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ABSTRACT

Climate change is now widely recognized asa major environmental problem. In creating a
sustainable world, energy-efficient household electronics should be developed and
popularized. Since TV-related activity occupies 10% of overall household power usage,
developing high image performance and low power consumption “Eco-LCDs” becomes the

main subject in this dissertation.

An LCD was studied as a dual-panel structure: a low resolution controllable LED
backlight and a high resolution LC panel. Based on this dual-panel concept, we divided this
dissertation into two stages and proposed novel methods to improve both high dynamic range

(HDR) and field-sequential color (FSC) technologies.

In the first stage, we proposed the IMF method to optimize HDR-LCD backlight signals.
IMF provided a dynamic backlight gamma to achieve high contrast ratio and high brightness
images while reducing average power consumption by 30% when compared to the same size

LED backlight LCD.

Furthermore, an FSC-LCD enhanced the optical throughput by a factor of 3 because of

getting rid of color filters. However, the FSC-LCD is still facing a lethal issue, color breakup
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(CBU). In the second stage, we proposed the Stencil-FSC method at less than 240Hz field rate
to suppress CBU. This method was much different from the prior CBU suppression methods
which usually used field rate more than 300Hz. Stencil-FSC ingeniously applied local HDR
technology to an FSC-LCD. The originality of Stencil-FSC was to use a multi-color image
concentrating image luminance in a single field. The intensities of the residual primary-color
sub-frames were therefore greatly reduced. Through simulations, CBU was suppressed by
50% for eighty test images when compared to conventional RGB-driving and made CBU

almost imperceptible in experimental photos.

In addition, this dissertation successfully demonstrated the Stencil-FSC method on a
32-inch FSC-LCD to yield a high dynamic contrast of 26,000:1, a wide color gamut of 114%
NTSC, and average power consumption-of less than'35 Watts which was equivalent to 20% of
the same size full-on LED backlight ECD. In the future, we expect that human beings will
enjoy high quality multimedia with families or friends and simultaneously maintain a healthy

Earth.
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Chapter 1

INTRODUCTION

Concerns about saving energy and protecting the environment are gradually increasing.
After the documentary, “An Inconvenient Truth,” featuring Al Gore in 2006, the global
warming issue receives wide attention [1]. The greenhouse effect makes the Earth warmer.
Polar bears almost have no place to live on the Earth (Fig. 1-1). Climate change is now widely
recognized as a major environmental problem. When facing the climate change,
energy-efficient household electronics should be developed and popularized. A recent study
by PG&E in California estimated that 10% of overall household power usage was devoted to
TV-related activity. Consequently, reducing power. consumption becomes one of the main

subjects in current liquid crystal display (LCD) manufacturing.

s
i

http?//blog.lib.umn.edu/ellis271/arch1701/2008/ www.caréglobalwarming.comy/glob
02/global_warming_project_milleni.html al-warming.jpg

I. - '._iL..-r:.:-L- =
3 -

(a) Rising CO, concentration (b) A helpless polar bear

Fig. I-1 Cause and effect of global warming. (a) Cause: rising carbon dioxide concentration and (b)

a consequence. a helpless polar bear.

The history of LCDs can be traced to the year 1964. G. Heilmeier was the first person to

turn a clear liquid milky by applying electricity at Radio Corporation of America (RCA).



Heilmeier also had the foresight to imagine that a wall-sized full-color LC display was
achievable. T. Peter Brody fabricated the first active matrix LCD in 1972, which was initially
limited to small display applications, like calculators, watches, etc. In 1988, Sharp
demonstrated the first active matrix full-color and full-motion LCD panel. Until 1991, M.
Aramoto of Sharp’s Audio-Video Group introduced the first wall-hanging- television product,

the “Liquid Crystal Museum.” Heilmeier’s dream had become a reality [2][3].

Fig. 1-2  The first wall-hanging televisions-fabricated by Sharp Cooperation [2].

In the past decades, thin film transistor liquid crystal displays (TFT-LCDs) have become
the most wide-spread display technology for applications ranging from small mobile devices,
car navigation systems, laptops, and monitors to large-sized TV applications and projectors,
etc. The high number of LCD applications can be attributed to several features, such as high

resolution, high brightness, light weight, and a thin profile.

