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Abstract

The derivation of color difference formula requires the chromaticity discrimination ellipses
measured from psychophysical experiment. We use a wide-color-gamut (WCG) LCD backlit with RGB
LEDs for displaying high saturation color patches in the psychophysical experiment so that the
chromaticity discrimination ellipses of high saturation colors can be measured and the color difference
formula for high saturation color can be studied. Because the color patches with less than 0.05 color
difference in unit of CIEDE2000 are required in the experiment, we propose a spatial-dithering method
for the WCG LCD so that the bit depth of the LCD can be effectively improved. The RGB signal of the
WCG LCD in the experiment is 24-bit (8 bits for each primary signal). For the WCG LCD, we define a
super-pixel comprising 9 pixels. The applied RGB signals of the 9 pixels can be different and are given
as required. If the viewing angle of the super pixel is less than 1 minute of arc, the details of the 9 pixels
cannot be observed owing to the visual acuity of human eye. By utilizing this property, we are able to
generate 256x9=2304 levels for a primary, which effectively corresponds to 11-bit primary signal or 33-
bit RGB signal. Psychophysical experiment with 17 observers is taken by the use of this spatial-
dithering method. The experimental results are checked with the original MacAdam ellipses in literature
and the agreement is well. The chromaticity discrimination ellipses with color saturation beyond the
color saturation of measured data sets in literatures are shown. Experimental result shows that
CIEDE?2000 is not an accurate color difference formula not only in high color saturation region but also
in medium color saturation region. Therefore, the development of new version of color difference
formula is necessary so that the perceptual color difference of human vision can be more accurately
described.

Keyword: color difference formula, chromaticity discrimination ellipse, wide-color-gamut display



1. Introduction

The displays with larger color gamut are able to show more colorful and attractive images. The color
gamut of a display can be expanded by the use of high saturation primaries. Owing to the advance of
display technologies, wide-color-gamut (WCG) displays have been realized but are not yet popular. The
liquid crystal display backlit with RGB light emitting diodes (LEDs) and the laser projection displays
are two examples. The color gamuts of both displays can be larger than that of NTSC and HDTV (ITU-
R BT. 709) color standards [1]. Nowadays, video programs are recorded according to HDTV
specification. Primary color coordinates of WCG displays are much different from that of HDTV
primaries. Color processing is required for the video programs shown on WCG displays so that the color
hue shift due to primary changes can be corrected or preferred color appearance can be achieved.

Because CIE color coordinate system is a non-uniform color space, the metric for measuring the color
difference between two color points is an important issue. The metric is called the color difference formula,
which is a basic tool for color science and technology. In color processing, the calculation of the color
difference between two color points is frequently encountered. CIE has published three versions of color
difference formulas in 1976, 1995, and 2000 [2-4]. Color difference formula can be obtained by fitting
chromaticity discrimination ellipses to a mathematical formula [2, 5]. The chromaticity discrimination
ellipses are measured from psychophysical experiment, in which a group of observers are asked to
indentify whether testing color patches are the same as a reference color patch or not [2]. From the data
collected from the psychophysical experiment, the chromaticity discrimination ellipse centered at the
color coordinates of the reference color patch can be calculated by statistical method. The color patches
were usually prepared with a set of color chips, which are made of tiles and textiles for examples, so that
their color appearance can be stable under a given illumination [5]. The pigments of the color chips are
usually not fluorescent and not highly saturated. Therefore, they do not include high saturation colors in
nature including the colors of butterfly wings and fluorescent light. Visible LED is made of band gap
material and the bandwidth of its emission spectrum is narrow and highly saturated. Thus, current CIE
color difference formulas may not be suitable for calculating the color difference between two high
saturation colors that can be shown by wide-color-gamut displays.

