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Optimum Design of Four-primary Color Gamut for
Reproducing Maximum Input Encoded Color

Student: Yong-Jhih Chen Advisor: Dr. Han-Ping D. Shieh

Display Institute
National Chiao Tung University

Abstract

In order to widen the display color gamut for providing more vivid and natural color
perception, many of researchers and_hmanufacturers were attracted to invest in the
development of multi-primary technology in recent years. Comparing to the conventional
displays, multi-primary displays-(MPDs) ‘offer:the flexibility to adjust and exhibit possible
color gamut volume (CGV). However, only through proper encoding gamut conversion,
consumers could have the chancé to enjoy-the vivid-color image on the large gamut display.
This thesis presents a method to ‘design-the optimal (four-primary) color gamut for
reproducing maximum number of input encoded color. Based on the maximum color gamut

volume intersection requirement, the high-fidelity color reproduction can be achieved.

For actually comparing and evaluating the optimum color gamut based on different
algorithms, a backlight module (and the driving circuit) was constructed as a platform for
verification. A set of four four-primary LEDs were adopted as the light sources, which offer
the flexibility to have the different color gamut on the backlight module. Two major encoding
color gamuts, “sRGB” and “real surface color gamut,” are chosen as input gamuts.
Calculations are performed under two commonly-adopted criteria, maximum white point
luminance and maximum designed CGV, and the proposed one, maximum intersectional
CGV, respectively. Result shows the proposed method, compared to others, is demonstrated
to reproduce maximum input color gamut. Moreover, if applying the method to the new
developed large color gamut input encoding signal, the MPDs will display the color gamut

toward the gamut range of human visual system.
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Chapter 1

Introduction

Color gamut [1], the range of color which can be reproduced by a device, is one of the
general index to judge the color performance of a display. For widening the color gamut,
several multi-primary displays (MPDs) [2], [3] were proposed to achieve vivid and natural
color perception. However, the additional primaries will bring the color conversion issue due
to the offered flexibility in color reproduction process [4]. In this chapter, the key issues of

color gamut design in MPDs and the objective of this thesis will be discussed.

1.1 Color gamut of multi-primary display

1.1.1 Different color gamut

Color gamut of a device or a system is often quantified by comparison with National
Television System Committee (NTSC) [5] standard in some engineering applications. The
NTSC is the analog color television (TV) standard in the United States and defines the color
and video information. The percentage of NTSC in the chromatic diagram is the reference
index, which implies the approximate ratio of total color that can be theoretically displayed in
a color TV system. As shown in Fig. 1-1, the color gamut is presented in the CIE 1931 xy
chromaticity diagram. The horseshoe-shaped border represents the visual spectrum boundary
of human eye. The gamut of NTSC and a typical liquid crystal display (LCD) [6] are
represented by the solid- and dashed- line triangles, respectively. As shown in the diagram, the

color gamut of typical LCD is only 70% of NTSC and also far less than the gamut that human



eye can see. Actually, the color gamut showed and compared in 2D chromaticity diagram just
for convenience. The “real color gamut” is operated and visualized in the three dimensional

color spaces, which will be described in next chapter.

Fig. 1-1. The CIE xy chromaticity diagram with-the color gamuts of NTSC and a
typical LCD

Since the performance of color is-new receiving considerable attention in display
technology, larger color gamut display for presenting more color and higher color saturation
image is increasing demand from display manufacturers. The performances of two
commercial LCDs with different color gamut are shown in Fig. 1-2. The right LCD, which
has 90% of NTSC is much larger than the left one, which only has 72% of NTSC. Obviously,
the right one which has the larger gamut performs the more vivid and natural color perception

than the left one.



72% NTSC 90% NTSC

Fig. 1-2. The displays with different NTSC ratio color gamut

1.1.2 Widening of color gamut

Currently, there are two major_methods proposed for widening the color gamut of

displays. The first use the saturated primaries. [7]; an@I the second use the multi-primaries [8].

For example, the color gamut of recent most important information display device, LCD,

is determined by the combination of the spec’tra‘l_characteristics of backlight source and the
spectral transmission factors of color ﬁl;ers. S&ﬁce the conventional light source, cold cathode
fluorescent lamp (CCFL), has the wider band spectrum, some lights leak to the not intended
wavelength of color filters result in a poor color separation. For providing the saturated
primaries with narrow spectrum, some researchers replaced CCFL with the light-emitting

diode (LED) [7], thus making it easier to separate colors by the color filters.

Besides the above mentioned proposal, the most efficient way to enlarge the color gamut
of display significantly was to increase the number of primaries. Therefore, some researches
proposed and demonstrated the MPDs either of the sequential or spatial type to increase the

color gamut [9], [10].



1.1.3 Multi-color-LED backlight in field sequential

As previously noted, multi-primary display (MPD) is the proper method to widen the
color gamut. A four-primary-LED backlight in the field-sequential full-color (FS-FC) LCDs
[11] was proposed, due to its high luminous efficiency and large color gamut. Furthermore,
the extra advantages to modulate the color gamut and color temperature efficiently were
brought simultaneously. Thus, this thesis based on this structure examines the proposed

method in the following chapter.
Modulation of the color gamut

Since the FS-FC LCD replaces the color filters with the color sequential LED backlight,
the effective primaries or color gamut are decided by the sequential LED signals and
transmitted characteristic of the liquid crystal. For.example, the timing of driving scheme of
the four color LEDs is schematically represented in Fig. 1-3. As shown in Fig. 1-3(a), when
sequentially turn on the four LED backlights R,G1,B,and G2, the quadrangle color gamut will
much larger than the NTSC color gamut in the chromaticity diagram, as shown in Fig. 1-4.
Moreover, if G1 and G2 are operated simultaneously, as shown in Fig. 1-3(b), the coordinate
of G’ (refer to Fig. 1-4)is the result from the combination of G1 and G2 by properly tuning the
relative luminance. Then, the effective dynamic three primary color gamut RG’B can be

adjusted by preference design.
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Fig. 1-3. Timing of the driving scheme of four color LEDs for modulating color gamut

: (a) Sequential turn on RG1BG2 LEDs, (b) G1 and G2 are operated in the same field
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0.9

100% NTSC
4-Primary
User set

3-primary

Fig. 1-4. Illustration of color gamut modulation of four color LEDs

Modulation of the color temperature

Color temperature that dominantly affects the color performance is the characteristic of
the white point of a display, and the white point is decided by the relative luminance of each
primary. Due to the very nature of field sequential method and the current-controlled LEDs,

the desired color temperature can be obtained by applying well-calculated timing and driving

5



current to each LED of the backlight system. After the calculation, operating currents of each
LED are acquired to drive the LEDs to achieve the target color temperature. As shown in Fig.
1-5, Fig. 1-5(a) is the high color temperature setting and Fig. 1-5(b) is the low color
temperature setting, each having different relative ratio of primaries that performs different
perceptions. Since the LEDs are separately controlled, it is easy to modulate the color

temperature of LCDs by tuning the proportionality of luminance between the primary colors.

(b)

Fig. 1-5. The white point decided by the relative luminance of four-primary LEDs: (a) a high
color temperature setting, (b) a low color temperature setting



1.2 Color reproduction

Many types of electronic imaging devices, including color cathode ray tube (CRT)
devices, ink jet printers, LCDs, etc. utilize the device-dependent color spaces for color
specification. However, device-dependent color spaces do not relate to an objective definition
of color or human color perception. Therefore, the device-independent color spaces [12]
developed by International Commission on Illumination (CIE) give a quantitative measure for
all colors that is not dependent on the imaging device. As a result, the production of color
consistency between various devices, i.e., the concept of device-independent color

reproduction, as shown in Fig. 1-6, has been received widespread attention.

Device-dependent | | Device -independent | | Device-dependent
* *

Rs sRGB Xs L3 Color L% 2 O/P Display &

G, — Forward > Y, — a*;— gamut > a*;,— Y —» Backward > G

B, Model z, b*, mapping b*, 2 Model B
- — — — — ey
by CMg CAMg GMA CAMg CMg Lo
af o'

Original image Repro. image

Fig. 1-6. Basic color reproduction process through device-independent color space

The six types of color reproduction were defined by Hunt [13] as follows: spectral color
reproduction, colorimetric color reproduction, exact color reproduction, equivalent color
reproduction, corresponding color reproduction, and preferred color reproduction. Each of
these types of color reproduction is separated according to purpose. Nowadays, the research
related to reproducing images on MPD was classified into two main areas. The first one was
based on multi-spectral information [14], such as the spectral reflectance of an object
estimated by a multi-spectral camera or some measured spectrum data. This type of
reproduction tends to reproduce the original color, i.e., natural color reproduction, which can

reproduce more realistic image, but can not be directly applied to current High-definition



television (HDTV) system. The other one was based on the colorimetric information [15],
such as standard RGB (sRGB) and CIEXYZ, for applying the current color management
system. This type of reproduction also can reproduce the original color and tend to reproduce
the preference color, i.e., preference color reproduction [16], which can produce the memory
color of people preferred but need some psychophysical experiment to be evaluated. In this

thesis, the measured colorimetric data was applied for the original color reproduction.

1.2.1 Gamut mapping

The color reproduction from the input color gamut to multi-primary color gamut needs a
transformation, called gamut mapping, as shown in Fig. 1-7. The gamut mapping is a
technique to transform out-of-gamut colors into within-gamut, and thereby solve the
gamut-mismatch problem. Since the destination gamut of MPD is larger than the recent input
color gamut, the mapping can be the original: color mapping or preference color mapping.
Furthermore, the gamut mapping issimplemented ‘in the device-independent color space,
which is represented in three dimensions (3D);as shown in Fig. 1-8. Over the years, some

strategies [17] has been using to solve the variant gamut mapping problem.
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Color Gamut processing Multi-primary
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Fig. 1-7. The gamut transformation of color reproduction process
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Fig. 1-8. The illustration of gamut mapping

1.2.2 Color conversion issues

As previously noted, the device-independent color space provided by CIE is utilized for
the color reproduction, and the device-independent color reproduction requires a color
conversion between device color and device-indeépendent color to achieve color consistency.
Any color in a three primary system can only -be -expressed as a single combination of
coordinates. For example, the relative pfimary-luminances of a conventional three-primary
display are uniquely determined by its:white point. Refer to Fig. 1-6, in that case, the linearity
and additivity of colorimetric characteristics of a display system are ensured; the forward

model is shown as follows:

XW XRimax G_max B_max R R TRC(dR)
YW = YR_max G_max B_max G 2 G = TRC(dG) (1- 1)
ZW ZR_max G _max B _max B B TRC(dB)

where R/G/B are the three primaries, Xi/Yi/Zi are the CIE XYZ tristimulus, di is the display
signal, and TRC is a tone reproduction curve. Note: [i can be the three primaries (R, G, and B)
and the white point (w)]. Then, a backward model defined as the inversion of a forward mode,

is shown as follows:



R XR_max G _max XB_max XW dR TRC?I(R)
G|= YRimax G_max YBimax YW > dG = TRC?I(G) (l- 2)
B ZRimax G _max ZBimax ZW dB TRC?l(B)

regarding the color management system, to solve the three linear equations in three unknowns,

the signal di can be calculated by the white point of display.