1.1 Thin Film Transistor Liquid Crystal Displays (TFT-LCDs)

A traditional TFT-LCD is composed of two main structures: a backlight module and an
LC panel, as shown in Fig. 1-3. As liquid crystals (LCs) are not emissive, TFT-LCDs must
rely on additional light sources (e.g. CCFLs or LEDs) which are generally behind the LC cell

and are called “backlight.” The LC panel is basically a sandwich structure with LC molecules



filled between two glass substrates: a TFT-array glass and a color-filter glass. The TFT-array
glass consists of a polarizer and TFTs. The number of TFTs is three times more than the
number of pixels. The LC controls the light transmission using different molecular
orientations that vary in accordance with the applied voltage. The color-filter glass is
composed of a polarizer (analyzer) and a color-filter layer. In the color filter, each pixel
segment is made up of three primary-color (red, green, and blue) sub-pixels approximate 150

micro-meters in size for a 37-inch LCD.

Color-Filter Glass
with Analyzer

LC Panel <_ e
: i: LC molecule
:<— TFT-Array Glass
with Polarizer
Backlight <— Optical Films
Module

<— Light Source

Fig. 1-3  Traditional LCD structure. a backlight module and an LC panel.

The TFT-LCD is generally illuminated using a constant full-on backlight which consists
of conventional cold cathode fluorescence lamps (CCFLs). The backlight polarization state
changes to the linear state after propagating through a polarizer on the TFT-array glass.
Different voltages between these two glasses control LC orientations and create different
phase retardations due to the LC birefringence property. When the linear polarized lights
propagate through the LC cell, the polarization states are modulated by differing LC
orientations. Consequently, lights from different sub-pixels continue to propagate into red,
green, and blue color filters in different intensities and become colorized. After passing

through the analyzer, a color image is finally created through human eye spatial synthesis.



1.2 Issues of Current TFT-LCDs

Although LCDs have many advantages, some issues still must be improved. The notorious
issues are low optical throughput, imperfect "dark" state, low color saturation, and others. A
traditional LCD backlight system is generally illuminated by a full-on CCFL backlight. The
generated light propagates through an optical stack comprised of a set of polarizers, color
filters, and diffusers. Substantial proportions of light are scattered and absorbed by these
components. Overall, approximately only 5~8% of backlight reaches the front-of-screen
image, more than 90% of backlight is consumed (Fig. 1-4). Second, an imperfect dark state is
due to light leakage from LCs and a pair of non-ideal crossed polarizers; the poor image
contrast ratio of conventional LCDs results in fuzzy images. An additional issue is that CCFL
spectrum widely covers all visible. wavelengths (e.g. 400~700nm) and the transmittance
spectra of color filters are not pure peaks at red, green, and blue (Fig. 1-5(a)). Therefore, the
primary colors perceived by human eyes in a conventional LCD are often made up of several
different frequencies resulting in color gamut shrinkage. Fig. 1-5(b) illustrates that the color
gamut of RGB-LED backlight 4s much larger than.that of CCFL backlight [4]. Images
produced on LCDs with backlights employing CCFLs and RGB-LEDs are compared in Fig.

1-6 in which the RGB-LED backlight LCD shows a more vivid color image.

These issues are attributed to the full-on CCFL backlight and color filters which absorb
more than 70% backlight intensity. Consequently, LCD manufacturing utilizes the light
emitting diode (LED) which is high power efficiency and near point light source to replace
conventional CCFL backlight. In addition, the inefficient color filters are removed to enhance
the poor optical throughput and save 19% of the material cost in a typical 32-inch LCD panel,

as illustrated in Fig. 1-7 [5].
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Fig. 1-4 Low optical throughput in a CCFL-backlight LCD attributed to the low optical

transmittance efficiency of optical components.
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LEDs, CCFLs and white LEDs [4].



(a) CCFL BL LCD (b) RGB-LED BL LCD

Fig. 1-6 Differing image color saturation and contrast ratio abilities in (a) CCFL backlight and (b)
RGB-LED backlight LCD:s.
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Fig. 1-7 A typical materials cost structure of a 32-inch LCD panel (Q4°2008)[5].

