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Abstract

In conventional liquid crystal display, using CCFL backlight and color filters to
generate a full color image. However, the optical throughput is lowered owning to the
color filters. The backlight needs to-give more power to generate a high luminance
image. Accompany with.the highly improved LED technology, the power and life
time of LED can substitute the CCFL backlight. Because multi-color LEDs can mix
color using red, green, and blue colors, the colorfilters can be removed. Therefore, a
new liquid crystal display is proposed called Field Sequential Color LCD.

However, the color breakup happens when there is a relative motion during eye
movement. We proposed four fields to combine a full color image. Let most
information detail to display in specific field and rest of fields decrease its intensities.
Then the color breakup is less observed. In order to implement on hardware with the
concept, some simplification is needed. When finding the majority color of input
image, we separate the image into three parts. Each part does the backlight
convergence approach. Therefore, after image information is loaded into hardware,
the adaptive backlight color is determined at the same time. Other three field images

is re-calculated in the following. FSC LCD displays the image in a real-time process.
il
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Chapter 1

Introduction

Recently, liquid crystal displays (LCDs) have become a mature product in the
display field. Because research in the light emitting diode (LED) is developing too the
original backlight source, Cold Cathode Fluorescent Lamp (CCFL), in LCDs will be
soon or later replaced. So, new driving methods for controlling LEDs were proposed.
Field-sequential-color LCD (FSC-LCD) technology is one of these proposed methods
[1][2]. In the following, the pros and cons of FSC-LCD will be introduced. Then the

motivation and objective of this thesis will be given.

1.1 Field Sequential Color Liquid Crystal Displays (FSC-LCDS)
Conventional LCDsare composed of CCFL backlight, thin film transistor (TFT)
arrays, liquid crystal (LC)-and color filters (CF). The structure of conventional LCDs
is shown in Fig. 1-1 TFT arrays control the LC and block light emitted from the CCFL
[3]. The light is continually transmitted into color filters, and then a full color image is
yielded. This is called the spatial color mixing method and is illustrated on Fig. 1-2.
As light is transmitted through one element optical throughput is weakened.
Finally, total optical throughput is only 7% of original light source. The color filter is
a key element in absorbing light. Thus, the concept of field-sequential-color liquid
crystal displays (FSC-LCDs) removes the color filters and use high power
multi-colored LEDs as a backlight source. So FSC-LCDs have higher optical
throughput than conventional LCDs does while giving the same backlight power, and

the color gamut is widened by using LED backlight.
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Fig. 1-1 Detail elements of conventional LCD [3]

Without color filters, three sub-pixels for red, green and blue are no longer
required, and increase the panel resolution. ESC-LCDs use LEDs to flash three
primary colors (red, green and blue) sequentially at"180Hz and utilize liquid crystal to
determine which color light will -transmit at 1/180 second. Through temporal
integration of different color lights at 1/60 second, human eyes will perceive a full
color image. This is called the temporal color mixing method and is illustrated in Fig.

1-3.

White light

Polarizer

TFT
LC

Color Filter

Analyzer

Fig. 1-2 Spatial color mixing with color filters
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Fig. 1-3 Temporal color mixing without color filters

1.2 Color Breakup Phenomenon

FSC-LCDs use the temporal color mixing method to make a full color image.
However, when the LEDs keep flashing and human eyes have a relative velocity with
the image, human eyes will perceive a rainbow-like edge after temporal integration.
This is the color breakup (CBU) phenomenon [4][5][6], also called the rainbow effect
as shown in Fig. 1-4. This CBU phenomenon degrades image quality and will cause

humans headache and dizzy.

Fig. 1-4 Color breakup image with temporal color mixing during eye movement



1.3 Color Shift Phenomenon

The image frame time is separated into at least three intervals for red, green and
blue as shown in Fig. 1-5. Each interval is for the rotation of LC and backlight
emission. FSC-LCDs can then display a field image correctly at each field. Therefore,
FSC-LCDs need a fast liquid crystal response time to rotate to the target value in a
field time, which is about 1/3 frame time if there are three fields in one frame. If the
response time of liquid crystal is not fast enough, the blocked volume of light will be
not correct [7]. After human eye integration, the hue, saturation, intensity of color
might be different when compared to the input image. This phenomenon is called
color shift. Although LEDs have a very wide color gamut, a slower liquid crystal will

shrink the color gamut and display the incorrect color.

One frame time
¥ :
TFT
scanning
b I l
T3 -
Backlight I |
duty time c |
2 1 )

Time
Fig. 1-5 Three intervals for red, green and blue fields

a: TFT addressing time; b: time of LC rotating; c: backlight flashing time

1.4 Motivation and Objective
FSC-LCDs have higher optical throughput without color filter requirement
which saves more power and creates a wider color gamut using multi-colored high

power LEDs. However, FSC-LCDs still suffer from the color breakup artifact when

4



human’s eyes follow saccade or smooth pursuit movement across the screen. Our
group had proposed a Dominant-Field plus Three Primary Fields called DRGB to
effectively suppress the CBU artifact [8]. However, the concept of DRGB method
needs a precise and complicated calculation process. FSC-LCDs use DRGB method
without frame buffers is hard to implement in hardware. Therefore, the objective of
this thesis is to propose a modified DRGB method (called Fast-DRGB [9]) to simplify
the calculation process and implement the Fast-DRGB method in hardware without

any frame buffers.

1.5 Organization of This Thesis

This thesis is organized as follows: In.Chapter 2, some prior arts to suppress
CBU and characterize color. shift phenomenonin FSC-LCDs are presented. In
Chapter 3, the concept of the Fast-DRGB miethod is proposed to implement on field
programmable gate arrays (FPGA) with a 15.4” panel. In.Chapter 4, simulation of
the Fast-DRGB will be discussed. In'Chapter 5, the hardware implementation of the
Fast-DRGB and panel characterization with modified color model will be

demonstrated. Finally, conclusions and future works will be given in Chapter 6.



Chapter 2

Prior Arts in Field-Sequential-Color LCDs

FSC-LCDs have advantages of higher optical throughput, lower material cost

without color filters requirement, a wider color gamut, higher resolution without
subpixels. However, the mechanism of eye movement on FSC-LCDs degrades the
image quality because of CBU artifact. The LC response time is not fast enough to
cause color shift phenomenon. Many researches on CBU artifact suppression and

color shift characterization in FSC-LCDs have been discussed in recently years.