When the color conversion method applies on the MPD, such as the four-primary

backlight, the forward model can be shown as follows:

RT [R] [TRC(dy)

X XR_max XG_max XB_max XC_max G G TRC(d )
Y = YR max G_max B_max C_max > = ¢ (1- 3)

N - - - B|"|B| [TRC(d,)

R_max G _max B_max C_max C C TRC(dC)

where C, cyan, is the additive ptimary of the backlight system. In this model, the white point
can be achieved by the setting ‘of four-primary signals. However, the backward model of

four-primary is shown as follows:

R - d TRC'(R
G XR_max G_max B_max C _max 1 X dR TRE_IEG;
= YRfmax YGimax YBfmax YCfmax Y ’ ¢ = 1 (1_ 4)
Bl |, . | |ds | |TRC(B)
C R_max G_max B max C_max dc TRC_I(C)

There is an issue in Eq. (1- 4), i.e., the three linear equations in four unknowns result in
numerous combinations and permutations of coordinates. In this case, Eq. (1- 4) remains one
degree of freedom for choosing the relative primary luminances at the given white point.

Finding a constraint can determine the unique multi-primary color decomposition.
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1.3 Motivation and objective of this thesis

The conventional display devices based on three primary colors cannot cover the entire
color gamut perceived by human visual system. In order to extend more vivid and natural
color perception, several methods, such as using saturated primaries and/or multiple primaries,
had been developed for increasing the color gamut of LCDs. Furthermore, a proposed
four-primary-LED backlight in the FS-FC LCDs also has advantage to modulate the color

gamut and color temperature efficiently.

Although the color gamut can be widened by using multi-color LEDs, there are some
color conversion issues on designing the color gamut volume (CGV) in MPDs. Comparing to
the conventional displays, MPDs offer the flexibility to adjust and exhibit possible CGV. Wen
[18] proposed the maximum white point-lominance and the maximum CGV requirements for
a four-primary display. However; the volume and shape of the device gamut are two of the
key factors that determine color reproducibility.” When the input encoded color gamut is

considered, the maximum CGV may be not suitable-for the input color reproduction.

In this thesis, the author refers to the methods proposed by Wen and proposes a method
for designing a four-primary CGV with maximum input encoded CGV intersection that
providing maximum input color reproduction. The high-fidelity color reproduction is

expected to be achieved by this method.
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1.4 Organization of this thesis

The thesis is organized as followings: The theories of colorimetry and design of color
gamut are presented in Chapter 2. Basic colorimetry concepts for presenting CGV are
described in this chapter. Additionally, this chapter also represents the criteria of four-primary
color gamut design. In Chapter 3, the experiment of four-primary LED backlight platform is
introduced in detail. Furthermore, the major instruments used to measure the color data and
the simulate method are also described. After that, the experimental results, including the two
test input color spaces and the discussions of comparison, are presented in Chapter 4. Finally,

the conclusions and future work are given in Chapter 5.
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Chapter 2

Principle of Color Gamut Design

The most primitive theory of colorimetric with respect to the CGV representation will be
reviewed. Besides, the previous method of four-primary color gamut design will be
interpreted briefly as well. Finally, the proposed method and the two test input color gamuts

for evaluating the gamut designing methods will be introduced separately.

2.1 Colorimetry

Colorimetry is the science relating color comparison and matching. To describe colors in
numbers or to provide the physical or psychophysical color match using a variety of
measurement instruments are all about colorimetry. The matching in color of two light stimuli
of different spectral power distributions under a given condition of observation can be
predicted by using basic colorimetry. Over the years, The CIE has defined a set of standard
observers and standard conditions for performing color matching experiments. The color
matching functions defined by color matching experiment is the basis of colorimetry. Using
this color matching functions, the various color spaces have been developed for denoting
colors numerically [19], [20], [21].

A color space is a mathematical multidimensional coordinate system where each
dimension corresponds to a color component. Mathematically, a color is a vector in a color
space, and the color gamut of a device is the subset of available colors in the color space. A
device-dependent color space is one in which the same combination of color values on two

different devices does not produce the same visual color. On the other hand, in a
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device-independent color space, the same set of tri-stimulus values produces the same visual
color on two different devices at the same viewing condition. As mentioned earlier, the color
reproduction prefers to perform in the device-independent color spaces. The various

device-independent color spaces are introduced in the following section.

2.1.1 CIEXYZ color space

In 1931, the CIE agreed on a device-independent standard color space called CIEXYZ,
which was created in the need for describing colors in the mathematical equivalent way. The
color was measured with tristimulus filters corresponding to the sensitivities of the receptors
in the standard observer. The result was the functions of matching curves fitted to the detected
wavelengths, as shown in Fig. 2-1. Then, the integrations of matching function multiplying
the object and illumination reflectance were computed as tristimulus values: X, Y and Z.
However, the tristimulus values-were virtual Aristimulus, and describing color in the three
dimensions was not convenient. A derived.colot.space specified by x, y, and Y was known as
the CIE xyY color space. As shown'in Fig. 2-2;:the x and y is the coordinate of specific color

on X +Y + Z =1 plane by using the following equations: [22]

X
X=——
X+Y+Z
Y
= 2-1
Y X+Y+Z ( )
V4
I=——
X+Y+Z

The third coordinate, z, can be omitted by providing Y parameter which is a measure of
the luminance of a color. As a result, the chromaticity description of any color by using just
two coordinates on the projecting locus of that plane, the CIE xy chromaticity diagram, is

widely used in practice.
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The CIEXYZ system is widely used: to ‘specify colors; however, the chromaticity
diagram is highly non-uniform. In the:CIEXYZ 'system, a vector of unit magnitude
representing the difference between two chromaticties is not uniformly visible [23]. The
CIEXYZ is not suitable for judging the color difference. So the CIELUV and CIELAB color

spaces were developed for solving this problem.

2.1.2 CIELUV color space

The CIE 1960 v’,v’ (UCS) diagram was the first determined by the linear transformation
of Yxy, in an attempt to produce a chromaticity diagrams, in which a vector of unit magnitude
difference is equally visible at all colors as shown in Fig 2-3. Y is unchanged from XYZ or
Yxy. The non-uniformity is reduced considerably, but the uniform brightness scale is not

included.
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Fig. 2-3. The 1976 u’v’ chromaticity diagram and its color difference diagram

Base on the CIE 1960 u’v’ diagram, the CIE developed the CIE 1976 UCS diagram

transformed from Yxy and defined the CIE 1976 L*u*v*(CIELUV) space involves the

uniform lightness scale. The transform was given by

L*:116f(i)—16
Yn

u =13L"(u'-u,"
vV =13L(u'-u,"

where

f00=k i 15 0.08856
F(k)=7.87k + 12 if k <0.08856
116

U= 4X
X +15Y +3Z

. )%
Vie———
X +15Y +37

16

(2-2)

(2-3)

(2- 4)

(2-5)



4X

1 n

u
"X, +15Y,+3Z,
9Y

' n

V. =
"X, +15Y,+3Z,

(2-6)

where X,, Y., and Z, are the tristimulus of the reference white. The u’ and v’ are the
chromaticity coordinates of stimulus, the u’, and v’, are the chromaticity coordinates of

reference white.

2.1.3 CIELAB color space

The CIE 1976 L*a*b* color space, abbreviated CIELAB, is another uniform color space
that transformed from CIEXYZ color space and related to Munsell color system. Three color
values L* (lightness), a* (red-green axis), .b* (yellow-blue axis) calculated from the CIE

tristimulus values. As shown in the:follows:

L*:116f(Yi)—16 (2-7)

n

. X Y
a =500[f (X_n) —f (Z)]
v 5 for
b =200[ f (Y—) ~f (Z_n)]

n

(2-8)

_ 3
F00=k 415 0.08856

F(k)=7.87k +-2 Fk<0.08856
116

where Xn, Ynand Znare also the tristimulus values for the reference white, and L* ranges from
0 to 100, where 0 is perfect black, and 100 is the reference white.
The counterclockwise angle between the positive a* axis and the vector from the origin

to the color is referred to as hue angle. Hue angle hao and chroma C*ab are defined as follows:
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*

h,, = arctan(

=)
a

C'o =@ +b7) (2-9)

The CIELAB color difference AE*a between two points is calculated as the Euclidean

distance:

AE", =J(AL? + Aa™> + Ab™) (2-10)

Since the CIELAB is the uniform device-independent color space, the color gamut and

the gamut mapping process usually represent in the CIELAB space.

2.2 Previous work - Wen’s method

Although many of multi-primary displays were proposed for wider gamut representation,
there were only few papers discussed its color gamut-design and method. As previous noted,
the shape and volume of device gamut will affect the color reproducibility. In addition, the
MPDs offer the flexibility to adjust and exhibit possible CGV, and need the constraint to
overcome the color conversion. So a previous method for design the relative luminance of
four-primary display to decide its color gamut was proposed by Wen [24].

Wen had proposed two criteria to solve this problem, one was the Maximum White Point
Luminance (display luminance) requirement, and the other was Maximum CGV requirement.
Both of them were base on the basic white point requirement. A four-primary display was
taken an example for showing the methods; it is the same condition with this thesis.