1.3 LED-based LCD Technologies

Light emitting diodes (LEDs) are praised for several advantages, such as being
mercury-free, having small form factor, a long lifetime, high power efficiency, wide color
gamut, and fast switching operation [6]. Therefore, LEDs are being applied to the LCD
backlight system and not only save power but also enable the panel lighter and thinner [7].

The advanced technologies of scanning backlight driving [8], high dynamic range [9]-[15],



and field-sequential color [16]-[21] are swiftly developed resulting from this new option for

backlight systems.

1.3.1 High Dynamic Range Display Systems

Scenes in the real-world contain a dynamic range over 10 orders of luminance
magnitude from starlight to sunlight (Fig. 1-8). The human visual system perceives over 5
orders in real time and evolves to all ranges through long-time adaptation [22]. However, in
spite of recent advances in cell technology, the dynamic range of current state-of-the-art
LCDs is typically limited to only three orders of magnitude; especially the dark region of
the picture is not truly dark because of light leakage. Therefore, using LED light sources as
a backlight instead of CCFLs, the backlight panel is locally dimmed and greatly increases
the dynamic range of such a«display while simultaneously substantially reducing power

consumption. This type of display is also called the “high dynamic range (HDR) display.”
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Fig. 1-8 Real world dynamic range with 10 orders of luminance magnitude.

Local dimming backlights effectively combined a low-resolution display (the backlight)
with a high-resolution one (the LC panel), as shown in Fig. 1-9. These backlights generated
only the amount of light required to correctly represent the video content while dimming
under dark areas. Therefore, a high dynamic range/high contrast image was achieved using
an HDR display. However, many image details were lost while applying an excessively
dark backlight determination method even though LC signals were compensated [23], as

illustrated in Fig. 1-10.
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(Low resolution)
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Fig. 1-9 An LC-TV with a local dimming backlight can be regarded as the superposition of two
displays with different spatial resolutions: a low resolution backlight (left) and a high resolution LC
panel (right).

Detail lost

(a) Full-on BL LCD (b) HDR-LCD

Fig. 1-10 (a) Light leakage results in a low contrast image on a full-on backlight LCD, and (b) an
excessively dark backlight signal results in image detail lost on an HDR-LCD.

1.3.2 Field-Sequential Color LCDs

A high optical throughput field-sequential color (FSC) LCD without color filters was
proposed to further reduce power consumption [16]-[21]. By rapidly displaying red (R),
green (G), and blue (B) field-images sequentially, a full-color image was created by
temporal color synthesis, as illustrated in Fig. 1-11(a). To prevent luminance flicker, the
three-primary colors system required a minimum refresh rate of 180Hz. Consequently,
fast-response LEDs were applied to LCD backlight systems to replace conventional CCFLs.

After removing color filters, FSC-LCDs possessed many benefits, such as high optical



throughput, wide color gamut, low material cost, three times the possible screen resolution,

and other features compared to LCDs with color filters.

However, FSC-LCDs still face an inherent visual artifact, color breakup (CBU), which
occurs when relative velocities exist between the screen object and the human eye. This
may occur during both smooth motion pursuit (eye velocity is slower than 90 degree/sec)
and particularly saccadic movement (eye velocity is faster than 90 degree/sec) [24]-[30].
During eye movements, the separated R, G, and B sub-pixels of an image degrade image
quality and cause viewer discomfort, as shown in Fig. 1-11(b). Once the CBU issue is

overcome, a low power consumption and high image quality LCD becomes feasible.

Time Sequentially

Relative velocity

ANV
Data LC Data LC LED
Load | Set Load | Set | Flash

Red | Green |
5.56 ms |

e

1frame (60 Hz):16.7 ms CBUImage
(a) FSC-LCD mechanism (b) Color breakup

Fig. 1-11 (a) The field-sequential color (FSC) LCD mechanism: Displaying red, green, and blue
field-images at 180Hz field rate. (b) Color breakup (CBU) occurring while relative velocity exists

between the screen object and the human eye.

1.4 Motivations and Objectives
In creating a sustainable world, energy conservation and altering of our "consuming" live
style is worthy to be practiced. This is a great incentive to reduce the power dissipation of

state-of-the-art LCDs. In addition, as people always admire beautiful scenes; higher image



qualities (e.g. image resolution, contrast ratio, color saturation) are required. Hence, LCD

manufacturing is working hard on enhancing image quality and lowering power consumption.