2.1 Mechanism of Color Breakup (CBU)

2.1.1 Human Eye Structure and Eye Movement

In the beginning, wershould discuss the human color vision. The image use light
to be transmitted and refracted by the lens, finally projected onto the retina. The
structure of eye ball is depicted in Fig. 2-1" [10]. The retina is composed of
photosensitive cells, rods and cones and is shown in Fig. 2-2 [11]. These cells
transducer the image information to optic nerve and then brain receives the signals to
decode signals into a color full image. The retina contains two kinds of photoreceptor

for receiving the image details.
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Fig. 2-1 The cross section of eye ball
The rods are in charge of achromatic color at low luminance (scotopic vision)
while the cones are in charge of chromatic color at high luminance (photopic vision).

And both cells work in the intermediate luminance environment (mesopic vision).

Rad Cell

Cone Cell
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Hyeleas
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Fig. 2-2 A schematic drawing of rods and cones cell
After discussing the human vision system, two kinds of eye movement are
related to color breakup issue, saccade and smooth pursuit [13][14][15]. Saccade is

human eyes jump from one position to another position and the velocity, direction of

eyes is voluntary.



(b)

Fig. 2-3 (a) Perceived image, (b) trajectory of saccadic movement
Fig. 2-3(b) shows that lines are:the trajectory of saccadic eye movement. After several
cycles of movement, the clear image will be perceived and is shown in Fig. 2-3(a)
[12]. Smooth pursuit is human eyes follow the moving object at the same velocity, so

that the image is clearly when eyes are doing smooth pursuit.

2.1.2 Two Types of Color Breakup

There are at least three fields (Red, Green and Blue) needed to make a correct
full color image in FSC-LCDs. Because of the temporal color mixing, the frequency
of alternation between three fields should be quicker enough so that different field
images are projected in the same position of retina. The brain will receive a correct
image. If the projected images are not in the same position of retina, human eyes
perceive color breakup (CBU) phenomenon. CBU is strongly dependent on two types
of eye movement: saccade and smooth pursuit movement. Therefore, two kinds of

CBU phenomenon are discussed, static and dynamic.



2.1.2(a) Static Color Breakup

When a static image is perceived during saccadic eye movement, the CBU
happens along the eye movement direction and is illustrated in Fig. 2-4. The left dash
block means image is still and only eyes are moving. Other three blocks show three
primary field images locate on different positions of retina cause static CBU

phenomenon.

Red field Green field Blue field

Fig. 2-4 Saccadic eye movement cause static CBU

2.1.2(b) Dynamic Color'Breakup

When tracking a dynamic image, the human eye will pursue the moving image as
shown in Fig. 2-5. When white bar is moving to specific direction, human eyes will
chase white bar through smooth eye pursuit. Human eyes will detect different color
fields combination on the edges of white bar after the color temporal mixing

integration.
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Fig. 2-5 Smoothpursuit movement on moving object causes CBU

2.2 Evaluation of CBU -

Color Difference Equation CIEDE2000 ( A Eq)

When describing how human eyes perceived the color, the researches of
International Commission on Illumination (CIE) are first published mathematically.

CIE defined color space from a series of psychological experiments. In 1920s, W.
David Wright and John Guild designed experiments to measure color matching
functions. In 1931, the Colorimetry Committee of CIE selected three primary
wavelengths (435.8nm, 546.Inm and 700nm) and 17 standard observers to
experiment in color matching functions. These experiments are under specific
conditions like a bipartite area subtending a 2 degree viewing angle with dark

environment.
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However, the measured color matching functions (F(4),§(A)and b(1)) are

complicated owning to negative values shown in Fig. 2-6(a). After a mathematical
transformation, the CIE defined color matching functions (X(1), Y(4)and Z(A)) are
all positive values for simply calculation shown in Fig. 2-6(b) [16]. Using transformed
color matching functions, CIE defined a color space with tristimulus values X, Y and Z
called CIE XYZ. The CIE XYZ color space has conditional effect, so the light source
(L) and reflectance (R) factor should be considered to derive X, Y and Z values as

shown in Eq. 2-1-1.

X = j L(A)R(1)X(A)dA (Eq. 2-1-1)
Y = j LR VAL (Eq. 2-1-2)
Z= j L(A)R(A)Z(A)dA (Eq.2-1-3)
b 8
0.3 .
J ) 1.5+
» 0.2+ 2
é 0.1 é
= =
0 0.5
-0.1 0
380 480 580 680 780 380 4éo 52‘!0 6;30 780
Wavelength, nm Wavelength, nm
(a) (b)

Fig. 2-6 (a) Original color matching functions, (b) Modified color matching functions
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Furthermore, the curvature of Y(A)is very similar with human luminosity
function. Therefore, CIE matches Vy(A) to human Iluminosity function with
multiplying a coefficient, and Y parameter describes brightness or luminance of color.
The chromaticity of color can be described as x and y, the normalized values from
CIE XYZ color space in Eq. 2.2-1. The derived color space specified by x, y and Y and

is known as CIE xyY which is shown as Fig. 2-7(a).

X

X=— 2 (Bq.2.2-1
X+vyiz (Be22D
Y
N S Eq. 222
Y S Xiv+z (Eq. 2.2-2)
72— 2 _aWigsy (Eq. 2.2-3)
X +Y 42 4=

However, CIE XYZ or CIE XyY color spaces are not-uniform to describe color
difference correctly. Forexamining color quality, different color spaces such as
CIELAB, CIELUV had been proposed to quantify the color difference and is shown in
Fig. 2-7(b) [16] and Fig. 2-7(c). The CIELAB color space is the uniform color space
and most close to human opponent vision system. The transformation from CIEXYZ
to CIELAB is non-linear are described in Eq. 2.2-4. The LAB means lightness (L*),
color component of red-green (a*) and color component of yellow-blue (b*)

respectively.

12



AL =116* f(Yi)—m (Eq. 2.2-4)

. X Y
a =500%| f(=)— f(— Eq. 2.2-5
_ (Xn) (Yn)} (Eq )
. LY Z
b*=200%| f(—)— f(= Eq.2.2-6
_ (Yn) (Zn } (Eq )
% t>(£j
f(t)= a0 . 29 (Eq. 2.2-7)
—* () ’t+— otherwise
3067 29

0.8

0.6

Y

0.2




Fig. 2-7 (a) CIE xyY, (b) CIELAB, (c) CIELUYV color spaces

Furthermore, in 2001 the:CIEDE2000 color difference formula [17] based on
CIELAB color space formula is published.-The formula compared the standard and the
sample using the lightness(L*), chromaticity (C*) and hue (H*) which are derived by
Eq. 2.2-8. Then AL*, AC* and: AH*-calculate the color difference. AR term is a
error compensation between chromaticity and hue, and the S, Sc and Sy are
weighting coefficients for lightness, chromaticity and hue respectively. The K., K¢
and Ky are the factors of different viewing conditional parameters, like textures,

backgrounds, etc.