For the maximum white point luminance requirement, first of all, the gamut setting was
basically meeting the white point of the choosing system. For conventional three primary
displays, the relative luminances of primaries were uniquely determined by the white point of

display [25]. Utilizing the Grassman’s law, the white point tristimulus are the linear
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combination of three primaries; the forward model refers to Eq. (1- 1) can be represented as

follows:

X, T [X, Xo X,I[R
Yo l=[Y, Y. Y, |lG (2-11)
z, | |z, z, z,|B

Xy Xg ﬁ Xw
R Yr yg Yo W
Gl=|1 1 1| ]1 (2-12)
B R Y Zw

Yr Yg Yo Yw

where (Xr,yr), (Xg,¥e), and (Xv,yp)-are the color coordmates of red, green, and blue primaries;
and (Xw,Yw) 1s the color coordinate of white point.

For the four-primary LED “display which Wen used, the additive fourth color is
yellowish-green, which is denoted in Gy, enlarging the gamut about 130% NTSC in 1931 CIE
xy chromaticity diagram and 137% NTSC in CIE 1976 uniform chromaticity scale (UCS)
diagram. To achieve the white point, the forward model refers to Eq. (1- 3) as shown

following:

R
XJ] [Xe %o Xe X, ]| o
Yol=|Ye Yo Yo Y| g (2-13)
Z,] |20 26 Zo Z,]|4

<

As previous noted, the backward model of four-primary in Eq. (2-13) can not be

calculated. For solving the linear equations, there must add some constraint to reduce the
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column of matrix. As the definition of white point is the equal energy of each primary, it can
be achieved by the R=B=G=G, setting, where the normalized white point luminance is the

sum of four primaries, as shown following:

Yo +Y,+Y, +Y, =Y, =1 (2-14)

where 0< Yr,Yg ,Yb,Yy <1, and Y;, Y, Yb, Yy are the relative luminances of each primary.

Furthermore, the simple tristimulus derived formula as shown following.

z:wy , x=fy (2-15)
y y

As Egs. (2-14) and (2-15) were applied foirEq. (2-13), the basic color conversion can get

the backward model of relative luminance of four-primaries:

Xr Xgo X Xl - LKy Y

Yr Yo Yg vV y_W_y_y ¥

Yol=[ 1 1 = (2-16)
Y, R T I 2

b Yr Yg Yo Yw Yy Y

From Eq. (2-16), Y:, Y, and Y, are dependent on linear function of Yy. The plotted
curve of Y,, Y,, and Yy, against Yy by increasing Yy, is shown in Fig. 2-4. The figure depicts
that each combination of vertical line agrees with the white point setting, and the combination

reduce to three primaries, when Yy at 0 and 0.715.
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Fig. 2-4. Luminance Y, Y,, and Yy, plotted against Yy under the white point requirement (S.
Wen, Displays, 26, pp. 171-176, 2005)

In addition, the requirement of the-maximum /display luminance is taken for a set of
available primary luminances. Considering the available luminance of each LED Yim, Ygm,

Yom, and Yym, the white point is satisfied when the

rm _ _ - 2-17
Y, Yy, Y, v, 17
Max luminance 1 .
where 0<a.a a;a, <1, Yin =% i=r,g,b,y (2-18)
Max luminance k
r.g.b,y

In Eq. (2-17), a;, a,, ap, and ay are the turning factor of red, green, blue, and yellowish-green
primaries. To meet the maximum efficiency, the desired 7 is preferred as large as it can be.

Therefore, the designed maximum efficiency of four LEDs 7 max is defined as
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. Y, Ym m Ym
Mo (Y,) = Mm{ﬁﬂi:L: : } (2-19)

where Min { } is the minimum function. By using Egs. (2-16) and (2-19), the changed relative
luminance of yellowish-green Y, can get the curve plotted in Fig. 2-5 from which the
maximum efficiency 7 max 0f 0.908 at Y,=0.44 can be derived. Thus, the initial four-primary
color gamut with maximum white point luminance requirement is defined, when Y,=0.44,
Y.=0.3, Y,=0.24, and Y,=0.05, respectively.

2.0

1.8

Luminance Ratio
.

Fig. 2-5. Luminance ratioS Yin/Yr, Yem/Ye, Yom/Ys, and Yym/Yy plotted against Yy, (S. Wen,
Displays, 26, pp. 171-176, 2005)

For the maximum CGV requirement, the gamut volume is present in the CIE Lab color
space. By matching the white point setting, utilizing Eq. (2-16), the color gamut can be
designed by the relative luminances of four-primary. In addition, the CGV can be calculated

by the equation:

CGV = j j j G(L',a",b")dL'da’db’ (2-20)
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The color gamut volume is calculated in CIELAB color space when changing Y, value,
which is plotted in Fig. 2-6 from which the maximum gamut volume of 1.61x10° at Y, =0.37

can be derived.
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Fig. 2-6. The CGV (A E *ab’) 6f four-primaty displag plotted against Yy (S. Wen, Displays,
265 ppt-Fl=176,.2005)

With these two proposed criteria, the four-primary display gamut can be achieved for its
preferred application. Since the two criteria have two different settings, finally, Wen
concluded that, in practice, the design of the relative primary luminances may be a
compromised result of the two additional requirements. However, the criteria perform the
largest CGV and maximum display luminance, but they do not consider the input CGV. So it

may be not a suitable design for color reproduction.

2.3 Proposed method

Although the larger CGV can yield more colors, the mapping with input encoded CGV is
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another key factor affecting the display color reproduction performance. Some paper [26]
provides the metrics to judge the gamut volume of display, which depicts that the gamut
volume characteristics is judged with the input encoding CGV. With this concept, the
proposed new criterion is taking the input color gamut into account, which is the maximum
intersectional CGV.

Consequently, this thesis refers to the Wen’s method, with the maximum white point
luminance requirement and adds the maximum input CGV intersection requirement. The
method of designing the four-primary color gamut for reproducing maximum input encoded
color was proposed. It compromised with the efficiency of maximum Iluminance, and
performed the best gamut mapping resulted from input signal.

A four-primary-LED backlight in FS-FC LCDs was constructed to verify the proposed
method, will be introduced in next chapter. The four primaries are red, green, blue, and cyan,
denoted in R, G, B, and C separately. To meet the white point, the forward model modified

from Eq. (2-13) is shown as follows:

R
><W XR XG XB XC G
Yol=[Ye Yo Yo Yo |lg (2-21)
z Z. Zo Z,Z
w R G B Cc C

The backward model of the relative luminance of four primaries modified from Eq. (2-16)

is shown as follows:

Vel | Y% % | | W % e

Y =[1 1 1| -y, (2-22)
Y, o | X

b Yr Yg Yo Yw Ye YC

In addition, to consider the available luminance of each LED Yrm, Yom, Ybm, and Ycm, the
designed maximum efficiency of four LEDs, 1 max, modified from Eq. (2-19) is defined as:
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Y Y Y, Y
M (Ye) = Mm{fﬂ%:L:—} (2-23)

r g

According to the calculated result of Eqgs. (2-22) and (2-23), the maximum white point
requirement can be achieved by the specific relative luminance of four primaries. The
proposed maximum input CGV intersection requirement which is calculating the CGV
intersection with input CGV in the CIELAB color space. The test input CGV, the sRGB color
space [27] and the “real world surface color” gamut by pointer [28], will be introduced in next
section. Then, the 3D color gamut visualization and the intersectional CGV calculating
simulation will be introduced in next chapter.

In summary, the design flow of proposed method is shown in Fig. 2-7. First, the
measurement data of four-primary _eolor should be made to build a color database. Then,
start designing the relative luminance of each primary. The first step is to meet the basic
white point requirement by referring to the input color white point. Second, consult with the
measurement database, the maximum available ratio also be calculated. With the maximum
white point luminance design, the initial four-primary CGV can be determined by the
relative luminance setting. Finally, the input CGV is taken to compare with the initial
four-primary CGV. The maximum intersectional CGV will be found by shift-adjusting the
initial setting. As a result, the new relative luminance setting decides the final four-primary

CGV.
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Fig. 2-7. The design flow of proposed method
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2.4 Test input color gamuts

For the requirement of maximum input CGV intersection, the test color gamuts here, are
the standard RGB (sRGB) color space and the “real world surface color”. The sRGB adopt
the HDTV standard and is widely used in most monitor gamut management. Furthermore, the
real surface database collected by pointer contains most of the colors that people can see in

the real world.

2.4.1 Standard RGB color space (sSRGB)

In 1996, Hewlett-Packard and Microsoft proposed a standard color space, SRGB, for the
usage on monitors, printers, and the Internet. The aim of this color space was to complement
the current color management strategies by enabling a third method of handling color in the
operating system and device drivers. ThessRGB is*a single default color space acting as a
bridge provides the good quality-and backward compatibility with unambiguous and efficient
transmission. Nowadays, the sRGB. color space has been standardized by the International
Electrotechnical Commission (IEC) as*TEC 61966-2-1 in 1999 [29]. Such a standard can
dramatically improve the color fidelity in the desktop environment

The three major factors of the SRGB standard are the colorimetric RGB definition, the
equivalent gamma value of 2.2 and the well-defined viewing conditions, along with a number
of secondary details necessary to enable the clear and unambiguous communication of color.

The sRGB standard used the ITU-R BT.709-2 reference primaries and the CIE standard
illuminant Dgs reference white. The ITU-R BT.709-2 defined the parameter values of the
HDTV standards for production and international program exchange. The primaries and

reference white of SRGB standard are given in Table 2-1.
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Table 2-1 Parameters of sSRGB chromaticties

CIE chromaticities for ITU-R BT.709 reference primaries and CIE standard illuminant
Red Green Blue D65
0.6400 0.3000 0.1500 0.3127
0.3300 0.6000 0.0600 0.3290
0.0300 0.1000 0.7900 0.3583

Additionally, the standard adopted the transfer function (gamma 2.2) of typical CRTs.
Gamma is the non-linearity of the electro-optical radiation transfer function of CRTs; This
transfer function describes how much luminance results from voltages applied to the CRT,
and often expressed by a mathematical exponential power function parameter.