An LED-based backlight LCD opens up an alternative way for creating a low power
“Eco-Display.” Particularly, the HDR- and FSC-related LCDs have an essential role to play in
display manufacturing. To make them more feasible, some topics, such as HDR-LCD
backlight determinations and FSC-LCD color breakup have to be developed and resolved. To
effectively improve image quality and reduce power consumption, we study these topics in
two stages, 1¥ stage: replacing a CCFL full-on backlight by a dynamic RGB-LED backlight;
2" stage: removing color filters for the LC panel. Finally, these two stages are convolved

together to reach a high image quality eco-LCD.

-”—-—/"’/’__’__—'f:' ,
Color
LC Panel— H filter-less
CCFL>
Backlight | RGB-LED
Module

Dynamic RGB-LED
(a) Current CCFL BL LCD (b) Advanced LCD

Fig. 1-12  Two stages for minimizing power consumption and enhancing image quality. (a) A current
CCFL full-on BL LCD and (b) advanced LCD: color filter-less with dynamic RGB-LED BL LCD.

In the first stage, we propose an efficient method, “Inverse of a Mapping Function (IMF),”
to optimize backlight signals [31][32]. The IMF method provides a dynamic gamma function
for the backlight panel to not only maintain a high contrast ratio but also maintain maximum
luminance and clear image detail. Additionally, power consumption and image distortion are

also reduced. The detailed IMF method is described in Chapter 3.
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In the second stage, local color-backlight dimming technology is ingeniously applied on
an FSC-LCD to overcome the CBU issue and name “Stencil Field-Sequential-Color”
(Stencil-FSC). The Stencil-FSC field rate is controlled at less than 240Hz (4 field-images),
including the 240Hz (4-field) [33]-[35] and 180Hz (3-field) Stencil-FSC methods [36][37].
Stencil-FSC methods are consequently implemented on an FSC-LCD using a commercial
OCB-mode [38][39] because of their low field rates. Using local color-backlight dimming
technology, a high luminance multi-color image is generated on a color filter-less LCD.
Therefore, the intensities of the residual primary-color images are greatly reduced and
effectively suppress CBU. Utilizing a “multi-color” field in a single field-image to suppress
CBU is an originality and much different from previous CBU suppression methods. The

detailed Stencil-FSC methods are expressed in Chapters 4 and 5.

According to current specifications-of 32-inch CCFL:and RGB-LED backlight LCDs, the
objectives of this dissertation.are as follows: using a dynamic RGB-LED backlight system to
enhance the image contrast ratio more than 20,000:1,-save 50% power consumption, and
increase the color gamut to more than 110% NTSC. Finally, using a 180Hz driving algorithm

to render CBU imperceptible and maintain image fidelity (Table 1-1).

Table 1-1 The objectives of this dissertation.

Current 32-inch LCD
This Dissertation

CCFLBL | RGB-LEDBL
~1,500:1 ~1,500:1 Static Contrast Ratio >20,000:1
110 (100%) 190 (172%) Power Consumption (W) <55 (50%)

72 >105 Color Gamut (% NTSC) >110
Color Breakup (CBU) Imperceptible

# of distorted pixels

x100% Field Rate (Hz) 180
# of total pixels

D

Image fidelity D<5% or AEy<3

11



1.5 Organization of this Dissertation

This dissertation is organized as follows: the fundamental HDR algorithm and basic
color science principles are in Chapter 2. In this Chapter, the human eye movements and CBU
mechanism are also presented. In Chapter 3, a dynamic backlight gamma curve, inverse of a
mapping function (IMF) embedded into an HDR-LCD is proposed to enhance image contrast
while simultaneously reduce power consumption. Following, HDR technology was applied on
FSC-LCDs to suppress CBU. The 240Hz Stencil-FSC and 180Hz Stencil-FSC methods are
consequently proposed in Chapters 4 and 5. In these two chapters, the algorithm, optimization
of hardware parameters, simulations and experimental results are presented. Finally, Chapter

6 concludes the dissertation; current issues and future work are also discussed.
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Chapter 2

PRINCIPLES

The fundamental algorithm of a high dynamic range (HDR) system is first discussed in
this chapter, including determining backlight signals and compensating LC signals. Following,
the physiological structure of the human eye and types of eye movements are presented to
help develop a proper method to suppress the color breakup (CBU) issue. The CBU
mechanisms caused by different eye movements are also discussed. In addition, the color
difference of CIEDE2000 was utilized to evaluate the differences between simulated images

and original images while using the proposed ‘algorithm. Therefore, the definition of

CIEDE2000 is presented.