C'=J@)y+®)Y  (Eq22-8)

H' =tan" (g—j (Eq. 2.2-9)

. \2 . \2 . \2
AE,, = AL | [ AC ][ AR ) AR (Eq. 2.2-10)
KLSL KCSC KHSH
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The main purpose of CIEDE2000 formula is to compare color difference
between original image and simulated image. CBU phenomenon happens when
human eyes observe the rainbow edge. If the color difference area between rainbow
edge of simulated CBU image and same position of original image is large, the CBU
phenomenon is apparent. Otherwise, if color difference is small the CBU
phenomenon is less observed. Therefore, using CIEDE2000 formula to calculate the
color difference between rainbow edge of CBU image and the same position of
original image and then the CBU phenomenon level is estimated. With CIEDE2000
value, we can compare different simulated CBU images using different methods to

estimate how effectively these methods suppress CBU phenomenon.

2.3 Prior Arts to Suppress CBU Phenomenon

The researches on suppressing CBU phenomenon have been improved recently.
Different kinds of CBU. suppression methods are shown in Fig. 2-8, such as
Mono-Color Field, Multi-Color field; and Motion Compensation.

In Mono-Color Field ‘part;. the field rate is”increased to 360Hz or higher
(RGBRGB or RGBKKK) [18][19], inserting complementary color fields to original
three primary fields (RGBCY). Above methods are trying to decrease distance of field

images on retina while eye movement as simulated in Fig. 2-9.

15
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Fig. 2-8 Different kinds of CBU suppression methods in FSC LCD
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RGBRGB RGBKKK RGBC
360Hz 360Hz 300Hz

Fig. 2-9 Increasing field rate or adding complementary color to suppress CBU

About Motion Compensation, the dynamic color breakup is suppressed
effectively. N. Koma was proposed “Adjust of Color Element on the Eyes” (ACE)
[27] and is shown in Fig. 2-10. The ACE method displays red, green and blue fields
on different positions of retina when eyes are moving. Therefore, human eyes observe
the CBU less image with ACE method. However, if human eyes are moving to
positive direction and the ACE method ' displays negative direction, the CBU

phenomenon is observed largely, as shown in Fig. 2-11.

Original FSC ACE FSC

Horizental

position position shift

1 frame time

movement of
observation point

C m— Time
Lt — observed
(a) (b)

Fig. 2-10 (a) Conventional and (b) motion interpolation method in FSC-LCDs
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Fig. 2-11 The ACE method displays red, green and blue images from left to right and

observer’s eyes pursuit the image from right to left.

The Four Color Field Arrangement (4-CFA) of Motion Compensation was
proposed by Ya-Ting Hus[28] for suppressing dynamic CBU. The color sequence is
displayed as RGBR, GBRG and BRGB in three continuous frames orderly at 240Hz
and is shown in Fig. 2-12 (a). This combination-of red, green and blue images make

the moving edge to be white and the dynamic edge is eliminate, as shown in Fig. 2-12

(b).
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Fig. 2-12 (a) The color displayed order and (b) the temporal-color mixing with 4-CFA
method.

Our group further improves the Primary Color Field Insertion of Mono-Color
Field. Using 360Hz or higher frame rate is hard to achievable for hardware, because
of being constricted to the current technology of liquid crystal response time. The
240Hz frame rate or less is achievable after upgraded the commercial twist nematic
(TN) mode LC. Thus, at 240Hz frame rate the W,,;RGB (minimum white extract
from three primary colors) method [20], DRGB (dominant color field of input image
plus three primary) method [9] using global backlight.

Our group also proposed the Multi-Color Field, the Stencil
Field-Sequential-Color Method [21] using local backlight. These methods greatly
suppressed CBU phenomenon. Furthermore, 180Hz stencil method [22] and

two-field-sequential method at 120Hz [23] were also proposed for different
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applications on different panel size.

The main concept of these methods is putting the majority of image contents in
the first field, and the intensities of three primary fields are lowered down and are
shown in Fig. 2-13. Then four field images combine together to make a full color
image. Human will be less sensitive to CBU edge during saccadic eye movement on

still image or smooth pursuit movement on moving object and is illustrated in
- First field Second field Third field Four field
Y (g
eioon:  NONE N3

W, ,RGB
@240Hz |

Stencil
@240Hz

DRGB o .\
@240Hz o

Fig. 2-13 First field contains majority image so than decreasing intensities of rest

fields

At 240Hz driving methods are mentioned above, Wp,,;,RGB and DRGB methods
are using global backlight; Stencil method is using local backlight. Because the
constriction of hardware specification in 15.4” panel, the support backlight is global,

the Stencil method is not included in our choices. Comparing W,,;;RGB and DRGB
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methods, W,,i;,RGB method always displays white backlight in the first field and
DRGB method can display majority color in the first field depending on input image.
Therefore, WminRGB method averagely consumes more power when comparing with

DRGB method does.

RGB @180Hz

W,,;,RGB @240Hz

min

Fig. 2-14 Simulated CBU images from 3 different methods

2.3.1 Concept of the DRGB Method

Ideally, total optical throughput can be simplified into a relation of backlight and

digital gray scale value, which is described in Eq. 2-3-1,
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BL *T (i) = total optical throughput (Eq. 2.3-1)

Where T(i) is the transfer function from digital gray scale values i to transmittance of
liquid crystal and T ™ is the inverse function. The gamma curve is shown in Fig. 2-155.
Between digital values and transmittance should be considered to maintain the white

balance.

T()

Transmittance

Digital Gray level

Fig. 2-15 Gamma curve function is related between digital value and transmittance

The DRGB method finds the.majority of image information in dominant field
according to input image. So, the dominant field image is different image by image.
The algorithm of DRGB method is using adaptive backlight to determine the
dominant field backlight color (D-field backlight color). According to total optical
throughput of the image in conventional LCDs, we can deduce the digital gray scale
values and backlight gray scale values in FSC-LCDs by the equation. In the D-field,
the gray scale values of backlights are set as BL,, BLy and BLy and backlight on rest of
three primary fields are full on. After the D-field backlight (BL,, BLgy BLy) is
determined by the DRGB algorithm, Eq. 2-3-2 shows the additional digital gray scale

values d is calculated and then r’,g’,b’ are derived in the following.
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d =T (min(-" 1) T(b) 1) (Eq.23-2)

BL, * BL,
=T (T(r)-T(d)xBL,) (Eq. 2.3-3)
b'=T (T (b)-T(d)xBL,) (Eq. 2.3-4)
g'=T '(T(g)-T(d)xBL,) (Eq. 2.3-5)