Cathode-ray tube (CRT) displays have been used as the experimental apparatus for displaying color
patches in psychophysical experiments [5-8]. In this paper, we use a WCG LCD backlit with RGB LEDs
for displaying color patches of high saturation in the psychophysical experiment so that chromaticity
discrimination ellipses can be measured and the color difference formula for high saturation color can be
derived. However, the color patches with tiny color difference are required in such an experiment. In [5-
8], the signal processing in CRT is analog and the required color patches can be displayed by careful
tuning signal voltages. Nowadays, the signal processing in LCDs is digital and the displayed color
patches are limited by the bit depth. We propose a spatial-dithering method for the WCG LCD to show
the color patches with tiny color difference. The RGB signal of the WCG LCD is 24-bit (8 bits for each
primary signal). For the WCG LCD, we define a super pixel comprising 9 pixels. The applied RGB
signals of the 9 pixels can be different and are given as required. Because the visual acuity of human eye
is 1 minute of arc, if the viewing angle of the super-pixel is less than 1 minute of arc, the details of the 9
pixels cannot be observed. Thus, we are able to generate more than 256 levels for a primary by the use
of super pixels. Psychophysical experiments with 17 observers are taken by the use of this spatial-
dithering method. The experimental results have been checked with original MacAdam ellipses [2]. The
chromaticity discrimination ellipses of the high saturation color points near primary color coordinates
are also measured for deriving the color difference formula for high saturation colors.
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Figure 1: Side view of experimental setup. Figure 2: Color patches for psychophysical
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Figure 3: Chromaticity triangle of the WCG LCD, in which the chromaticity triangles of HDTV and
NTSC are also shown for comparison.

2. Experimental Setup

Figure 1 shows the side views of the experimental setup. The setup is surrounded by black cloth for
avoiding the reflection of surrounding environment lighting from the display screen. The observer views
screen through an aperture of 20 cm x10 cm on the black cloth facing the screen. The distance between
the observer and screen is 2 m so that the viewing angle extended from the observer to the color patches
shown on screen is 2° and the viewing angle extended from the observer to a super-pixel defined by
spatial-dithering method is less than 1 minute of arc. The color patches are shown in Fig. 2, in which the
diameter of the color patches is 3.49 cm and the left and right half circles are reference and test color



patches, respectively. Seventeen observers are asked to change the color coordinates of the test color so
that the test and reference colors are just discernible. From a set of just discernible color coordinates
corresponding to a reference color, the chromaticity discrimination ellipse can be calculated by the
statistical method given in [2].

RGB-LED backlit View Sonic VLED221wm is used as the WCG LCD, in which its screen diagonal
length is 22 inches, resolution is 1680%1050, horizontal and vertical viewing angles are 170° and 160°,
respectively. Figure 3 shows the chromaticity triangle of the display, in which the chromaticity triangles
of HDTV and NTSC are also shown for comparison. Room temperature is kept within 24°C and 26°C.
The warm up time of the display is 1.5 hours. The display is characterized with the spectrophotometer
Photo Research PR-670. 3D-LUT is taken as the color device model of the display. In addition, each
displayed color patch is measured and checked with PR-670.
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Figure 4: The maximum color difference statistics for  Figure 5: A super-pixel of the spatial-dithering
the palette of the WCG LCD with 24-bit signals, in method.

which the case with effective 33-bit signals is also

shown. The number of counts is normalized so that

the area under each curve is unit.

3. Spatial-Dithering Method

There are 2**= 16,777,216 colors in the palette of the display with 24-bit RGB signal (8 bits per
color channel). Figure 4 shows the maximum color-difference statistics for the palette of the WCG LCD
with 24-bit RGB signal, in which the number of counts is normalized so that the area under each curve is
unit. For a given signal of (R, G, B), in which the values of R, G, and B are from 0 to 2-1, the maximum
color difference in unit of AE,, (CIEDE2000) among neighboring signals shown in Fig. 4 is defined as

AE, . = Max{AE(R,G,B;R+1,G,B),AE(R,G,B;R,G +1,B),AE(R,G,B;R,G,B+1)}, (1)

where Max{} is the maximum function; and AE(R,G,,B;R,,G,,B,) is defined as the color difference
between the signals of (R,G,,B,) and (R,,G,,B,). In Eq.(1), only the neighboring signals of larger than
unit digital count are taken into account so that the maximum color differences of two neighboring
signals are not calculated in duplicate. We can see that the maximum color differences of all signals
among their neighboring signals as defined in Eq.(1) are almost less than unit color difference. However,
such color differences are not small enough for measuring chromaticity discrimination ellipses that will



be shown in the next section. Therefore the display of more bit depth is required for measuring
chromaticity discrimination ellipses. Figure 4 also shows the case with 33-bit RGB signal (11 bits per
color channel), in which the maximum color differences of all signals among their neighboring signals
defined in Eqg.(1) are almost less than 0.2 and the color difference is small enough for measuring
chromaticity discrimination ellipses. The proposed spatial-dithering method is used to improve the
effective bit depth of the display.