2.1 Fundamentals of High:Dynamic Range Displays
The dynamic range of real-world environments‘exceeds the capabilities of existing display
technology by several orders of magnitude. To present a high dynamic range on an LCD, an

LED-based backlight is utilized because of its point-like light source and individual control.

The HDR algorithm is expressed in Fig. 2-1 [10]. Each input image'" is recalculated for
the LED-based backlight® and LC panel®. The first step in this algorithm is to down-sample
the input image resolution to the resolution of LED array. After that, taking the square root®
of the reduced resolution image® as the backlight signals, the LC signals are then
compensated for the variation in the LED-based backlight. To correctly compensate the LC
signal, the next step is to calculate the backlight intensity distribution® (p;*I;) generated by

the LED-based backlight through summing up the contributions of each LED for this input

image. It is important that the point spread function (p;) used in this process accurately

13



reflects the effective light distribution of each LED, including any interaction with the optics
and films used in the package. Moreover, the compensated LC signal can be generated
through dividing the input image by the simulation of backlight intensity distribution'”, as

3

shown in Eq. 2-1. Finally, the HDR-LCD shows a completed image.

1
n®I,

'

(2-1)
where I, I' represent original and compensated LC signals

p, ® 1, represents the backlight intensity distribution

The LED is driven to the appropriate intensity, and the LED backlight creates a luminance
distribution which is similar to backlight intensity distribution simulation. Then, the LC panel
modulates this luminance distribution so that the final-output image matches the input image,

as illustrated in Fig. 2-2 [9].

’[\HH’L]E[ @ﬁ'

L] [ e

Fig. 2-1 The algorithm for an LED-based HDR display [10].

(a) Input image (b) LED signals  (¢) Compensated LC (d) Final image

Fig. 2-2  Schematic HDR Display image processing steps: (a) desired image, (b) LED-based
backlight signals, (c) LC compensated signals, and (d) final output image [9].
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2.2 Structure of the Human Eye

The human eye is an adaptive lens. Fig. 2-3 shows the cross section of the human eye [40].
When light goes into the pupil of the eye and continues through the lens which acts the same
as a camera focusing light onto the retina. The retina contains two types of photoreceptors,
rods and cones, named for their shapes. The rods are more numerous, roughly 125 million,
and are more sensitive than the cones to detect small amounts of light, such as starlight.
However, they are unable to distinguish color. 6 to 7 million cones perform in bright light,
giving detailed colored views, but they fail at low light levels [41]. Cones are much more
concentrated in the central yellow spot known as the “macula.” In the center of macula is the
“fovea centralis,” a 0.2 mm diameter rod-free area with very thin, densely packed cones. In

addition, the fovea is the area of the eye responsible for sharpest vision.

The distribution of rods and cones-in the retina 1s not uniform, as illustrated in Fig. 2-4
[42]. The density of cones falls rapidly to a constant level at about 10 to 15 degrees from the
fovea. At about 15 to 20 degrees from the fovea, the density of the rods reaches a maximum.
Because there is only one pigment type.for rods, humans only see objects as shades of gray.
In contrast, there are 3 types of cones which refer to as the short-wavelength (S-cone),
middle-wavelength (M-cones) and long-wavelength (L-cones) sensitive cones (Fig. 2-5) [43].
This is why humans perceive vivid colors. While receiving light, the retina converts it into
nerve signals, and then the nerve signals are sent through the optic nerve, at the back of the
eye, to the brain. Hence, in the optical nerve region, there is no any receptor to sense light

stimuli and is so-called “blind spot.”
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Fig. 2-3 A drawing of a cross section throughithe human eye with a schematic enlargement of the

retina including rod and cone light receptors [40)].
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Fig. 2-4  Distribution of rods and cones in the retina [42].
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Fig. 2-5 Response sensitivity of three cone-types-- L-, M-, and S-cones [43].