The feedback control is used on determining the D-field backlight color from
backlight choices. When image is loaded into the algorithm, the image is transformed
to CIELUV color space and down. sampled-in 2-by-4 sampling rate for decreasing
calculation. Then criterion.. A Ego-is-calculated between original input image and
simulated CBU image and because there are eight sets of (BL,, BLy BLy) in first
feedback control, there are eight A Egg values coming in first calculation. Finding the
smallest one from eight A Egg values and then keeping shrink the range of backlight
choices. After 3 bit accuracy feedback-control-approach, the final backlight sets are
applicable D-field backlight color for the input image to suppress CBU artifact. The

flowchart of DRGB is shown in Fig. 2-16.
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Fig. 2-16 (a) Flowchart of DRGB algorithm, (b) 3-bit accuracy approach
Because DRGB method needed the whole image contents three times for 3 bit
accuracy feedback control approach. The frame buffers are need to storage the whole
image contents for calculation. If we want to implement on 15.4” panel without frame
buffers, the method can be utilized. Besides, the transformed color space CIELUV is
complicated. So the proposed method Fast-DRGB method will simplify the
calculation of the DRGB method for hardware implementation and with almost

identical CBU suppression effect.
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The panel supported by CPT uses commercial upgraded TN mode LC, so the
response time of LC is not fast for ideal FSC-LCDs, and then color distortion might

happen. In the following section, the factors causing color distortion are discussed.

2.4 Mechanism of Color Distortion

FSC-LCDs are well known to have a wider color gamut by using multi-colored
LEDs as a backlight source instead of using color filters to mix color. Therefore, the
saturations of three primary LEDs are very high so that increase the 3 apexes of

triangle in the color gamut and is shown Fig. 2-17. [24]

0.9

RGB LED
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0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8
X

Fig. 2-17 Color gamuts with different backlight sources in CIE xyY color space

However, as mentioned before FSC-LCDs need at least 180Hz frame rate to
make a color image. Thus, the LC response time is needed higher than 180Hz so that
LC can be rotated to the specific position in each field. When LEDs emit through LC,
the color of image is correct. Optically Compensated Bend (OCB) mode LC is most
used in FSC-LCDs for its fast response time. However even the OCB has fast
response time LC, they still have color distortion issue because of the structure of thin

film transistor (TFT) arrays.
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Furthermore, OCB mode LC is not popular in commercial product. Twist
nematic (TN) mode LC is still mainly applied on LCDs by companies. After
upgrading TN mode, different kinds of functional TN mode LCs are created such as
speed-up TN mode LC. Although the response time of speed-up TN is not fast than
one of OCB mode, the TN mode LC has enough time to rotate to certain position with
modified driving methods on circuit board.

However, TN mode LC is not fast enough for the proposed Fast-DRGB method
to implement on hardware. So when rotating the liquid crystal in dominant field, the
target position is hardly achieved. The chance of achieving target position depends on
how much time gray to gray requires. And the situation is the same in the rest three

primary fields, the finally presented image is not correet.

2.5 Prior Arts to Characterize Color. Distortion

The color distortion on OCB mode seems irrational, the reason is the capacitance
multiple voltage is constant. Figure 2.18 (a) shows. that setting the voltage from start
to target value, and later the voltage will follow the CV=constant curve to make the
target value wrong. Therefore, a method called overdrive was proposed to solve the
issue as shown in Fig. 2-18 (b) [25]. Setting the target value higher than estimated

value, the correct voltage will be achieved after stabilization in LC.
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C-V Diagram : Zigzag Move by Non-Overdrive
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Fig. 2-18 (a) Target voltage is unachievable in one frame time, (b) Target voltage is

achievable using overdrive method
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Overdrive method needs to give higher voltage in the beginning. If the voltage is
too large and LED backlights cannot afford it, the LED backlights are easily
burned-out.

The other method is building a color model to characterize color distortion issue.
The model consists of two stages. First is a linear transform from radiometric scalars
to tristimulus values. Equation 2.5-1 shows the basic form of linear transformation.
Equation 2.5-2 shows more precious and complicated transformation. The symbol N
means the accuracy bit number of display system and dg is the digital signal value of
red field. The second stage is non-leaner transform between digital signal values in
each color field and each radiometric scalar. These models are GOG, S-curve, and
polynomial and are shown.in Eq. 2.5-3, Eq. 2.5-4 and Eq. 2.5-5 [26]. Symbol i means
the each radiometric scalar (R, G, and B). These models derive the new digital signal
values. Then, inputting the new digital signal values into panel can measure expected

tristimulus values.

R-de )
X 2 - X, X, X,
Y= A% G [where A=| Y, Y. Y, (Eq. 2.5-1)
z 5t z. 7. z,

sy

>

Y|=A*l R G B RG GB BR RGB R® G’ B’]  (Eq.252)

N
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q (Eq. 2.5-3)
0 ,{kg’i*( i2N_1)+ko,i}£0
S-curve model: i=a, *(di o _1)2 +b, *(d%N _1) +C, (Eq. 2.5-4)

Polynomial model: i= A, * f(di o _1)+ A * f'(di o _1)+ A, * f'(di o _1)

d, “
A )= ( 2N—1)

N_l di P
Cpn _pr+e

, where f (di and f’ is the first derivative of f  (Eq. 2.5-5)

Device independent and ‘each field channel independent are prior calibrations to
build the color model. Because the new digital signal values are derived from linear
and non-linear transformation, some new digital signal values are the same even in
different luminance. Therefore, this characterization might lower down some color
saturations. However, the coler distortion can be calibrated to make acceptable image

quality. Trade off happens between color saturation and image quality.

2.6 Summary

In previous discussion, CBU phenomenon accompanies with FSC-LCDs during
eye movement. DRGB method uses a adaptive backlight color as a dominant field
image to decrease the intensities of rest field images. Therefore, less CBU edges are
perceived. However, hardware implementation with DRGB method is still not
achievable. The main reason is the complicated calculation in DRGB method.
Therefore, simplifying DRGB method is a must. In next chapter, the three separated
image is used to decrease calculation time, and different criterion on determining

adaptive backlight with less complicity are utilized in the Fast-DRGB method.
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Chapter 3

Real-Time Adaptive Backlight Algorithm
Using the Fast-DRGB Method

In order to realize the Fast-DRGB concept in FSC-LCDs, the real-time adaptive

backlight algorithm of the Fast-DRGB method was proposed. The proposed algorithm
can determine one set of backlight colors (combination of red, green, and blue colors)
in less than one frame time. When input signals are inserted into the FPGA which is
configured the Fast-DRGB algorithm, the 15.4” panel displays a dominant field image,

red, green and blue images at 240Hz sequentially ina real-time process.