After defining the parameters of colorimetry, the SRGB color space is designed to match
typical home and office viewing conditions rather than the darker environment typically used
for commercial color matching. The viewing environment descriptions contain all the
necessary information to provide conversions-between the standard and target viewing
environments, as shown in Table 2-2:

Table 2-2 Parameters of SRGB viewing environment

SRGB viewing environment Parameters

Condition sRGB
Luminance level 80 cd/m’
[luminant White x=0.3127, y=10.3291 (D65)

Image surround 20% reflectance

Encoding Ambient [lluminance Level |64 lux
x =0.3457, y =0.3585 (D50)
Encoding Viewing Flare 1.0%

Encoding Ambient White Point

Typical Ambient I[lluminance Level 200 lux
x =0.3457, y=0.3585 (D50)
Typical Viewing Flare 5.0%

Typical Ambient White Point
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2.4.2 Real-world surface colors gamut

In 1980, Pointer published an article titled “the gamut of real surface colours”, which
collected 4089 measured surface color patches data enclosing most of the color in the real
world. In this article all the data have been calculated using CIE Standard Illuminant C. The
color patches contained the follows:

(1) Munsell Color-Cascade (non-fluorescent)

(2) Surface color objects measured by Trussel

(3) DuPont paint samples

(4) Graphic arts spot colors

As show in Fig. 2-8, the measurement color data was plotted in the CIE1931 xy
chromaticity diagram. In addition, the data, were converted into CIELAB coordinates, sorted
into groups according to the hue angle, hyp;iand then‘represented as plots of lightness, L*, as a
function of chroma, C,,*. Similar calculations were made using the equivalent CIELUV
coordinates. Both of these two “coordinates collection used the convex hull, the smallest
polygon that enclosed the sets of data te surround all these color data as a real-world surface

color gamut.
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Fig. 2-8 The Pomter.color gamut in CIE xy chromaticity diagram

This thesis used the sRGB ‘and.real-world surface color gamut in the CIELAB
coordinate as input colors to evaluate the CGV setting of the four-primary LED backlight.
Therefore, through the quantitatively evaluation of two input color gamuts, the four-primary

gamut was able to represent the color chart with as much color fidelity as possible.
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Chapter 3

Experiment and Simulation

This chapter has been divided into two sections: experiment and simulation. The
experiment section includes four-primary-LED backlight platform, measurement equipment,
and the measurement data, which will be firstly described for establishing a color database. In
the simulation section, the simulation method for evaluating the gamut characteristic will be

described.

3.1 Experiment

In this section, a four-primary-LED-backlight in' FS-FC LCDs has been constructed to
verify the proposed method. Thé:related measurement equipment and measurement data

would be shown later.

3.1.1 Four-primary-LED backlight platform

The four-primary-LED backlight platform, as shown in Fig. 3-1, was composed of an
optical cavity, a constant-current driving board, and a Field-programmable gate array (FPGA)

control board. These parts would be introduced separately.
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Fig. 3-1. The photo of four-primary-LED backlight platform, which included (a) a optical

cavity, (b) a constant-current driving board, and (c) FPGA control signal board
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LEDs from LUMINLEDS Corporation are shown in Fig. 3-2, where the peak wavelengths of

red, green, blue, and cyan primaries were 625nm, 530nm, 470nm, and 505nm, respectively.

LED Spec.

Part num. | Color | Peak A
LXHL-MDTD | Red 625 nm
LXHL-MMID | Green | 530 nm
LKHL-MBTD | Blue 470 nm
LsHL-METD | Cwan 505 nm

Fig. 3-2. The photo of simple optical cavity and the correlative specification of LED
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The constant-current driving board designed to provide the constant current for each
LED was expecting for the uniform color mixing result. As shown in Fig. 3-3, the circuit
board was divided into four similar parts, and each part deriving one specific LED. The digital
switch monitored the current which drives the LEDs, and the digital values were coded on
eight bits digital/analog converter (DAC) resulting in 256 digital values. Moreover, the other
circuits aided the LED driving IC providing different constant currents by the setting of each

digit count.

Cyan Part Green Part Blue Part Red Part

Digital Switch 8-bit DAC LED driving IC

Fig. 3-3. The photo of constant-current driving board and its description
The FPGA control board produced the time-sequential signal allowing the switching of
the driving current for each LED. This board was connected to the electronic driving board.
By the Verilog coding, the digital count and the timing signal has been provided for each

LED.
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3.1.2 Measurement equipment

The instrument used to realize the measurements was the Conoscope, as shown in Fig.
3-4. The Conoscope has different applications: luminance vs. viewing direction, chromaticity
vs. viewing direction, response time, flicker-analysis, lateral homogeneity, interactive viewing

cone analysis, and electro-optical characterization, etc.

Fig. 3-4. The photo of Conoscope

In this thesis, the interesting function is the ability of the Conoscope to realize the
measurements of the color coordinates (x, y) and tristimulus on our sample backlight. In the
Conoscope, the luminous information of measurement sample is sent to two different devices,
as shown in Fig. 3-5, totally independent in their work. The first device is the photometer with
the CCD camera, which allows the measurement of the color coordinates. The results of the
experiments are displayed on the computer linked to the Conoscope. The second device is the
spectrometer, which provides more accurate spectrum measurement. The main function of the
spectrometer is to measure the wavelength of the light produced by the studied sample.
Additionally, the tristimulus and CIE coordinates was calculated by this function.
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Fig. 3-5. The luminous information path in Conoscope

The Conoscope is based on the conoscopic method. As shown in Fig. 3-6, a cone of
elementary parallel light beams C, which is transmitted by a sample S that is located in the
front of focal plane of the lens L1, is collected simultaneously over a large solid angle by the
lens L1. A pattern IF1is generated in' the rear focal plane F’10f the lens L1 by the transform
lens. The intensity of each area element corresponds to the intensity of one elementary
parallel beam with a specific direction of light-.propagation. In the pattern IF1,the directional
intensity distribution of the cone of elementary parallel light beams C is transformed into a
two-dimensional distribution of light intensity and color with each location in the pattern
corresponding to exactly one direction of light propagation (&, ¢).

For the CCD detector, a second optical system L2 optionally projects the conoscopic
figure IF1 on a two dimensional detector array for evaluation of the spatial intensity
distribution, which corresponds to the directional intensity distribution of the light emerging

from the measuring spot on the sample.
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Fig. 3-6. The principle diagram of Conoscope

3.1.3 Measurement data

The specifications of each LED were measured by Conoscope Spectrometer. The
calculated color gamut was about 131% of NTSC color gamut in 1931 CIE xy chromaticity

diagram and 147% of NTSC color gamut in CIE'1976 UCS diagram, as shown in Table 3-1.

Table 3-1 EED specifications and measurement data
LED Spec. Measurement Data
Part num. | Color | Peak ' x | v Calculate Data
LXHL-MDID[ Red | 625nm [ 070 [ 030 | CIExy | 131%
LXHL-MMlDl Green I 530 nm | 0.16 | 0.71 [color gamut] NTSC
LXHL-MBID| Blue | 470nm [ 0.4 [ 005 | CIEuwv | 147%
LXHL-MEID] Cyan | 505nm ] 0.08 | 0.54 Jeolor gamut| NTSC

The four-primary color gamut compared to other standard color gamuts in CIE 1976
UCS diagram is shown in Fig. 3-7 from which the designed color gamut was sufficient to

reproduce the standard color gamut input.
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Fig. 3-7. Four-primary color gamut compared with standard color space in CIE 1976 UCS
diagram

In addition, the database of these LEDs was measured by the adjustable current driving
circuit, as shown in Fig. 3-8. The luminances of four LEDs, which denoted in R, G, B, and C,
are almost linear functions of the digital count.- The measurement data are also plotted in CIE
1931 chromaticity diagram, as shown. in_Fig. 3-9. Fhe coordinates are not varied with the
digital count. Therefore, the database.of these LEDs can be applied to the color gamut
evaluation.

2000

1800 Digital count vs. Luminance 1
1600 - *

1400 " :

1200 - 1
1000 / R

800

Luminance

600 -

400

200

— | | | | |
0 32 64 96 128 160 192 224 256 280
Digital Count

Fig. 3-8. Luminance of each primary plotted against digital count of control circuit
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CIE 1931 xy chromaticity diagram
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Fig. 3-9. The plot of different digital count(dived in-to 8 level) in the CIE xy chromaticity

38



3.2 Simulation

The simulation includes the analysis of numerical parameters that above mentioned and
the gamut visualization in three dimensions performed to observe the gamut intersection. In

addition, the g-hull algorithm was also introduced in this section.

3.2.1 Numerical analysis

There are several parameters need to be simulated, included the max efficiency 7 max »
maximum four-primary CGV, and the intersectional CGV (with input color gamut).

As mentioned before, the four-primary would produce a set of combinations through
different relative luminance setting. Therefore, the max efficiency 7 max Was calculated by
satisfying Egs. (2-22) and (2-23). The maximum four-primary CGV and the intersectional
CGYV of four primaries and test input _colorsswere calculated by Eq. (2-20), and both of them

try to meet the maximum values by adjusting the relative luminance.

3.2.2 Gamut visualization

As mentioned earlier, the color gamut is usually visualized and processed in the CIELAB
color space. Because there are lots of set colors, the visualization of the gamut volume should
use a convex hull to enclose all these data. The convex hull is the smallest polygon that
enclosing all sets of data. As shown in Fig. 3-10, the set of color data in CIELAB color space
are denoted, S, and the convex hull is the set which contain all the data denoted, CH(S).

There are many algorithms for solving the convex hull problem. This thesis used the

g-hull algorithm for the high speed approach, and it would be introduced later.
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Fig. 3-10. The concept of convex hull in gamut visualization

3.2.3 Q-hull algorithm

The g-hull algorithm is the abbreviation of quick hull, which can provide the fast process
in practice. The method is similar to the quick sort algorithm, the average time complexity is
O (n log n).

The simple illustration of g-hull algorithm method is shown in Fig. 3-11. There are a set
of points in the diagram. First, two points-P1_and P2 are chosen and a line is drawn dividing
the set of points in two parts i.e. X1,:X2. In- X1 part, the P3 is chosen to compose of the
largest triangle area of P1P2P3. Further, keep doing the same procedure, in the end; the final

convex hull will be given.