2.3 Types of Eye Movements

Since only the fovea, which 1s around -10.degrees distribution of the retina (Fig. 2-4), is
employed for distinct vision, the human eye perceives scenery by voluntarily or
spontaneously moving. Most primates use two types of voluntary eye movement and fixation

to track interesting objects: saccade and-smooth-pursuit.

2.3.1 Saccade and Fixation

Saccade is a rapid, random eye movement while perceiving static objects. The eye
moves around the objects and locates interesting parts (fixation) to gather visual
information. Saccade to an unexpected stimulus normally takes about 200 ms to initiate and
lasts from about 20 to 200 ms, depending on amplitude. Fig. 2-6 is an example of saccadic
movement. When a police wants to shoot terrorists in a shooting game, he has to move his
eyes rapidly (saccade), gaze at objects (fixation) and then distinguish the terrorists from
following officers. Generally, saccade is spontaneous when examining new targets,

reaching a peak angular speed of 1000 degree/sec.
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Froaz L'
7

Fig. 2-6 An example of saccadic movement while playing a shooting game with tracing directions

(white lines) and fixation points (yellow numbers). (Adopted from the on-line game of Counter Strike)
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Fig. 2-7  Experiments of the human eye velocity in tracing a moving object [24].

2.3.2 Smooth Pursuit
Smooth pursuit is a predictable movement while following moving objects. When
following a moving object, the human eye will trace at the same velocity as the object

focusing on the fovea and catching clear images. Compared to saccade, pursuit velocity is
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much slower, and research has proposed the velocity is about 90 degree/sec. If a target
moves at a velocity faster than 90 degree/sec, the eye cannot pursue it, as shown in Fig. 2-7

[24].

Table 2-1 Two common types of eye movements for color breakup discussion.

Types of Eye
Movements
Smooth
: lieigeies Tra'ck sIovny Slow, usually only up
Pursuit moving objects |  to 90 degree/sec
Either penphgrally Ex:amlne r.1ew Very fast, up to 1000
Saccade detected motion or objects, visual
o L degree/sec
decision to change fixation search

Eye movement is a natural response for human beings when perceiving the whole scenery
(Table 2-1). Nevertheless, unconscious eye movementresults in color breakup on FSC-related

displays and prevents FSC-related applications.

2.4 Color Breakup Mechanisms

The color breakup (CBU) phenomenon is perceived while the eye is moving. Therefore,
CBU is strongly dependent on two main types of eye movements: saccade and smooth pursuit.
Consequently, the CBU phenomenon is categorized into static CBU and dynamic CBU

according to images and eye movements.

2.4.1 Static Color Breakup

Static CBU phenomenon happens when observing static images. While humans watch a
static image, eyes will move around the image to gather details. During or after saccade,
static CBU is perceived. The mechanism of static CBU is illustrated in Fig. 2-8 [25][26].
Fig. 2-8(a) shows three static white bars with a black background showing on an

FSC-display. When perceiving the image, eyes sweep and gaze between white bars with
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saccadic movement, like the white line in Fig. 2-8(a). In a conventional FSC-LCD using a
RGB color sequence, the display shows red, green, and blue fields sequentially. When eyes
move in saccade, the field images of different colors are projected onto the retina separately,

and CBU is perceived, as illustrated in Fig. 2-8(b). The effective factors of static CBU are

saccade velocity, image difference between objects and background, and display filed rate.

1

(a) (b)

Fig. 2-8 Mechanism of the static CBU. (a) White bars on an £SC display and a saccade path and (b)

observed color breakup during or just after saccade [25].

2.4.2 Dynamic Color Breakup

The other type of CBU, dynamic CBU, happens while perceiving dynamic images [27].
In order to focus on the fovea, human eyes will pursue the moving object at the same
velocity (Fig. 2-9). When a white bar is moving from left to right on an FSC-LCD using a
RGB color sequence, the observer perceives it through pursuit movement. Fig. 2-9(b)
shows the spatial-temporal relation. The horizontal axis is the position of the FSC-LCD, the
vertical axis is time, and the eye trace direction is indicated by oblique black lines. After
eye integration, the three primary-colors are projected onto the retina separately and causes
the colorful band appeared on the edge of the white bar. From the observing mechanisms of
these two types of CBU, static CBU is more serious and troublesome than dynamic CBU

because of faster eye velocity.
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Retina | “ -

(b)

Fig. 2-9  Mechanism of the dynamic CBU. (a) Human eyes synchronized with the moving image and

(b) the eye-trace integration on the retina. The extra color field will be observed at the bar edge.