3.1 Concept of Real-Time Adaptive Backlight in Fast-DRGB

The FSC-LCDs used temporal integration of red, green, and blue images at
180Hz field rate to make a colorful image..Howeyer,” CBU accompanied FSC
technology when a relative velocity existed between human eyes and image. The
reason for CBU is human eyes perceive high intensity in each field at different
locations of the retina. Therefore, adding a majority image color into the dominant
field (D-field) causes red, green, and blue fields to decrease their intensity. Then four
field images combine into a full color image with less rainbow effect during eye
movement.

The concept of DRGB method is fully discussed in section 2.3.1. However, the
calculation of the DRGB method is too complicated for hardware implementation.
Therefore, we modified the DRGB method for simplicity. First, we abandoned
transforming color space to CIELUV, and used the original digital signal values in

RGB color space. Then, the criterion for judging the applicable color in three step
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convergence was replaced by summing the difference of digital signal values between
the original image and the simulated CBU image. Second, the DRGB method used the
entire image contents three times during three step convergence. Fig. 3-1 shows
Fast-DRGB simply separates the image into three parts and uses three parts of image
to derive the applicable backlight color during three step convergence approach. Each
part has the relationship with other two parts so image can be separated into three
parts. Therefore, determining the applicable backlight color required less one frame

time for hardware implementation.

N/3 -

Only one frame

(a) (b)
Fig. 3-1 (a) Three frame times required using DRGB, (b) Less than one frame time

required using Fast-DRGB
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Fig. 3-2 Flowchart of Fast-DRGB algorithm

3.2 Algorithm of Real-Time Adaptive Backlight in Fast-DRGB

The algorithm flowchart for determining adaptive backlight is shown in Fig. 3-2.
The input image was sampled in"1/8 sample period rate-and tested by eight backlight
colors from the D-field backlight choices. Then, we subtracted digital image value of
original image from digital image value of simulated CBU image in eight tested
backlight colors. The criterion judges ‘what color is applicable from eight tested colors.
The smallest criterion was chosen from eight criterion values. After using three step
convergence approach, the applicable D-field backlight color was determined.

The algorithm needed backlight choices symbolized as a large cube. The little
cube represented a color set (BL;, BLg, BLy). For instance, there are 125 total color sets
in a large cube used for algorithm and are shown in Fig. 3-3.

In the first step of convergence process, the eight chosen colors in the corner of
cube were selected as the first tested backlight colors and are shown in Fig. 3-3(a).
Using eight tested colors to calculate summing of differences (criteria) between the
original image and the simulated CBU image, the smallest difference were found
(inside of the red circle as shown in Fig. 3-3(b)). The found smallest difference

corresponds to the applicable backlight color in the first convergence. The color
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circled in red is the majority color of first step backlight determining process. Before
the second convergence began, backlight choices as in Fig. 3-3(a) converged as in Fig.
3-3(b). Following the same testing convergence as first calculation, we find the second
smallest difference (e.g. inside of the blue circle as shown in Fig. 3-3(b)). The color
circled in blue also is the majority color of first and second areas of image. In the third
step convergence process, backlight color choices are converged in only eight testing
colors as shown in Fig. 3-3(¢). Then the D-field backlight color was finally determined

from eight testing colors left.
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Fig. 3-3 Backlight choices in (a) 1* approach, (b) 2" approach, (c) 3" approach

The Fast-DRGB method used.three¢ 'separated images to calculate majority
backlight color using three step convergence approach. The DRGB method used
entire image details to .determine —backlight color, so.the Fast-DRGB method
decreased calculation time. The DRGB method transformed the color space to CIE
LUV and the Fast-DRGB 'method simply used digital signal values in the RGB color
space. The DRGB method calculated CIEDE2000(Eqp) values between the original
image and the simulated CBU image to determine a set of adaptive backlight color in
dominant field. The Fast-DRGB method used summing of difference in digital signal
values between the original image and the simulated CBU image to determine a set of
adaptive backlight color in dominant field. Therefore, the Fast-DRGB method

simplified procedures during determining a set of adaptive backlight color.

3.3 Summary

The DRGB method indeed suppresses CBU phenomenon effectively. However,
the DRGB method considered so many details, thus increasing its complication.
Therefore, the Fast-DRGB method improved the procedure for implementing on

15.4” panel. The panel was developed and was cooperation with Chunghwa Picture
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Tube, LTD.
The simulated comparison of Fast-DRGB method and DRGB was used to prove
that the CBU phenomenon was suppressed similarly and will be discussed in next

chapter. Then the hardware implementation of Fast-DRGB will be discussed.
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Chapter 4

Simulation in the Fast-DRGB Method

Concept of the Fast-DRGB method was introduced in the previous chapter. The
Fast-DRGB method simplified the calculation of DRGB method so that the
Fast-DRGB method could be implemented on hardware. Simulation of Fast-DRGB in
suppressing CBU phenomenon was compared with those of DRGB, KRGB and
WninRGB methods at 240Hz field rate. Testing images were presented to show how

effectively the CBU phenomenon was suppressed.

4.1 Color Breakup (CBU) Phenomenon Simulation using software

As previous chapters. discussed, the CBU phenomenon happens when human
eyes perceive a relative velocity with displayed image. Different field images are
located at different positions of the retina, so after temporal color mixing the brain
perceives CBU. However, color temporal mixing cannot be simulated in software.
Therefore, we assume different: field images ‘are moving and human eyes are
unmoving, creating a relative velocity between images and human eyes. In this study,
CBU images were simulated using conventional LCDs and are shown in Fig. 4-1.

Using this simulation, different CBU suppression methods were verified directly.
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Red field Green field Blue field

Fig. 4-1 Concept of simulated CBU image
Besides the directly simulated CBU images, CIEDE2000 formula was used to
estimate the CBU suppression level. A simulated CBU image using the proposed
method derived a CIEDE2000 wvalue (A Ego) and then compared with A Ey in
conventional FSC-LCD at_.180Hz. So, a relative CBU .value was calculated from
A Eg between the proposed method and conventional method. The smaller the

relative CBU value, the more effective the proposed method-is in suppresses CBU.

4.2 Evaluation of Color Breakup - A E0O0 Comparison

4.2.1 DRGB, W,,;,RGB, and KRGB methods

The testing images from the USC-SIPI image database simulated how CBU
phenomenon is suppressed and are shown in Fig. 4-2. The chosen pictures were tested
in the DRGB, Wp,ix:RGB and KRGB methods to calculate relative CBU values. The
DRGB method had lower relative CBU values than other two methods did. This
meant the DRGB method suppressed CBU effectively than W,;RGB and KRGB
methods and is shown in Fig. 4-3. Simulated CBU images in these methods are
illustrated in Fig. 4-4.

In Lena pictures, the brim of hat and wood behind her shows that less CBU
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phenomenon was observed in the DRGB method. In the KRGB method, obvious
CBU phenomenon was perceived in the brim of hat and other places. In W,,;RGB
method, the CBU suppression level was effective than it in KRGB. However the CBU
suppression level was not effective in Wy,;RGB method than in the DRGB method.