Fig. 3-11. The simple illustration of g-hull algorithm method
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Chapter 4

Results & Discussion

The simulations of two input color gamuts, SRGB and real surface color gamut, are
demonstrated and compared with the experimental data. Two commonly considered criteria
and our proposed one will be examined in both input cases. These criteria include maximum
white point luminance, maximum four-primary CGV and maximum intersectional CGV. The
CGYV is calculated in CIELAB space and depicted in three dimensions for direct comparison

and clear visualization.

4.1 sRGB color gamut as the.input

The input color gamut is SRGB eolor-space, which was introduced in section 2.4.1, and

the results from fulfilling of the three criteria will be shown separately.

4.1.1 Maximum white point luminance

The white point and the maximum available luminance of LEDs are required to meet the
maximum white point luminance as proposed by Wen. For a standard ITU-R BT.709 (sRGB)
input encoded color signal, the white point D65 decided by the maximum luminance and
relative ratio of each primary is the starting point for defining the color gamut of a display.
Using the measured database and Eq. (2-22), the white point shown in Table 2-1 can be
achieved by different combinations of relative luminance setting. The varied Y. was applied
to Eq. (2-22), and plotted curve, as shown in Fig. 4-1, was resulted. Each vertical line in the

diagram 1s under the white point requirement, e.g. when the relative luminance is setting at
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vertical line 1, which is Y=0.2, Y,=0.289, Y,=0.45, and Y,=0.061, the mixing result will
agree with the D65 white point coordinates. It is noticed that the LED backlight reduces to
three primaries for the cases of Y= 0 and 0.63. Because Y. is the luminance of comprises of
blue and green spectral components, the required luminance of blue and green primaries
decrease as Y. increases. On the other hand, the required luminance of red primary is

increased with Y. Therefore, the varied Y, lies on the range of two boundaries.
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|
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0 I I I I I ‘ | .' I |
%07 0.1 0.2 0.3 0.4 0.5 06..- 0.7

Fig. 4-1. Plots of luminances Y, Y,, and Y}, as functions of Y. under the white point

requirement

In addition, if considered the available luminance ratio of each LED at the white point,
the luminance ratios as functions of Y. are shown in Fig. 4-2 by Egs. (2-22) and (2-23). The
minimum ratio is 0.9801 at Y.=0.2 which is the maximum efficiency 7 max defined by Eq.
(2-23). The designed efficiency of four LEDs 7 is plotted in Fig. 4-3 by applying the varied
Y. to Eq. (2-23) for the comparison. As shown in Fig. 4-3, the maximum efficiency of 0.98 at
Y=0.2 can be derived. Therefore, the initial four-primary color gamut with maximum white
point luminance requirement is defined, when Y.=0.2, Y,=0.289, Y,=0.45, and Y,=0.061,

respectively.
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Fig. 4-3. The available LED efficiency plotted against Y. under the sSRGB gamut input

4.1.2 Maximum four-primary CGV

The maximum CGV of four-primary display was also considered in Wen’s method. The

CGYV was calculated in CIELAB color space by Eq. (2-20) with the varied Y. value, as shown
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in Fig. 4-4. The maximum gamut volume of 1.7x10° at Y.=0.24 can be derived. As a result,

the maximum four-primary CGV with white point requirement is defined, when Y.=0.24,

Y.=0.291, Y,=0.409, and Y,=0.06, respectively.
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Fig. 4-4. The four-primary CGV plotted against Y. under the SRGB gamut input

4.1.3 Maximum input CGV intersection

According to the design flow ‘of proposed method in Fig. 2-7, the initial four-primary
CGV was achieved by fulfilling of the maximum white point luminance requirement. In
addition, the initial four-primary CGV with different relative luminance setting was compared
with the input gamut. Therefore, the intersectional CGV of four-primary LED backlight and
sRGB color gamut was also derived by Eq. (2-20). Then, the intersectional CGV plotted
against the shifted Y. value is shown in Fig. 4-5. Obviously, from this figure, the
intersectional CGV value becomes larger when Y, value is reduced. The maximum value is
achieved when the initial Y, value shift from 0.2 to 0.04. By using Eq. (2-22), the relative

luminances are Y.=0.04, Y,=0.278, Y,=0.615, and Y,=0.067, respectively.
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Fig. 4-5. Plot of intersectional CGV as a function of the shifted Y, value under sSRGB gamut

input

In order to observe the color gamut:intersection, the 3D CGV visualization of initial
four-primary and sRGB color:gamut were presented in CIELAB color space by g-hull
algorithm simulation, as shown in Figs. 4-6 and 4-7. Furthermore, the intersectional CGV
visualization by combining the two color gamut is shown in Fig. 4-8 from which some part

of SRGB CGYV is not included in the four-primary CGV.

Fig. 4-6. 3D visualization of four-primary gamut in CIELAB color space with different angle

of (a) top and (b) side view
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Fig. 4-7. 3D visualization of sSRGB color gamut in CIELAB color space with different angle of
(a) top and (b) side view

Four-primary h* sRGB

Fig. 4-8. 3D CGV Intersection of four-primary gamut and sSRGB gamut

4.1.4 Summary

With sRGB color gamut as an input, the results of three criteria are performed by the
value setting shown in Table 4-1. The relative luminance of each primary and the digital level
setting were listed. Furthermore, the curves based on three criteria are plotted in Fig. 4-9 for

the comparison.

46



Table 4-1 The relative luminance setting of each criterion with sSRGB gamut input

Relative luminance Yr Yo Yb Yc
Max White Point | Ratio [ 0.289 0.45 0.061 0.2
Luminance Level | 255 254 209 248
Ratio | 0.291 0.409 0.06 0.24
Max CGV
o Level | 220 197 175 255
The Proposed | Ratio | 0.278 0.615 0.067 0.04
Design Level 180 255 168 36
100+ Max intersectional CGV
95 +
> 904
0)
S ]
= 851
g 4
= 804
D ]
(7]
5 754
E |
70- :
65 T T ; T T T
00 | 01 0.2 0.3 0.4 0.5
1.0+ Maxiefficiency=—} | 6
_ 3 e / AN 11.73x10° o~
0.94 3 AAAQI/:AALAl\ AR, Lﬂ_%
| AAA L i .\: AAAA <
AT " N L 6 =
0.8 T Pl N 41.66x10° >
> X,l'.. ! o AA 1 O
U “.I l\. AA O
S 0.7- o . ) ] -
Q =/ . A s ©
R 4 \ 11.60x10° E
= 0.6- P 1 a
ITRa - A :
« "u, A 3
0.5+ | "h, 4 {154x10° it
| 004 020 024 ., A
0.4 . 4 ; . I : . , -
0.0 0.1 0.2 0.3 0.4 0.5

Yc
Fig. 4-9. Efficiency, four-primary CGYV, and the intersectional CGV plotted against Y for

comparison with sSRGB gamut input
The comparisons of computed data based on three criteria including the maximum
efficiency, four-primary CGV, and intersectional CGV, are shown in Table 4-2. The first row
is the computed results of maximum white point luminance requirement at Y.=0.22, the

maximum efficiency is 0.98, the four-primary CGV is about 1.696 x 10°, and the
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intersectional CGV is about 96.1 % of sSRGB CGV. Then, the second row is the computed
results of the maximum CGV requirement at Y =0.24, the maximum efficiency is 0.84, the
four-primary CGV is about 1.7 x 10°, and the intersectional CGV is about 95.6 % of SRGB
CGV. Furthermore, the third row is the computed results the maximum intersectional CGV
requirement at Y =0.04, the maximum efficiency is 0.72, the four-primary CGV is about
1.626 x 10° , and the intersectional CGV is about 98.9 % of sSRGB CGV. Obviously, each
criterion has the largest value, which will be discussed in section 4.3.

Table 4-2 The compared result of each criterion

L Four-primary CGV| Intersectional CGV
TEST INPUT Criteria Used | Ye | Tl (g% | (with gamut input)
Max White Point 6
| uminance 0.20 | 0.98 1.696x10 96.1 % Input CGV]
sRGB Color Space Max CGV 0124 1.0.84 1.702x10°  195.6 % Input CGV]
The Proposed ksl 070 | 1 .606x10°  |98.9% Input CGV
Desien

With the three criteria settings, the LED backlight was set to achieve the white point of
the display system and measured the color difference. As shown in Table 4-6, the measured
color difference in Au’v’ is lower than the minimum perceptible limit. (0.005Au’v’).
Consequently, the designed relative luminance is acceptable.

Table 4-3 The color difference with the reference white D65 in CIE 1976 UCS diagram of

each criterion

certeria result Auv
(with D65)
Max White Point 4545107
Luminance DK
Max CGV 4.407x10°°
The Proposed Design 4.973x10°°
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4.2 Real surface color gamut as the input

The input color gamut is replaced with real surface color gamut which was introduced in
section 2.4.2. Similar to last section, the results from fulfilling of the three criteria will be

shown separately.