We define a super-pixel comprising 9 pixels arranged as is shown in Fig. 5 so that we are able to
show a RGB signal with (R+r/9, G+g/9, B+b/9), in which R, G, B, r, g, and b are integers; 0= R, G, B <
255; 0<r, g, b< 9. Taking the case with R= 50, G= 100, B= 150, r= 2, g=4, and b= 6 as an example, in
each super-pixel, we may randomly assign the red signals of the 9 pixels so that they comprise two 51
and seven 50, the green signals of the 9 pixels so that they comprise four 101 and five 100, and the blue
signals of the 9 pixels so that they comprise six 151 and three 150. If the viewing angle of the super-
pixel is less than 1 minute of arc, the details of the 9 pixels cannot be observed owing to the visual
acuity of human eye. By utilizing this property, we are able to generate 256x9= 2304 levels for a
primary, which effectively corresponds to 11-bit primary signal or 33-bit RGB signal.
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Figure 6: Distribution of the just discernible color
coordinates of 17 observers for the red reference
color at (x,y)= (0.475,0.3).

Figure 7: Statistics of the color difference of the
just discernible colors shown in Fig. 6 and the
reference color at (x.v)=(0.475.0.3).

4. Results

For a given reference color, test color patches are prepared along the lines crossing the reference
color coordinates. The slant angles of the lines with respect to positive horizontal axis (x axis) are in step
of 22.5° from 0° to 337.5°. Figure 6 also shows the distribution of the just discernible color coordinates
for the 17 observers, in which the reference color coordinates are (x,y)= (0.475,0.3). The statistics of the
color differences (in unit of AE,) between the just discernible colors and reference color for the cases

shown in Fig. 6 are shown in Fig. 7. From Fig. 7, we can see that the color differences vary from 0.1 to
1.5. Thus, it requires the color difference between successive test color patches to be at least less than
0.05. From Fig. 4, we can see that the display with 33-bit RGB signal is required for this psychophysical
experiment. The use of spatial-dithering method is necessary for the display with only 24-bit RGB signal.

Figure 8 shows seven chromaticity discrimination ellipses measured from the psychophysical
experiment, in which the ellipses are enlarged tenfold so that they can be clearly shown. In Fig. 8, there
are four checking chromaticity discrimination ellipses, in which their reference color coordinates are
chosen to be the same as four reference colors of original MacAdam ellipses [2]. According to



MacAdam’s experimental condition, the luminance of the four checking chromaticity discrimination
ellipses are set to be 48 cd/m?; the gray background color is set be the illuminant C with 24 cd/m® The
corresponding MacAdam ellipses are also shown by dashed ellipses in Fig. 8 for comparison. We can
see that the four checking chromaticity discrimination ellipses measured from our experiments are about
the same as the MacAdam ellipses. The slight differences between the chromaticity discrimination
ellipses and MacAdam ellipses may be due to the observer factor, room lighting, and other viewing
conditions.

The other three chromaticity discrimination ellipses near red, green, and blue primaries color
coordinates in Fig. 8 show the examples of high saturation reference colors. The luminance of the red,
green, and blue chromaticity discrimination ellipses are set to be 40 cd/m? 48 cd/m? and 20 cd/m?,
respectively, because of the limitation of primary luminance. The gray background color is the same as
the four checking chromaticity discrimination ellipses. The size of chromaticity discrimination ellipse
increases with color saturation in literatures [3-5]. However, from Fig. 8, we can see that the red and
blue ellipses are slightly smaller than the red and blue checking chromaticity discrimination ellipses,
respectively. This result shows the dependence of chromaticity discrimination ellipse on luminance [9].
It is noticed that the color saturation of the three measured chromaticity discrimination ellipses are well
beyond the color saturation of four data sets studied in [9].
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Figure 8: Chromaticity discrimination ellipses measured from psychophysical experiment, in
which the ellipses are enlarged tenfold so that they can be clearly shown. The corresponding
MacAdam ellipses are shown by dashed ellipses for comparison, which are also enlarged tenfold.
The experimental conditions should be referred to the text in this paper.
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Figure 9: Measured chromaticity discrimination ellipses for the cases shown in Fig.8, in which
the ellipses are represented in CIELAB and are enlarged fourfold so that they can be clearly shown.
The corresponding ellipses with AE,,= 1 are shown in red lines for comparison, which are also