In Bean2 pictures, simulated CBU image in the DRGB method seemed worse
than in the KRGB method. Because the backlight color was global full on and beans
had many edges between each other, the determined backlight color in dominant field
was not applicable for every bean. Therefore, simulated image seemed not suppress
CBU effectively. However, if the local backlight was used the multi-edge issue could

be improved.
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Fig. 4-2 Images from USC-SIPI image data base
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Fig. 4-3 Relative CBU values in DRGB, W,,;;RGB and KRGB methods.
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(a) (b) (c)
Fig. 4-4 Simulated CBU images.in (a) KRGB; (b) W,i,RGB, and (c) DRGB methods.
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Fig. 4-5 Relative CBU values in DRGB and Fast-DRGB methods.
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4.2.2 Fast-DRGB and DRGB methods

Using the same pictures to derive relative CBU values in the Fast-DRGB method
and comparing with values in the DRGB method. The comparison is shown in Fig.
4-5. In most part of images, the relative CBU values were similar. However, some
images such as Beanl and Bean2 had higher relative CBU values. Because the
Fast-DRGB method used three separated parts of original image to derive three-step
convergence approach as shown in Fig. 4-6, the first chosen backlight color was not
suitable when doing the first step convergence. In second step convergence the
backlight color was not converged applicably to match the second area of image.
Therefore, the backlight color was not applicable for CBU suppression. Although
some testing pictures had higher relative CBU values. in the Fast-DRGB method than
those in the DRGB method, the average relative CBU value remained similar. This

described the Fast-DRGB-method had similar CBU suppression effect. However, the

Fast-DRGB method needed less calculation time:than DRGB methods.
-

3 1 step

S Fstep

Fig. 4-6 Three-step convergence approach illustration
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Fig. 4-7 Solution of inapplicable backlight determination
The solution of inapplicable backlight color is shown in Fig. 4-7. In three step
convergence approach, each step determines a backlight color. Then using each
backlight determines each criterion in whole image. The backlight corresponds

smallest criterion is the adaptive backlight color of this image.

4.3 Summary

Using software to simulate CBU phenomenon images was a direct way to know
how effective CBU was suppressed.-Another method to quantify CBU suppression
used CIEDE2000 value (A E(). Relative CBU value was derived from dividing A Egg
of a proposed method by A'Eg of the conventional FSC method. The DRGB method
had lower relative CBU values compared with WyiRGB and KRGB did. Simulated
CBU phenomenon images showed the DRGB methods suppressed CBU effectively
than other two methods. Besides, the Fast-DRGB method had similar relative CBU
values compared with the DRGB method. This meant the Fast-DRGB method also
suppressed CBU effectively. Although in some images had higher relative CBU
values in Fast-DRGB method than those in the DRGB method, the Fast-DRGB
method still suppresses CBU effectively. And Fast-DRGB had the advantage of
simplicity in calculating applicable in dominant field for hardware implementation.
After simulation of the proposed Fast-DRGB method, we already knew how
effectively the Fast-DRGB method did. The next section will discuss hardware

implementation using the concept of the Fast-DRGB method.
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Chapter 5

Hardware Implementation in the Fast-DRGB
Method

Previous simulation described that the Fast-DRGB method has similar CBU

suppression level compared with the DRGB method. However, the Fast-DRGB
method simplifies the calculation of the DRGB method. Therefore, in this chapter
implementing the Fast-DRGB method on hardware was discussed. Using the 15.4”
panel to display the image and taking CBU pictures. The pictures with the
Fast-DRGB algorithm showed that the calculation time is workable for hardware. The
CBU pictures directly verified how effectively the Fast-DRGB method suppressed

CBU. The results were correspondent to simulation of the Fast-DRGB method.

5.1 Hardware Platform

The project was cooperation with Chunghwa Picture Tube, LTD. CPT supported
a 15.4” panel and a field programmable gate arrays (FPGA) and are shown in Fig. 5-1.
The panel used two-gate-line driving at the same time to gain more charging time for
LC and the panel field frequency rate was 240Hz as shown in Fig. 5-2. The 15.4”
panel consisted of a timing control module (region 3), two SDRAM modules (region
4), a source control module (region 1), a gate control module (region 2), a 3-in-1 LED

driver module (region 5), and a power supply (region 6) and are shown in Fig. 5-3.
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Fig. 5-1 (a) panel circuit and FPGA (b) 15.4” panel
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Fig. 5-2 15.4” FSC panel cell array and driving circuit
A field programmable gate arrays (FPGA) was configured the Fast-DRGB
algorithm using HDL hardware language. The FPGA had three channels. Input signal
channel was DVI, digital visual Interface, which transmitted high quality image data
stream from input source (region 7). A power channel was 12 volt (region 8). Output
signal channel used LVDS, Low Voltage Differential Signaling, transmitted real-time
process image data stream into 15.4” panel modules. The above descriptions are

shown in Fig. 5-4.
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Therefore, when the notebook connected to input channel of FPGA, the data
stream transmitted into FPGA and started to calculate new image data stream using
Fast-DRGB algorithm in a real-time process. Then, the output channel transmitted
new image data stream into 15.4” panel modules, and displayed a real-time FSC-LCD

image.
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Region 2

Fig. 5-3 15.4” display circuit contains different modules
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Fig. 5-4 FPGA with Fast-DRGB algorithm contains three modules

5.2 CBU Images Comparison in a Real-Time Process

After settling up the hardware, we had to verify how effectively the Fast-DRGB
method suppressed CBU effect. The direct way was taking the CBU pictures. As Fig.
5-5 shows that the laptop transmitted data stream into the Fast-DRGB modules and
then derived a new data stream into 15.4” panel modules. And the laptop also sent a
control signal into X-Y moving table to move back and forth and a camera settled

above the X-Y moving table took CBU pictures at a certain time.
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New Data
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.| Fast-DRGB
Module | 3 L
15.4" panel
velocity
Control Signal Camera

X-Y Moving Table
Fig. 5-5 Using camera tracking to take CBU pictures
We used camera on the X-Y moving table to take CBU pictures of two driving
methods. One is conventional driving method at-180Hz field frequency. The other is
the Fast-DRGB method at 240Hz field frequency. Therefore, comparing these two
kinds of CBU pictures-.could verify how  effectively «the Fast-DRGB method

suppressed CBU artifact.
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(a) (b)

Fig. 5-6 CBU images (a)with conventional driving RGB method (b)with the

Fast-RGB method

In these CBU pictures, we‘observed the clear CBU artifact on the edge in
conventional method which is circled in yellow as shown in Fig. 5-6(a). The eyes of
baboon, the brim in Lena’s hat, the surface of pepper, and the edge of beans showed
that the Fast-DRGB method suppressed CBU artifact than conventional method did
and are shown in Fig. 5-6(b). The videos showed that the comparison between
conventional RGB driving method and Fast-DRGB method. When moving camera
back and forth horizontally, we could compare the CBU suppression level between
two methods.