4.2.1 Maximum white point luminance

For a real surface color gamut, the white point C decided by the maximum luminance
and relative ratio of each primary is the starting point for defining the color gamut of a display.
Using the measured database and Eq. (2-22), the white point of illuminance C can be achieved
by different combinations of relative luminance setting. The varied Y. was applied to Eq.
(2-22), and plotted curve, as shown in_ Fig, 4-10, was resulted. Each vertical line in the
diagram is under the white point requirementyeig. when the relative luminance sets at vertical
line 1, which Y.=0.19 Y,=0.295; Y:=0.447, and Y,=0.068, the mixing result will agree with
the illuminance C white point coordinates. Itis-alsonoticed that the LED backlight reduces to
three primaries for the cases of Y= 0 and 0.62."Because Y. is the luminance of comprises of
blue and green spectral components, the required luminance of blue and green primaries
decrease as Y. increases. On the other hand, the required luminance of red primary is

increased with Y. Therefore, the varied Y, lies on the range of two boundaries.
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Fig. 4-10. Plots of luminances Y., Y, and Y}, as functions of Y. under the white point

requirement

In addition, if considered the available luminance ratio of each LED at the white point C,
the luminance ratios as functions of Y are shown in Eig. 4-11 by Eqgs. (2-22) and (2-23).The
minimum ratio of 0.96 at Y. =0:19 is.the-maximum efficiency nm.x defined by Eq. (2-23).
Besides, the designed efficiency of*four-LEDS, 1, is plotted in Fig. 4-12 by applying the
varied Y. to Eq. (2-23) for the comparison. As shown in Fig. 4-12, the maximum efficiency
7 max Of 0.9598 at Y.~=0.19 can be derived. Thus, the initial four-primary color gamut with
maximum white point luminance requirement is defined, when Y.=0.19 Y,=0.295, Y,=0.447,

and Y,=0.068, respectively.
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Fig. 4-12. The available LED efficiency plotted against Y. under real surface gamut input

4.2.2 Maximum four-primary CGV

The maximum CGV of four-primary display was also considered in Wen’s method. The
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color gamut volume was calculated in CIELAB color space by Eq. (2-20) with varied Y,
value, as shown in Fig. 4-13. The maximum gamut volume of 1.69x10° at Y=0.25 can be
derived. The maximum four-primary CGV with white point requirement is defined, when

Y~0.25, Y=0.299, Y,=0.385, and Y,=0.066, respectively.
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Fig. 4-13. The four-primary €GV plotted against ¥ under the real surface gamut input

4.2.3 Maximum input CGVintersection

According to the design flow of proposed method in Fig. 2-7, the initial four-primary
CGV was achieved by fulfilling of the maximum white point luminance requirement. In
addition, the initial four-primary CGV with different relative luminance setting was compared
with the input gamut. The intersectional CGV of four-primary LED backlight and real surface
color gamut was also derived by Eq. (2-20). Then, the intersectional CGV plotted against the
shifted Y, value is shown in Fig. 4-14. Obviously, the maximum value is achieved when Y,
from the initial value shift from 0.19 to 0.07. By using Eq. (2-22), the relative luminances are

Y ~0.07, Y=0.287, Y,=0.57, and Y,=0.072, respectively.
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Fig. 4-14. Plot of intersectional CGV as a function of the shifted Y. value under real surface
gamut input
The 3D CGV visualization of initial foutsprimary and real surface color gamut were
presented in CIELAB color space by g-hull"algorithm simulation for the observation, as
shown in Figs. 4-15 and 4-16. Besides, the‘intersectional CGV visualization by combining the
two color gamuts is shown in Fig¥4-17 from which some part of real surface color gamut is

not included in the four-primary color gamut.

Fig. 4-15. 3D visualization of four-primary gamut in CIELAB color space with different angle

of (a) top and (b) side view
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Fig. 4-16. 3D visualization of real surface color gamut in CIELAB color space with different

angle of (a) top and (b) side view
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Fig. 4-17. 3D CGYV Intersection of four-primary gamut and real surface color gamut

4.2.4 Summary

With the real surface color gamut as input, the three criteria are performed by the value
setting shown in Table 4-4. The relative luminance of each primary and the digital level
setting were listed. In addition, for the convenient comparison, the curves based on three

criteria are plotted in Fig. 4-18.

54



Table 4-4 The relative luminance setting of each criterion with real surface gamut input

Relative luminance Yr Yg Yb Yc

Max White Point | Ratio [ 0.295 0.447 0.068 0.19
Luminance Level [ 255 252 230 218

Ratio | 0.299 0.385 0.066 0.25

Max €OV 17 el 225 | 100 195 | 255

The Proposed | Ratio | 0.287 0.57 0.072 0.07
Design Level 197 255 195 58
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Fig. 4-18. Efficiency, four-primary CGYV, and the intersectional CGV plotted against Y. for
comparison with real surface gamut input
As shown in Table 4-5, the comparisons of computed data are based on three criteria
including the maximum efficiency, four-primary CGV, and intersectional CGV. The first row

fulfills the maximum white point luminance requirement at Y.=0.19, the maximum efficiency
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is 0.96, the four-primary CGV is about 1.684 x 10°, and the intersectional CGV is about 91.5
% of real surface CGV. Besides, the second row fulfills the maximum CGV requirement at
Y=0.25, the maximum efficiency is 0.84, the four-primary CGV is about 1.865 x 10°, and the
intersectional CGV was about 90.9% of real surface CGV. Furthermore, the third row fulfills
the maximum intersection CGV requirement at Y.=0.07, the maximum efficiency is 0.76, the
four-primary CGV is about 1.646 x 10°, and the intersectional CGV was about 92.1 % of real

surface CGV. Obviously, each criterion has the largest value, which will be discussed in next

section.
Table 4-5 The compared results of each criterion
. Four-primary CGV| ntersectional CGV
TEST INPUT Criteria Used YC | 7 max (AE ab3) (with test input )
Max White Pornt 6

L uminafce 0.1910.96 1.685x10 91.5% Input CGV
"Real Surface Color"| Max €GV. 0.25 1 0:84 1.690x10°  190.9 % Input CGV|
The Pposed K071 076 F  1.646x10° | 92.1% Input CGV

Design

With the three criteria setting, the LED backlight was set to achieve the white point
illuminance C and measured the color difference. As shown in Table 4-6, the measured color
difference in Au’v’ is lower than the minimum perceptible limit. Consequently, the designed

relative luminance is also acceptable.

Table 4-6 The color difference with the reference white C in CIE 1976 UCS diagram of each

criterion
certeria result Auv
(with D65)
Max White Point 7997107
Luminance 71X
Max CGV 4.608x10°°
The Proposed Design 4.724x10°°
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4.3 Discussion

Since the MPD offers the flexibility to design its CGV, the optimal design of display
CGV may depend on the preference of its application. The comparison condensed from Table
4-2 and Table 4-5 is shown in Table 4-7, which divides the above results into four levels from
high to low, i.e. excellent (©), good (O), fair (/\), and poor (X). As shown in Table 4-7,
there is an excellent outcome at each criterion. Each criterion of CGV design of MPD can be

applied to specific applications to get the preferred results.

Table 4-7 The condensed comparison of each criterion

TEST INPUT Criteria Used | Yo | 7 o Fourépél\r,n o I?;e;zfcéglfl
Max ane Point 0.20 © A A
Luminance
SRGB Color Space | M&xCOV L oife o X
Desigh
The Prqposed 0.04 A A ©
Desion
Max Wh1te Point 0.1 © O A
Luminance
"Real Surface Color " Max .CGV 0.25 YA © X
Design
The Prqposed 0.07 X A O
Design

©: Excellent (O: Good /\: Fair X: Poor

The first and fourth rows in Table 4-7 are the results of maximum efficiency setting for
sRGB color space and real surface color gamut inputs, respectively. Usually, the display of
high luminance is preferred. From Table 4-7, this criterion sacrifices a little color
reproducibility to have the great luminance output. It can meet the need of the display

application which requires less performance in color perception but higher luminance.

The results of maximum CGV design are at the second and fifth rows. In general, the

larger color gamut can represent more colors. There are some applications, such as computer
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graph (CG) or electronic art, which are preferred the large gamut design. However, in order to
represent the vivid color, there must have the corresponding input gamut. From Table 4-7, the
largest CGV does not have the maximum input color intersection. Therefore, some colors

from input signal cannot be reproduced on largest gamut display by this setting.

The third and sixth rows are the results of proposed design. The excellent input CGV
intersection of the proposed design is much better than the other criteria. Therefore, the
proposed criterion can cover the maximum original input color to achieve the more natural
and fidelity color reproduction. However, the efficiency of the proposed design is not good
enough. The choice of the available luminance of LEDs may have the chance to match the
relative luminance ratio, thus achieving the highest efficiency. Alternatively, from the above
plots, the proper Y. may be a compromising result of the requirements of maximum CGV
intersection and maximum white pointwluminance, depending on the preference of its
application. Furthermore, when:different input color"gamut is chosen, the result may have

maximum input color reproduction and maintain high efficiency simultaneously.

Nowadays, some new color encoding standards, such as “xvYcc” [30], etc., have been
developed to fulfill the increasing demand of color performance of displays. From the
comparison, it depicts that if using the proposed method to design a large gamut display may
cover the largest CGV of such standard to achieve the best color performance and reproduce
the most original input colors. Consequently, the proposed design can utilize of the input

encoding gamut more properly and provide the best original color reproduction on MPDs.
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Chapter 5

Conclusions & Future Work

5.1 Conclusions

The method for designing optimal four-primary color gamut has been presented and
demonstrated in this thesis. Under the requirement of white point of input gamut and
maximum available efficiency of LEDs, the initial four-primary CGV can be defined by
setting the relative luminance of each primary. Furthermore, the maximum CGV intersection
with input encoded CGV concept has been taken to ensure the maximum original color

reproduction.

A four-primary LED backlight'was constructed to-enlarge the color gamut to about 147%
of NTSC in CIE 1976 USC diagram-for ‘verifying these methods. The simulations of two
input color gamuts, SRGB and real surface color, are demonstrated and compared with the
experimental data. Two considered criteria proposed by Wen and our proposed one were
examined in both input cases.

From the comparison of three criteria, it shows there is an excellent outcome at each
criterion. The optimal design of display CGV may depend on the preference of its application.
The maximum luminance requirement is most proper for the application which requires less
performance in color perception, but higher luminance. The maximum CGV requirement can
represent more colors and are suitable for large gamut demand. Different from the maximum
CGYV criterion, the proposed design attempts to reproduce the maximum original input colors
which can achieve more natural and high-fidelity color reproduction.

Along with the explosive improvement of display technologies, the increasing demand of
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color performance catches the manufacture’s attention. The proposed method is suitable for
the emerging demand on the application of MPDs. It is practical to apply to various input
signals and reproduce the fidelity image on MPDs by the proposed method. Additionally,
through the input encoding color gamut development and apply the optimal design on the
proper MPD, the color reproduction perception has potential to increase toward the gamut

range of human visual system.
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5.2 Future work

So far, the optimum gamut design of maximum input color reproduction has been studied.
For evaluating the gamut mapping of four-primary display, the further study will need to
combine a fast-response LC module for displaying the input signal. Since the four-primary
color gamut is larger than the other common input color gamut, the gamut mapping can be as
similar color mapping or saturated color mapping. The flow chart of general gamut mapping
is depicted in Fig. 5-1. The similar color mapping attempts to reproduce the original fidelity
image, i.e. preserve the hue, lightness, and saturation, and the saturated color mapping attempt
to reproduce the saturated color that people preferred, i.e. preserve hue and lightness, and
enhance the saturation. Study will develop the gamut mapping algorithm for the two types of
mapping and implement them to the FPGA board. Furthermore, in order to evaluate the
preference color, there will need a psychological experiment. If so, both similar and

preference color reproduction can be achieved on the four-primary display in the near future.