enlarged fourfold.

Figure 9 shows the measured chromaticity discrimination ellipses for the cases shown in Fig.8, in
which the ellipses are represented in CIELAB and are enlarged fourfold so that they can be clearly
shown. The corresponding ellipses with AE,,= 1 are shown in red lines for comparison. We can see that

the gray chromaticity discrimination ellipse with AE,,=1 is nearly circular and the lengths of its axes are

close to that of the measured corresponding chromaticity discrimination ellipse. However, the axis
lengths of other six chromaticity discrimination ellipse with AE, =1 are longer than that of

corresponding measured ellipses. It is noticed that the orientations of the chromaticity discrimination
ellipses with AE,,=1 are very different from that of corresponding measured ellipses in red and blue

regions. Experimental result shows that CIEDE2000 is not an accurate color difference formula not only

in high color saturation region but also in medium color saturation region.

5. Conclusions



A WCG LCD backlit with RGB LEDs is used as the apparatus for displaying high saturation color
patches in the psychophysical experiment so that the chromaticity discrimination ellipses of high
saturation colors can be measured and the color difference formula for high saturation color can be
studied. Because the color patches with less than 0.05 color difference in unit of CIEDE2000 are
required in the experiment, we propose a spatial-dithering method for the WCG LCD so that the bit
depth of the LCD can be effectively improved. The RGB signal of the WCG LCD in the experiment is
24-bit (8 bits for each primary signal). For the WCG LCD, we define a super-pixel comprising 9 pixels.
The applied RGB signals of the 9 pixels can be different and are given as required. If the viewing angle
of the super pixel is less than 1 minute of arc, the details of the 9 pixels cannot be observed owing to the
visual acuity of human eye. By utilizing this property, we are able to generate 256x9=2304 levels for a
primary, which effectively corresponds to 11-bit primary signal or 33-bit RGB signal. Psychophysical
experiment with 17 observers is taken by the use of this spatial-dithering method. Four checking
chromaticity discrimination ellipses in red, green, blue, and gray regions, respectively, are shown. The
results well agree with the original MacAdam ellipses shown in literature. The chromaticity
discrimination ellipses of the high saturation color points near primary color coordinates are also shown.
The color saturation of the measured chromaticity discrimination ellipses are well beyond the color
saturation of measured data sets in literatures. Experimental result shows that CIEDE2000 is not an
accurate color difference formula not only in high color saturation region but also in medium color
saturation region. Therefore, the development of more accurate color difference formula is necessary.
The collection of more experimental data is undertaken for further investigation and the results will be
published elsewhere.
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P-34: Color Gamut and Power Consumption of a RGBW LCD
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Abstract

The relation of color gamut and power consumption of a
RGBW LCD using RGB LED backlight is studied. The result
shows that the display can be operated in high color
saturation mode, normal mode (20% power saving), and power
saving mode (45.9% power saving). The color saturation in
normal mode is about the same as that of ITU-R BT. 709
specification.

1. Introduction

Owing to the efficiency improvement and cost down of
visible LEDs, the LCD monitors using RGB LED backlight
have been commercially available. Although color field
sequential technology is able to significantly reduce power
consumption, the color flicker phenomenon has not yet been
completely solved [1,2]. Therefore, the use of RGB color
filters is necessary for the LCD monitors using RGB LED
backlight. The power consumptions of the LCDs using CCFL
backlight and RGB LED backlight are about on the same level
nowadays. However, the efficiencies of RGB LEDs are still
evolving rapidly. Visible LEDs are semiconductor band gap
materials, in which their spectral bandwidths are narrow and
color saturations are high. The LCDs using RGB LED
backlight also have the advantage of wide color gamut owing
to the high saturation primaries.

