25|y=26|y=27
sl |0.0378 [0.0408 [0.0438 |0.0468 |0.0498 |0.0528 |0.0528 |0.0584
AVER | 0.0611
s2 | 0.0456 | 0.0466 [0.0480 |0.0497 |0.0517 |0.0539 |0.0562 |0.0586
s1 00234 [0.0240 [0.0246 |0.0253 |0.0260 |0.0268 |0.0268 |0.0284
STD | 0.0293
s2 | 0.0216 [0.0215 [0.0218 |0.0224 |0.0233 |0.0245 |0.0260 |0.0275
s1 | 0.0005 | 0.0006 |[0.0006 |0.0006 |0.0007 |0.0007 |0.0007 |0.0008
VAR | 0.0009
s2 [ 0.0005 | 0.0005 |0.0005 |0.0005 |0.0005 |0.0006 |0.0007 |0.0008

Table 1. Color difference statistics of the proposed strategy.

(a) Origin (b) Strategy 1 (¢) Strategy 2

Figure 6. Diagram of color difference distribution in the gamut under three conditions.

system. Statistical analysis of the color difference data is then conducted to compare the effectiveness and
superiority of the proposed solutions.

Data analysis

The statistical values of the color difference under the three conditions are as follows in Table 1. We compared the
color differences of strategies in three dimensions: mean, variance, and standard deviation. The table shows that
the mean and variance of the color difference are reduced to some extent by reducing the value of -y in Strategy
1 and Strategy 2. And reduction gradually decelerates as -y gets lower, demonstrating the effectiveness of the two
strategies to some degree.

However, statistical values such as mean-variance can only show the overall trend of the data. According to
the above analysis, the color difference of the three primary colors is inconsistent. Therefore, we divide the gamut
triangle into three regions of red, green, and blue to further analyze the distribution of chromatic aberration
in the gamut. The color point deviation Awuwv distribution in the gamut is illustrated separately under three
circumstances in Fig. 6.

Firstly, it can be seen that the color deviation is mainly concentrated in the vertices of the triangle, and the
red color deviation is larger than that of the other two, which is consistent with the previous analysis, and the
human eye perception as well. Comparing the results of the two strategies with the original respectively, it can
be seen that the yellow color at the three vertices in Fig.6b,c has shown signs of fading. However, Fig. 6b still
maintains a similar red primary color distortion as the original one, while the relative errors of the primaries in
Fig. 6¢ have been homogenized.

Further statistical analysis of the color difference data of the three primary colors, Chart of color difference
statistics of R, G, and B, and the variation trend with  is represented in Fig. 7.

The chart indicates that the green and blue color difference under both strategies remain relatively stable as
decreases, while the red decreases significantly, and is equal to that of green and blue when v = 2.2. In contrast,
strategy 2, the solid part of the figure, presents a faster reduction of the red difference and a more stable stability
of the green-blue difference than strategy 1, the dashed part of the figure. This means that Strategy 2 has an even
superior capability of solving the oversaturation problem of WCGDs, making the color difference between the
primaries relatively flat, thereby reducing the viewing discomfort caused by oversaturation and ensuring viewing
comfort.

The simulation of the display effect of the image in the three situations is shown in Fig. 8. As can be seen from
the picture, after EOTF modification, the person in the image no longer looks like an alcoholic, but has a more
normal skin color. In contrast, the optimized image of Strategy 2 shows more vivid colors and higher overall
contrast than the Strategy 1 image, which implies better detail performance ability and better color performance,
proving the feasibility and effectiveness of the proposed scheme and the superiority of Strategy 2 in this paper.

Scientific Reports |

(2024) 14:28851 | https://doi.org/10.1038/s41598-024-80111-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

0.10
0.09
0.08
0.07
0.06

Auv

0.05
0.04
0.03
0.02
0.01
0.00

LesuAuv r seswAuv_g s Auv b e rsl —e—rs2 = gsl —+—gs2 - b.sl —=—b_s2

8 ~ |
(a) Origin (b) Over-saturation (c) Strategy 1 (d) Strategy 2

Figure 8. Simulation of the display effect of the image under three conditions.

Conclusion

Aiming at the display oversaturation problem of WCGDs, this paper establishes the vector variation field of
luminance chromaticity drift with EOTF based on the 3-dimensional geometrical model of the display, and
obtains the law of luminance chromaticity parameter drift with EOTF by analyzing the algebraic and geometrical
significance of the vectors. According to the analysis conclusions, 2 correction strategies are proposed. Based
on the chromatic aberration index, the performance of the two strategies in solving the color oversaturation
problem of WCGD:s is analyzed step by step from the whole to the partial, which verifies the idea that modifying
the EOTF can improve the color gamut performance of WCGDs. By defining different EOTF curves for different
primary, it is also possible to balance the chromatic deviation of the primaries in a targeted way, to achieve a
display effect that is more in line with the human eye’s vision.

However, this paper only equalizes the color difference of the primaries and does not consider the color
deviation of the white field in the middle and low grayscale that may be caused by adopting different EOTFs.
Modifying the display white balance parameters may also be a feasible way. In addition, only the simplest
exponential form of EOTF has been considered in this paper. there are already many displays that use power
functions and PQ curves as EOTFs, and these two forms of curves should be analyzed in the same way. In future
research work, we hope to discuss the above issues in depth.
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Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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