Gamut Mapping

Input Signal Color Gamut
&
Four-Primary Color Gamut

Similar Color Mapping Saturated Color Mapping
v v
Preserve Preserve
Hue,Lightness, Hue,Lightness,
Saturation Enhance Saturation

Look-Up Table Look-Up Table

Fig. 5-1. The algorithm of two type gamut mappings of the large gamut display
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Appendix — Measurement Data

Digital Count | o | 15 | 3 | 47 | 63 | 79 | 95 | 111 | 127 |
Color
X 6.78349] 9.20351] 17.7158] 27.0343| 35.3668| 43.2582] 50.903| 57.9711] 64.4909
Y 6.11936] 24.351]  90.939 158.8| 220.438| 275.601] 325.945| 372.604| 414.974
e Z 13.8776] 20.8283| 52.9623| 92.4462| 131.252| 167.694] 203.724| 237.756] 269.335
X 0.2533| 0.169236| 0.109616] 0.097148| 0.091374| 0.088907| 0.087677| 0.08674| 0.086126
y 0.228501] 0.44777] 0.562682] 0.570647| 0.569524| 0.566435] 0.56142] 0.557514] 0.554185
LXHL-ME1D Cyan
X 2.42737| 9.84448]  40.566] 72.9285] 102.085| 128.441| 152.999] 176.074] 198.184
Y 2.15435] 30.3737] 156.366] 296.137| 429.449| 551.573| 667.057| 773.419| 876.508
Z 5.36264| 8.03684] 22.4391] 42.0961] 61.9203] 82.2934| 101.375] 121.707| 141.003
X 0.244095| 0.204009] 0.18492| 0.177372] 0.172018] 0.16849] 0.166045] 0.164371] 0.163021
y 0.21664] 0.629441] 0.712792] 0.720245] 0.723643] 0.723557] 0.723936[ 0.722012] 0.720993
LXHL-MM1D Green
X 4.31294| 5.81235] 31.5076] 83.6312] 133.249| 178.704] 223.214| 264.103] 306.138
Y 3.92835| 5.11998| 14.5709| 33.8747| 52.9323| 70.6029] 89.2311| 105.512| 122.915
Z 9.06723| 13.3196] 166.914| 474.651| 767.026] 1035.93] 1299.17 1541.45| 1787.21
X 0.24918[ 0.239665| 0.148288| 0.141231| 0.13979| 0.139044| 0.138503| 0.138197| 0.138133
y 0.22696] 0.211116] 0.068381] 0.057206] 0.055531] 0.054934] 0.055368] 0.055211] 0.05546
LXHL-MB1D Blue
X 5.69463] 6.55015] 70.9736] 217.453] 381.349] 546.32] 713.117] 877.115] 1041.15
Y 5.05848] 5.28297] 32.8909] 95.5974] 165.722] 236.527] 307.983] 378.547] 448.644
Z 11.5925] 11.9314] 12.1114] 12.2729] 13.1856] 13.0249] 13.3618] 14.0431] 14.2899
X 0.254843| 0.275627| 0.611969| 0.668421| 0.680668| 0.686442| 0.68936| 0.690802| 0.692215
y 0.226375| 0.222305| 0.283601]| 0.293854] 0.295797| 0.297192] 0.297723| 0.298138] 0.298284
LXHL-MD1D Red
Digital Count | 143 | 189 | 475+ 191" | w207 | 223 | 239 | 255
Color
X 70.7466| 76.5723] "82.735[""88.974]" 94.6467| 100.066] 105.91] 111.219]
Y 453.048] 489.299] . 523.223] 55839 589.098] 618.388] 648.463] 675.689]
e Z 299.212|  327.15| / 353:443|::380:481| 405.138] 428.899| 451.986] 472.457
X 0.085961| 0.085745[ 0.086236] 0.086564| 0.086921| 0.087215| 0.087793| 0.088314
y 0.550479] 0.547914] 0.545364] 0.543263] 0.541011] 0.538969| 0.537537[ 0.536532
LXHL-ME1D Cyan
X 217.448| 237.134] 255.477] 273.264] 290.598| 306.732] 322.355] 337.296
Y 965.259] 1053.58] 1136.69] 1216.4] 1291.47| 1361.07| 1426.89] 1487.89)
Z 158.224| 176.681] 193.933] 210.581| 227.727] 242.533| 256.174] 269.391
X 0.162162| 0.161602[ 0.161072] 0.16072] 0.16057| 0.160565| 0.160742]| 0.161033]
y 0.719842[ 0.717993] 0.716657] 0.715426] 0.7136] 0.712477] 0.711517] 0.710353]
LXHL-MM1D Green
X 344.966] 384.442| 420.212| 457.748] 489.194| 522.882| 553.865| 586.014
Y 138.985| 155.358| 170.392| 186.281 200.109| 214.905| 228.567| 243.654
Z 2017.07| 2248.41| 2462.96] 2682.45| 2870.57| 3070.27| 3254.54] 3446.12
X 0.13793| 0.137881] 0.137614| 0.137607| 0.137419| 0.137309| 0.137198| 0.137054
y 0.055571] 0.05572| 0.055801] 0.055999| 0.056212] 0.056434| 0.056618] 0.056985
LXHL-MB1D Blue
X 1213.28] 1376.69] 1536.72] 1697.49] 1851.13] 2012.61| 2131.71] 2199.72
Y 522.742| 593.255| 662.014] 731.551| 797.732| 867.223| 919.046 949.5]
Z 14.3832| 14.6837] 15.7556] 15.441| 16.6287] 16.431] 16.6981] 17.5998]
X 0.693142| 0.693676] 0.693939| 0.694417[ 0.69448| 0.694899| 0.694944| 0.694615
y 0.298641] 0.298925| 0.298947| 0.299266| 0.299281| 0.299428| 0.299612| 0.299828}

LXHL-MD1D Red
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Appendix — Simulated Data

Yc, Yr, Yg, Yb : relative luminance of cyan, red, green, blue primaries
7 max : maximum efficiency

v_four : color gamut volume of four primaries
v_intersec. : intersectional color gamut volume (CGV) with input gamut

% intersec. : percentage of intersectional input CGV

SRGB color gamut as the input:

Yc | Yr | Yg | Yb | nmax | v four | v_intersec. | % intersec.
0.01| 0.28 | 0.65 | 0.07 | 0.69 |1.549E+06| 7.712E+05 98.64
0.02 | 0.28 | 0.64 | 0.07| 0.70 |1.562E+06| 7.716E+05 98.70
0.03| 0.28 | 0.63 | 0.07| 0.71 |1.600E+06| 7.728E+05 98.84
0.04| 0.28 | 0.62 | 0.07| 0.72 |1.626E+06| 7.730E+05 98.86
0.05| 0.28 | 0.61 | 0.07| 0.73 |1.643E+06| 7.727E+05 98.83
0.06 | 0.28 | 0.59 | 0.07| 0.75 |1.657E+06| 7.725E+05 98.80
0.07 | 0.28 | 0.58 | 0.07 |.+0.76 | 1.669E+06 | 7.712E+05 98.64
0.08 | 0.28 | 0.57 | 0.07¢| . 0.771 | L.676E+06 | 7.694E+05 98.40
0.09 | 0.28 | 0.56 | 0.06- 0.79 }-1.681E+06 | 7.679E+05 98.21
0.10| 0.28 | 0.55 | 0.06 | 0.80" |1.686E+06| 7.662E+05 98.00
0.11| 0.28 | 0.54 | 0.06 | “0:82+1.690E+06 | 7.646E+05 97.79
0.12| 0.28 | 0.53 | 0.06 | 0:83 | 1.694E+06 | 7.633E+05 97.62
0.13| 0.28 | 0.52 | 0.06 | 0.85 |1.697E+06| 7.622E+05 97.49
0.14| 0.28 | 0.51 | 0.06 | 0.87 |1.699E+06| 7.608E+05 97.31
0.15| 0.29 | 0.50 | 0.06 | 0.88 |1.700E+06| 7.598E+05 97.18
0.16 | 0.29 | 0.49 | 0.06 | 0.90 |1.701E+06| 7.583E+05 96.98
0.17 | 0.29 | 048 | 0.06 | 0.92 |1.701E+06| 7.566E+05 96.77
0.18 | 0.29 | 0.47 | 0.06 | 0.94 |1.700E+06| 7.549E+05 96.56
0.19| 0.29 | 046 | 0.06 | 0.96 |1.698E+06| 7.527E+05 96.28
0.20| 0.29 | 045 | 0.06 | 0.98 |1.697E+06| 7.510E+05 96.06
0.21|0.29 | 0.44 | 0.06 | 0.96 |1.698E+06| 7.501E+05 95.94
022|029 | 043 | 0.06 | 0.91 |1.701E+06| 7.500E+05 95.93
0.23|0.29 | 042 | 0.06 | 0.88 |1.702E+06| 7.488E+05 95.77
024 0.29 | 041 | 0.06 | 0.84 |1.702E+06| 7.474E+05 95.60
0.25| 0.29 | 0.40 | 0.06 | 0.81 |1.700E+06| 7.450E+05 95.28
0.26 | 0.29 | 0.39 | 0.06 | 0.77 |1.699E+06 | 7.430E+05 95.03
0.27 | 0.29 | 0.38 | 0.06 | 0.75 |1.699E+06| 7.407E+05 94.73
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Yc | Yr | Yg | Yb | nmax v_four v_intersec. | % intersec.
0.28 | 0.29 | 0.37 | 0.06 | 0.72 |1.698E+06| 7.380E+05 94.39
0.29] 0.29 | 0.36 | 0.06 | 0.69 |1.695E+06| 7.352E+05 94.03
0.30| 0.30 | 0.35 | 0.06 | 0.67 |1.691E+06| 7.320E+05 93.62
031|030 | 0.34 | 0.06| 0.65 |1.688E+06| 7.289E+05 93.23
032 030 | 0.33 | 0.06 | 0.63 |1.684E+06| 7.257E+05 92.81
0.33/ 030 | 0.32 | 0.06 | 0.61 |1.681E+06| 7.222E+05 92.37
034|030 | 031 |0.06| 059 |1.677E+06| 7.191E+05 91.97
035/ 0.30 | 0.30 | 0.06 | 0.58 |1.672E+06| 7.148E+05 91.43
0.36| 0.30 | 0.29 | 0.06 | 0.56 |1.666E+06| 7.106E+05 90.89
0.371 030 | 0.28 | 0.05| 0.54 |1.660E+06| 7.067E+05 90.39
0.38 0.30 | 0.26 | 0.05| 0.53 |1.652E+06| 7.018E+05 89.76
039 030 | 0.25 | 0.05| 0.52 |1.644E+06| 6.969E+05 89.13
040|030 | 0.24 | 0.05| 0.50 |1.635E+06| 6.918E+05 88.48
041|030 | 0.23 |0.05| 0.49 |1.628E+06| 6.866E+05 87.81
042|030 | 0.22 | 0.05| 0.48 |1.616E+06| 6.806E+05 87.05
0.43 | 0.30 | 0.21 | 0.05 |420.47 | 1.605E+06 | 6.737E+05 86.17
0.44] 030 | 0.20 | 0.05| 046 |1.594E+06 | 6.660E+05 85.19
0.45] 031 | 0.19 | 0.05 045 {1.581E+06| 6.592E+05 84.32
0.46| 031 | 0.18 | 0.05 | .0.44" |1.566E+06 | 6.506E+05 83.22
0.47] 031 | 0.17 | 0.05} '0:43 |1.553E+06 | 6.414E+05 82.04
0.48| 0.31 | 0.16 | 0.05 | “0.42|1.538E+06 | 6.327E+05 80.92
049|031 | 015 |0.05| 041 |1.518E+06| 6.214E+05 79.48
050|031 |0.14 |0.05| 0.40 |1.499E+06| 6.105E+05 78.08
051031013 |0.05| 0.39 |1.479E+06| 5.979E+05 76.47
052 031|012 |0.05| 0.39 |1.457E+06| 5.860E+05 74.95
053] 031|011 |0.05| 0.38 |1.439E+06| 5.730E+05 73.28
054|031 |0.10 |0.05| 0.37 |1.409E+06 | 5.554E+05 71.03
055|031 |0.09 |005| 0.37 |1.379E+06| 5.405E+05 69.14
056|031 |0.08 |0.05| 0.36 |1.356E+06| 5.308E+05 67.88
057|031 | 007 |005| 0.35 |1.338E+06| 5.183E+05 66.29
0.58| 031 | 0.06 [0.05]| 0.35 |1.330E+06| 5.115E+05 65.43
059|031 |005|005| 034 |1.321E+06| 5.031E+05 64.35
0.60| 0.32 | 0.04 |0.05| 0.34 |1.308E+06| 4.914E+05 62.85
0.61] 032 | 0.03 |0.05| 0.33 |1.296E+06| 4.851E+05 62.04
0.62| 032 | 002 |0.05| 0.32 |1.282E+06| 4.781E+05 61.16
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Real surface color gamut as the input