Power consumption is a critical issue for mobile displays
because of the limited capacity of battery. Because the
efficiency of white-light LED (WLED) is higher than that of
CCFL and RGB LEDs, it is popularly used in mobile displays.
However, it has the disadvantage of less saturated primaries
and, therefore, it is not used as the backlight of LCD monitors.
The primary saturation of the LCDs using WLED backlight
can be improved by the use of narrowband color filters but its
effective luminous efficiency is reduced. The other method to
improve primary saturation is to use the WLED of warm color
temperature but its effective luminous efficiency is also
reduced.

RGBW LCDs were proposed for mobile displays [3.4].
There are four equal-area sub-pixels in a pixel for a RGBW
LCD. Three of the sub-pixels comprise red, green, and blue
color filters, respectively. The fourth sub-pixel is without
color filter and is called the white or neutral sub-pixel. The red,
green, blue, and neutral sub-pixels with light output can be
called red, green, blue, and neutral primaries, respectively,
though the neutral primary is not linearly independent of the
other three primaries. The color of the neutral primary can be
produced from the color mixing of the other three primaries. A
RGBW LCD has the advantage of higher luminance
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compared with the equivalent RGB LCD owing to the high
transmittance of neutral sub-pixels. However, it has the
disadvantages of lower resolution and de-saturated color
appearance. The resolution problem can be solved by the
properly arrangement of sub-pixels and image processing [5].
In this paper, we consider the RGBW LCDs using RGB LED
backlight. The size of color gamut is improved for the RGBW
LCDs using RGB LED backlight compared with the case
using WLED backlight. The relation of the color gamut size
and power consumption is numerically studied.

Green LED

Blue LED Red LED
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0.6 Green Filter

0.4 4
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T T T T T 1
400 450 500 550 600 650 700
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Fig. 1: Spectral power densities of RGB LEDs and transmission spectra
of RGB filters.
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Fig. 2: The chromaticity triangle of RGB LEDs and the chromaticity
triangles of RGBW LCDs, in which the cases with the maximum
transmittance of neutral sub-pixels 7= 0% and 100% are shown for
RGBW LCDs. Chromaticity triangles of the HDTV color standard
(ITU-R BT. 709) and D65 white point are also shown for comparison.
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2. Color Device Model
The color device model of a RGBW display can be

represented by a 3x4 chromaticity matrix [6]

R
x] [x, x, x, T,
_ G\, (1)
Yl=|Y v, v TY
A N g
z| |z z, z, 1Z,
N

where X, Y;, and Z; are the maximum tristimulus values of
the i primary, and i= r, g, b, and n for red, green, blue, and
neutral primaries, respectively; 7 is the maximum

T=1;R, G, B,
and N are the normalized linear signals for red, green, blue,

transmittance of neutral sub-pixels and 0=

and neutral primaries, respectively, and 05 R, G, B, N = 1.

The factor T is used to limit the light output from neutral
sub-pixels for adjusting the color gamut size and power
consumption for a given white luminance value Y,. The
factor T can be controlled by the applied voltages of neutral
sub-pixels.

In Eq.(1), the maximum tristimulus values are functions
of RGB LED powers. We take P,,, P, and P, as the total
electrical powers of red, green, and blue LEDs, respectively.
Taking Y stimulus as an example, we have

[S,(WF(D)F(A)dA

)fi — Km]/
j S,(A)dA

mrA ;L

it )

where i=r, g, b, and n; K,= 683 Im/Watt; y is the aperture
ratio; m= 4 for the display with four primaries; A4 is the display
area in unit of m?; C,, 1;and S( A ) are the coupling efficiency
to the display output except for the absorption of color filters,
power conversion efficiency, and spectral power density of the
corresponding LED, respectively; F{ A1) is the transmission
spectrum of the corresponding color filter and F,(A )= 1 for
neutral sub-pixels. The X and Z stimulus values in terms of
RGB LED powers are the same as Eq.(2) except that the color
matching function y(A) is replaced by x(4) and z(1),
respectively. We can solve for P,,, P, and P, by substituting
the functions of X, Y, and Z stimulus values in terms of P,,, P,g,
and P,, into Eq.(1), and applying the white point condition. The
total required electrical power P~ P, + P, + P,. The white
point of HDTV color standard (ITU-R BT. 709) is illuminant
D65, which is also assumed in this paper.