Conventional RGB driving method: http://www.youtube.com/watch?v=3srhHeHpkJM

Fast-DRGB method: http://www.youtube.com/watch?v=yZZSEvHdl7w
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5.3 Discussions

In this chapter we used the FPGA to verify the concept of the Fast-DRGB
method to suppress CBU artifact existed in FSC LCDs, and implemented the
Fast-DRGB algorithm on hardware. Using the notebook to input the data stream into
FPGA and output modified data stream transmitted into the 15.4” panel supported by
CPT, then the panel displayed the FSC image in a real-time process.

We compared the conventional FSC panel using red, green, and blue driving
method at field frequency 180Hz and the Fast-DRGB algorithm implemented on
hardware at field frequency 240Hz. Using the X-Y moving table took the CBU
pictures of two methods. Through the CBU pictures, the CBU suppression level was
evaluated by human eyes directly. The Fast-DRGB method suppressed CBU
effectively compared with the conventional RGB driving method.

However, when human eye observed two kinds of CBU pictures, both pictures
did not have the same colors. Comparing two driving methods, the conventional FSC
LCD used 180Hz field frequency<and the Fast-DRGB method used 240Hz field
frequency. Thus, in conventional ' FSC LCD each field had 1/180 second to let LC
rotate and backlight flash, but in the Fast-DRGB method only had 1/240 second.
Because the 15.4” panel used the commercial TN mode LC, the LC response time was
not fast enough to rotate to the specific position in 1/240 second. Therefore, human
eyes might observe the incorrect colors in CBU pictures using the 240Hz field
frequency.

The conventional FSC LCD flashed one pure color from three primary LEDs in
1/180 second and combined three colors into a full color image using additive color
mixing. The FSC LCD using the Fast-DRGB method calculated a set of adaptive

backlight color in dominant field and this color changed image by image. The
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dominant field color was a mixing color using multi-color LEDs. The mixing color
would affect three primary colors because LEDs on 15.4” panel did not obey color
independent. This was another reason why color distortion happened.

We will build a color correction model to adjust the color distortion. The color
correction model is the transformation from original digital signal values to modified
digital signal values. After inserting the color correction model into modules in FPGA,

the color will be adjusted correctly. These will discuss in my future work.
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Chapter 6

Conclusions and Future Works

6.1 Conclusions

The FSC-LCDs are without color filters requirement and use temporal
integration of red, green, blue images at 180Hz field rate to make a colorful image.
However, CBU artifact accompanies with FSC technology when a relative velocity
between human eyes and displayed images. Therefore, out lab proposed the DRGB
method to suppress CBU artifact at field frequency 240Hz. The DRGB method chose
a set of adaptive backlight (red, green, and blue) during three step convergence
approach. The adaptive backlight was the first field backlight and rest three primary
fields decreased their intensities and then human eyes observed less CBU artifact.
However, the DRGB method needed complicated calculation to derive the adaptive
backlight. We could not implement on hardware using the DRGB method without any
frame buffers.

Thus, we proposed a modified method called the Fast-DRGB method. The
Fast-DRGB method simplified the calculation of the DRGB method. Simulation
results said the Fast-DRGB method had similar CBU suppression level using
CIEDE2000 formula compared with the DRGB method. And the Fast-DRGB needed
less calculation process for hardware implementation. CPT supported the 15.4” panel
and the FPGA. We programmed the Fast-DRGB method into FPGA with a hardware
language. Outer source connected to the FPGA and the FPGA transmitted the new
data stream to 15.4” panel and then displayed the FSC images and videos in a

real-time process. Compared with the traditional red, green, and blue driving
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FSC-LCDs, the 15.4” panel displayed the images with less CBU artifact.

6.2 Future Works

The Fast-DRGB method was implemented on hardware and displayed the FSC
images and videos in a real-time process. The displayed FSC images and videos had
less CBU artifact during human eyes movement. However, because the LC used in
15.4” panel is TN mode. The response time of LC might be not fast enough for 240Hz
field frequency. After temporal color mixing in 1/60 second, human eyes perceived
incorrect color of the displayed images compared with the original images. The other
reason was color dependence occurs between different fields, this caused the color
additive color mixing failed.

So we will build a color correction model to adjust the modified data stream
from the Fast-DRGB algorithm and are shown in Fig. 6-1. The algorithm will output
LC signal and transmit into color correction model to derive the modified LC signal.
The 15.4” panel will receive the modified LC signal and original backlight signal, and

then display the correct FSC'images.

omeenn o

LC Signal Color LC Signal
Correction
} Model
Input Algorithm * CPT
Source Modules » Panel

BL Signal

Fig. 6-1 Concept of color correction model adds into the FPGA
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The color correction model will be built using colorimeter, KONICA MINOLTA
CA-210 to measure the CIEXYZ coordinates on the panel. The sSRGB color checker
will input into the algorithm and output signal transmit into 15.4” panel and measure
the CIE XYZ color coordinates of each color and obtain Data Original. And then
measuring color checker on the input source (notebook) panel to obtain Data Target,

as shown in Fig. 6-2.

Standard
color — sRGB

checker |

Input

Source

CA-210 .
Data Target colorimeter Dlee) gl

Fig. 6-2 Measurement of standard color checker using CA-210 colorimeter
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Data Original <:| <:| Digital Signal Value

CIE XYZ
In CPT panel
(a) Step one
Inverse . . :
Data Target Matrix1 New Digital Signal Value
CIE XYZ
In NB panel

(b) Step two

Digital Signal Value

!

New Digital Signal Value

(). Step three
Fig. 6-3 Transformation between each data values in color correction model
(a) Relationship between Data Original and digital signal value in CPT panel.
(b) Inverse the relationship in (a) to derive new digital signal value.

(c) Relationship between digital signal value and new digital signal value.

After deriving the CIE XYZ data from two panels, we build the color correction
model in the procedure as shown in Fig. 6-3. In step one, finding the relationship
between digital signal value and Data Original from CPT panel. Then, inverse the

relationship and find new digital signal value from Data Target from source panel.
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Finally, find the relationship between digital signal value and new digital signal value.
Therefore, in the color correction model the modified LC signal transmits into the
15.4” panel. The coordinates of colors shows in panel would match the target color
coordinates.

After inserting the color correction model into Fast-DRGB module, the 15.4”
panel will display the image with correct color. And the color correction model is not
only used in FSC LCDs, but also used in different kinds of displays. If color distortion
happens, building the color correction model in the procedure and will adjust the

correct color.