Yc | Yr | Yg | Yb | 7nmax v_four | v_intersec. | % intersec.
0.01| 0.28 | 0.63 | 0.07 | 0.69 |1.535E+06| 7.658E+05 89.32
0.02 | 0.28 | 0.62 | 0.07 | 0.70 |1.538E+06| 7.681E+05 89.58
0.03| 0.28 | 0.61 | 0.07| 0.71 |1.557E+06| 7.760E+05 90.51
0.04 | 0.29 | 0.60 | 0.07 | 0.72 |1.592E+06| 7.819E+05 91.19
0.05|0.29 | 0.59 | 0.07| 0.74 |1.616E+06| 7.861E+05 91.69
0.06 | 0.29 | 0.58 | 0.07 | 0.75 |1.633E+06| 7.885E+05 91.97
0.07 | 0.29 | 0.57 | 0.07 | 0.76 |1.646E+06| 7.896E+05 92.09
0.08 | 0.29 | 0.56 | 0.07 | 0.78 |1.655E+06| 7.891E+05 92.03
0.09| 0.29 | 0.55 | 0.07| 0.79 |1.663E+06| 7.887E+05 91.99
0.10| 0.29 | 0.54 | 0.07 | 0.81 |1.669E+06| 7.882E+05 91.93
0.11| 0.29 | 0.53 | 0.07| 0.82 |1.676E+06| 7.879E+05 91.90
0.12 | 0.29 | 0.52 | 0.07 | 0.84 |1.680E+06| 7.878E+05 91.89
0.13| 0.29 | 0.51 | 0.07 | 0.85 |1.684E+06| 7.875E+05 91.84
0.14 | 0.29 | 0.50 | 0.07 | 0.87. . |1.686E+06 | 7.869E+05 91.78
0.15| 0.29 | 0.49 | 0.07,) 0.89 |1.687E+06| 7.864E+05 91.71
0.16 | 0.29 | 0.48 | 0.07 | 0.91 :|1.687E+06 | 7.858E+05 91.64
0.17 | 0.29 | 0.47 | 0071 0.93 | 1.686E+06 | 7.854E+05 91.60
0.18 | 0.29 | 0.46 | 0.07 | 40.95-+1:685E+06 | 7.850E+05 91.56
0.19 | 0.30 | 0.45 | 0.07+}.0.96 |1.685E+06 | 7.843E+05 91.48
0.20 | 0.30 | 0.44 | 0.07 | 0.96""11.685E+06 | 7.835E+05 91.38
0.21| 0.30 | 0.43 | 0.07| 0.96 |1.685E+06| 7.829E+05 91.31
0.22 | 0.30 | 0.42 | 0.07 | 0.95 |1.685E+06| 7.820E+05 91.21
0.23| 0.30 | 0.41 | 0.07| 091 |1.687E+06| 7.808E+05 91.06
0.24 | 0.30 | 0.40 | 0.07 | 0.88 |1.690E+06 | 7.795E+05 90.92
0.25| 0.30 | 0.38 | 0.07 | 0.84 |1.690E+06| 7.792E+05 90.88
0.26 | 0.30 | 0.37 | 0.07 | 0.81 |1.689E+06| 7.782E+05 90.76
0.27 | 0.30 | 0.36 | 0.07 | 0.77 |1.687E+06| 7.775E+05 90.68
0.28 | 0.30 | 0.35 | 0.06 | 0.75 |1.687E+06| 7.768E+05 90.60
0.29 | 0.30 | 0.34 | 0.06 | 0.72 |1.686E+06| 7.768E+05 90.60
0.30| 0.30 | 0.33 | 0.06 | 0.69 |1.685E+06| 7.757E+05 90.47
0.31] 0.30 | 0.32 | 0.06 | 0.67 |1.681E+06| 7.741E+05 90.28
0.32| 0.30 | 0.31 | 0.06 | 0.65 |1.676E+06| 7.725E+05 90.10
0.33| 0.30 | 0.30 | 0.06 | 0.63 |1.673E+06| 7.706E+05 89.88
034|031 | 029 |0.06| 061 |1.670E+06| 7.695E+05 89.75
035|031 | 0.28 |0.06 | 0.59 |1.666E+06| 7.685E+05 89.64
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Yc | Yr | Yg | Yb | pnmax | v four | v_intersec. |% intersec.
0.36 | 0.31 | 0.27 | 0.06 | 0.58 |1.662E+06 | 7.668E+05 89.43
037031 | 0.26 |0.06 | 0.56 |1.655E+06| 7.642E+05 89.13
0.38 031|025 |0.06| 054 |1.648E+06| 7.614E+05 88.80
039|031 |0.24 |0.06| 053 |1.642E+06| 7.585E+05 88.46
040|031 | 0.23 |0.06 | 0.52 |1.633E+06| 7.556E+05 88.12
041|031 022 |0.06| 050 |1.625E+06| 7.519E+05 87.69
042|031 | 0.21 | 0.06 | 0.49 |1.617E+06| 7.484E+05 87.29
0.43| 0.31 | 0.20 | 0.06 | 0.48 |1.604E+06| 7.436E+05 86.73
0.44 | 0.31 | 0.19 | 0.06 | 0.47 |1.592E+06| 7.390E+05 86.20
045|031 | 0.18 |0.06 | 0.46 |1.580E+06 | 7.340E+05 85.61
0.46 | 031 | 0.17 | 0.06 | 0.45 |1.566E+06 | 7.290E+05 85.03
0.47 | 031 | 0.16 | 0.06 | 0.44 |1.555E+06 | 7.233E+05 84.36
0.48 | 031 | 0.15 | 0.06 | 0.43 |1.537E+06| 7.165E+05 83.57
0.49| 0.32 | 0.14 | 0.06 | 0.42 |1.523E+06| 7.096E+05 82.77
0.50| 0.32 | 0.13 | 0.06 | 0.41 |1.506E+06 | 7.025E+05 81.94
0.51| 0.32 | 0.12 | 0.06,4" 0.40 |1.488E+06| 6.945E+05 81.00
052|032 | 0.11 |0.06|  0.39 . [1467E+06 | 6.848E+05 79.87
053|032 | 0.10 | 0061 0.39 1.444E+06 | 6.729E+05 78.48
0.54 | 0.32 | 0.09 | 0.06 | 10.38.|1:417E+06 | 6.599E+05 76.96
0.55| 0.32 | 0.08 | 0.05+}..0.37 |1.399E+06 | 6.522E+05 76.07
0.56 | 0.32 | 0.07 | 0.05| 0.37""11.367E+06 | 6.398E+05 74.62
057|032 | 0.05|0.05| 036 |1.360E+06| 6.339E+05 73.94
058|032 | 0.04 |0.05| 0.35 |1.355E+06| 6.301E+05 73.49
059|032 | 0.03|0.05| 035 |1.345E+06| 6.220E+05 72.55
0.60 | 0.32 | 0.02 | 0.05| 0.34 |1.336E+06| 6.167E+05 71.93
0.61| 032 | 0.01 |0.05| 0.34 |1.324E+06| 6.073E+05 70.83
0.62| 032 | 0.00 |0.05| 0.33 |1.314E+06| 6.013E+05 70.13
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