The spectral power densities of RGB LEDs and
transmission spectra of color filters assumed in this paper
are shown in Fig. 1. The LED spectral power densities and
filter transmission spectra are taken from [7] and [8],
respectively. Figure 2 shows the chromaticity triangle of
RGB LEDs and the chromaticity triangles of RGBW LCDs,
in which the cases with 7= 0% and 100% are shown for
RGBW LCDs. Chromaticity triangles of HDTV and D65
white point are also shown for comparison. It is noticed that
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the color coordinates of RGBW primaries depend on T
because P, P, and P, change with 7. However, the
dependence is slight as is shown in Fig. 2. The red and green
primaries are more saturated than the red and green LEDs
because the filtering effect of color filters.

3. Display Color Gamut Size

Display industries usually represent the color gamut of a
display with the chromaticity triangle in the CIE xy
chromaticity diagram or CIE u'v' chromaticity diagram.
However, the color gamut of a display is a
three-dimensional volume in a perceptual color space, e.g.,
CIELAB. The two-dimensional chromaticity diagrams
cannot accurately represent a display color gamut. For
example, the color gamut of RGBW LCDs changes with the
maximum transmittance 7" as is shown later but this fact
cannot be shown in Fig. 2. Thus, we represent the color
gamut of the considered display in CIELAB color space.
The color gamut size is represented with discernible color
number instead of chromaticity triangle area in the following
[9,10]. Discernible color number represents the number of
discernible colors as defined based upon calculations with
the CIE94 color difference formula in CIELAB color space.

Color gamut of a RGBW LCD is calculated from Eq.(1) [6].
We take the discernible color number ratio (DCNR) to
represent the relative gamut size of the display color gamut
with respect to the HDTV color gamut [10]. DCNR= N,/ Nyprv,
where N; and Nypry are the discernible color numbers of the
display and HDTV color gamuts, respectively. Nypry =
199,491. The part of the display color gamut within the HDTV
color gamut is called the effective display color gamut because
only this part of display color gamut can be used to reproduce
HDTYV colors. For representing the ratio of the HDTV color
gamut that can be reproduced by the display, we define the
effective display color number ratio EDCNR= N,/Nypry, where
N, is the discernible color number of effective display color
gamut, i.e. the number of discernible colors in the HDTV color
gamut that can be reproduced by the display.
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Fig. 3: Total electrical power P,, power saving ratio r,, and neutral

luminance ratio ¢ versus the maximum transmittance of neutral
sub-pixels.
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Fig. 4: Color gamut cross-sections of constant lightness (L*) in CIELAB
color space for the RGBW LCD with the maximum transmittance of
neutral sub-pixels 7= 45.5%, where (a) L* < 50, and (b) L* = 50. The
corresponding values of L* are shown near the boundaries of the
cross-sections. The case for the equivalent RGB LCD is also shown in
thin lines for comparison.

4. Results

In the following we assume Y,,= 100 cd/mz; A=1 mz;
y=08; C;=1 for i=r, g, and b; n,=0.298, 1~ 0.137,
and 77 ,= 0.249, which are derived from the data sheet given

in [7]. Figure 3 shows total power P,;,, power saving ratio r;,
and neutral luminance ratio « versus the maximum
transmittance 7. The power saving ratio r= (P.rcp -
P.)/P.rc, Where P,.pgp 1s the total power for the equivalent
RGB LCD. The neutral luminance ratio « = TY,/ Y,,, which
represents the contribution of white luminance from neutral
primary. One can see that power is not saved for 7< 23%
because the factor m= 3 in Eq.(2) for the RGB LCD. For the
case with 7= 100%, r~= 45.9% and «a = 59.5%. Although
power can be saved about a half when 7= 100%, the neutral
luminance contributes about 60%. For this case, the color
appearance will be significantly de-saturated because the
luminance values of RGB primaries decrease as the
luminance value of neutral primary increases under the
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Fig. 5: Color gamut cross-sections of constant lightness (L*) in CIELAB
color space for the RGBW LCD with the maximum transmittance of
neutral sub-pixels 7 = 100%, where (a) L* < 50, and (b) L* = 50. The
corresponding values of L* are shown near the boundaries of the
cross-sections. The case for the equivalent RGB LCD is also shown in
thin lines for comparison.

requirement of white luminance. This effect can be clearly
observed from the display color gamut represented in
CIELAB color space.