56



Program of Fast-DRGB

Simplified Matlab Code

% 3 approaches, al(L,:) a2(I,:) a3(l,:),

% for red, green, blue B/L values, and sum of pixel difference (simplified delta E)

% B/L values 1->128, 2->160, 3->192, 4->224, 5->256,

% Shih-Hsun Chien

G 0mm e ---%

input_image=im2double(imresize(read image,[1280,800],'bicubic'));
[X,Y,Z]=size(input_image);

region_part = 300;

B Ist approach: from 1 to 300 ----------------- %

al = zeros(8,4);

fora, b, c=0:1
al(i,1)=a*4+1; al(i,2)=b*4+1; al(i,3)=c*4+1;
blr=(al(i,1)-1)*32+128; " = blg=(al(i,2)-1)*32+128; blb=(al(i,3)-1)*32+128;
rp(l:region_part,:,1)=input image(l:region part,:,1);
gp(1:region_part,:,2)=input .image(l:region part,:,2);
bp(1:region_part,:,3)=input_image(1:region_part,:;3);

for x=1:region_part for y=1:Y
min_rgb(x,y)=
min(input_image(X,y,1)/blr,input_image(x,y,2)/blg),input_image(x,y,3)/blb),1);
rp(%,3,1)=p(x,y, | )-min_rgb(x,y)*blr;
gp(x,y,2)=gp(x.y,2)-min_rgb(x,y)*blg;
bp(x,y,3)=bp(x,y,3)-min_rgb(x,y)*blb;

end end

rp_shift(:,13:Y,:)=rp(:,9:Y-4,:);
gp_shift(:,13:Y,:)=gp(:,5:Y-8,:);
bp_shift(:,13:Y,:)=bp(:,1:Y-12,:);
rp_origin(:,13:Y,:)=rp(:;,13:Y.:);
gp origin(:,13:Y,:)=gp(:,13:Y,:);
bp_origin(:,13:Y,:)=bp(:,13:Y.:);
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delta e=abs(rp_shift-rp origin)+abs(gp shift-gp origin)+abs(bp_shift-bp origin);
al(i,4)=sqrt(sum(delta_e));
1=i+1;

end

cc=al(:,4)

[cc,I]=min(cc);

al(l,:)

a2base=(al(1,1:3)-1)/4;

—————————————— 2nd approach - from 301 to 600 -----------------%

1=1;

a2=zeros(8,4);

fora,b,c=0:1

a2(i,1)=al(l,1)-a2base(1)*2+a*2;

a2(i,2)=al(I,2)-a2base(2)*2+b*2;

a2(i,3)=al(l,3)-a2base(3)*2+c*2;

blr=(a2(i,1)-1)*32+128;

blg=(a2(i,2)-1)*32+128;

blb=(a2(i,3)-1)*32+128;
rp(region_part+1:2*region_part;:;1)=input_image(region_part+1:2*region_part,:,1);
gp(region_part+1:2*region_part,:,2)=input image(region_part+1:2*region_part,:,2);
bp(region_part+1:2*region. part,:,3)=input_image(region part+1:2*region part,:,3);

for x=region_part+1:2*region part for y=1:Y
min_rgb(x,y)=
min(input_image(Xx,y,1)/blr,input_image(x,y,2)/blg),input_image(x,y,3)/blb),1);
p(x,y,1)=rp(x.y,1)-min_rgb(x,y)*blr;
gp(x.y,2)=gp(x.y,2)-min_rgb(x,y)*blg;
bp(x,y,3)=bp(x,y,3)-min_rgb(x,y)*blb;

end end

rp_shift(:,13:Y,:)=rp(:,9:Y-4,:);
gp_shift(:,13:Y,:)=gp(:,5:Y-8,:);
bp_shift(:,13:y,:)=bp(:;,1:Y-12,:);
rp_origin(:,13:Y,:)=rp(:,13:Y,:);
gp_origin(:,13:Y,:)=gp(:,13:Y,:);
bp origin(:,13:Y,:)=bp(:,13:Y,:);
delta_e=abs(rp_shift-rp_origin)+abs(gp_shift-gp origin)+abs(bp_shift-bp origin);
a2(i,4)=sqrt( (sum(delta_e));
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1=i+1;
end
cc2=a2(:,4)
[cc2,I]=min(cc2);
a2(1,:)
a3base=(a2(1,1:3)-a2(1,1:3))/2;
%0--==mmmmm - 3rd approach: from 601~800 ----------------- %
1=1;
a3=zeros(8,4);
for a, b, c=0:1
a3(i,1)=a2(I,1)-a3base(1)+a;
a3(i,2)=a2(I,2)-a3base(2)+b;
a3(i,3)=a2(I,3)-a3base(3)+c;
blr=(a3(i,1)-1)*32+128;
blg=(a3(i,2)-1)*32+128;
blb=(a3(i,3)-1)*32+128;
rp(2*region_part+1:X,:,1)=input _image(2*region part+1:X,:,1);
gp(2*region_part+1:X,:,2)=input image(2*region. part+1:X,:,2);
bp(2*region_part+1:X,:,;3)=input 1mage(2*region part+1:X.,:,3);

for x=2*region part+1:X for y=1:Y
min_rgb(x,y)=
min(input_image(x,y,1)/blr,input_image(x,y,2)/blg),input_image(x,y,3)/blb),1);
p(x,y, 1 )=rp(x,y,1)-min_rgb(x,y)*blr;
gp(x.y,2)=gp(x,y,2)-min_rgb(x,y)*blg;
bp(x,y,3)=bp(x,y,3)-min_rgb(x,y)*blb;

end end

rp_shift(:,13:Y,:)=rp(:,9:Y-4,:);
gp_shift(:,13:Y,:)=gp(:,5:Y-8,:);
bp_shift(:,13:Y,:)=bp(:,1:Y-12,:);
rp_origin(:,13:Y,:)=rp(:,13:Y,:);
gp_origin(:,13:Y,:)=gp(:,13:Y,:);
bp origin(:,13:Y,:)=bp(:,13:Y,:);
delta_e=abs(rp_shift-rp_origin)+abs(gp_shift-gp origin)+abs(bp_shift-bp origin);
a3(i,4)=sqrt(sum(delta_e));
1=i+1;

end
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cc3=a3(:,4)
[cc3,I]=min(cc3);
% choose adaptive backlight color
for i=1:length(a3(L,:))
switch a3(I,1)
case I  a(1,1)=128;
case 2 a(l,i)=160;
case 3 a(l,i)=192;
case 4  a(l,i)=224;
case 5  a(l,i)=256;
otherwise
end

end
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