Figures 4 and 5 show the color gamut cross-sections of
constant lightness (L*) in CIELAB color space for the
RGBW LCDs with T = 45.5% and 100%, respectively. The
case for the RGB LCD is also shown in thin lines for
comparison. For the case with T = 45.5%, r&= 20% and
a =40%. From Fig. 4, we can see the de-saturation in red,
green, and blue color regions for the lightness L* larger than
40, 70, and 20, respectively. From Fig. 5, we can see the
de-saturation in red, green, and blue color regions for the
lightness L* larger than 30, 60, and 20, respectively.
Because the maximum luminance value of blue primary is
the smallest among RGB primaries under white point
condition, the color saturation in blue region is reduced the
most significant when the luminance value of neutral
primary increases. The maximum luminance value of green
primary is the largest among RGB primaries. The color



saturation in green region is reduced the least when the
luminance value of neutral primary increases. However, if
the color saturations of RGB primaries are high enough in
the absence of neutral primary, the color appearance of the
de-saturated display may be still acceptable.
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Fig. 6: DCNR and EDCNR versus the maximum transmittance of
neutral sub-pixels.

Figure 6 shows DCNR and EDCNR versus the maximum
transmittance 7. From this figure, DCNR= 117.5% and
EDCNR= 94.7% for the case with T = 45.5%; DCNR= 96.8%
and EDCNR= 80.6% for the case with 7' = 100%. Because the
relative gamut sizes DCNR and EDCNR are calculated with
respect to the color gamut of HDTV, the color de-saturation of
the case with 7'= 45.5% is acceptable, but may not be acceptable
for the case with 7= 100%. Therefore, the use of proper image
processing technique to improve the color appearance of images
is required.

For the considered RGBW display, a possible application
scenario is to design the display that can be operated in three
modes. The first is high color saturation mode: the maximum
transmittance 7' is set to be 23%, in which DCNR= 127.6% and
EDCNR= 99.1%. The power consumption of this mode is the
same as that of the equivalent RGB display, in which DCNR=
133.7% and EDCNR= 100.0%. For the high color saturation
mode, the color saturation of the display is less than that of the
equivalent RGB display but is still higher than that of HDTV
considering the larger DCNR and about the same EDCNR. The
second is normal mode: the maximum transmittance 7 is set to
be 23%, in which 20% power can be saved and the color
saturation is about the same as that of HDTV considering the
larger DCNR and the slightly smaller EDCNR. The third is power
saving mode: the maximum transmittance 7 is set to be 100%,
in which 45.9% power can be saved at the expense of smaller
color gamut.

5. Conclusions

The relation of the color gamut size and power
consumption of a RGBW LCD using RGB LED backlight is
numerically studied. There are red, green, blue, and neutral
sub-pixels in a pixel for the RGBW LCD. The maximum
transmittance of neutral pixels is controlled by applied
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voltages for adjusting color gamut size and power
consumption for a given white luminance. The results show
that 0%, 20%, and 45.9% power can be saved with the
maximum transmittance 7= 23%, 45.5%, and 100%,
respectively, compared with the equivalent RGB LCD. The
color gamut size decreases as the maximum transmittance
increases. It is found that the display can be operated in
three modes: high color saturation mode (7= 23%), normal
mode (7= 45.5%), and power saving mode (7= 100%). The
color saturation of the display in high color saturation mode is
higher than that of HDTV. The color saturation of the display in
normal mode is about the same as that of HDTV. The color
saturation of the display in power saving mode is less than as that
of HDTV. Further optimization of LED spectral power densities
and color filter spectra may improve the color saturation of the
case with 7= 100%.
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