2.5 Color Spaces and Color Differences

2.5.1 Color Matching Functions and Three Tristimulus

Color matching experiments was conducted in 1931 to describe the color that the
human eye perceives, as illustrated in Fig.-2-10. Based on this study, a set of color
matching functions (CMFs): 7(A);-.g(4), and_5(A) was derived as shown in Fig. 2-11(a)
[44]. To avoid the negative values appearing on the CMFs, the CMFs were transformed to
x(1), ¥(A), and z(1) using mathematics Fig. 2-11(b)). This is the well-know CIEXYZ
color space established by the Commission Internationale de 1’Eclairage (CIE) in 1931.
Consequently, the color perceived can be quantified by the CIE as three tristimulus: X, Y,
and Z. The color (X, Y, Z) is affected by three components: illuminant (P), a object’s
reflectance factor (R), and the CMFs of the human eye, (x(1), »(4), and z(1)), and is given

in Eq. 2-2.

X = j P(AR(A)x(A)dA
Y= j P(AD)R(A)y(A)dA (2-2)
Z = j P(AR(A)z(1)dA
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(a) Experimental setup (b) Patterns on the screen

Fig. 2-10  Color matching experiment. (a) The observer sees a white screen divided into two halves,
one half illuminated by a test light, the other half illuminated by a mixture of one or more primary
lights (here three are shown). (b) The observer can adjust the intensity of the primary light(s) to try to
make the two halves of the screen.match [44].
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Fig. 2-11 Color matching functions from (a) human experiments and (b) transformation using

mathematics [45].
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2.5.2 CIELAB Color Space and Color Difference of AE*,,

However, the CIEXYZ causes arguments since it is not uniform enough to describe the
color difference, especially for green and blue colors [46][47]. Therefore, the CIE
recommended two color-difference formulas for industrial applications, the CIELAB and
CIELUV in 1976. The non-linear transformations from CIEXYZ to CIELAB are described
in Egs. 2-3~2-7. In these equations, X,, Y,, and Z, are the tristimulus values of the reference
white. L* represents lightness, a* approximate redness-greenness, and b* approximate
yellowness-blueness. A more uniform color difference formula of AE*ab is consequently
given in Eq. 2-8. The CIELAB provided a uniform chromaticity diagram so that most of
color-difference formulas were established based on the CIELAB color space, including

CIE94 [47] and CIEDE2000 [48]-[50]

L' =116y /Y)'" -16 for Y/Y.> 0.008856 23)
L' =903.3(Y Y,) for ¥/Y, < 0.008856
a*=500 [fIX/X)=f(Y/T)] (2-4)
b* =200 [f(Y/Y,)— (Z/Z,)] (2-5)
C,y =+ (@*)’ + (%)’ (2-6)
H’, =tan™'(b*/a*) (2-7)
where

YY) = vy, )" for Y/Y. >0.008856

YY) =1.787(Y/Y, ) + % for Y/Y, <0.008856

J(X/X,) and f(Z/Z,) are similar defined.

AE., =\[(AL')* +(Ad")? +(Ab")? (2-8)
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2.5.3 Color Difference of CIEDE2000

In the past three decades, color scientists have found that the 1976 CIELAB is more
uniform than the CIEXYZ color space. However, the CIELAB is unable to describe large
color differences precisely, particular in the blue color region. Therefore, the CIE modified
the formula to describe all color-difference ranges and proposed the CIEDE2000. In 2001,
the CIEDE2000 formula was published and is expressed in Eq. 2-9 [48][49]. The
methodology used for developing the formula from experimental color difference data was
described by Luo, Cui, and Rigg [50]. The formula provides an improved procedure for the
computation of industrial color differences. In Eq. 2-9, the parameters Sz, Sc, and Sware the
weighting functions for lightness, chroma, and hue differences, respectively (Eq. 2-10). 4z,
kc, and ku values are the parametric factors adjusted according to different viewing
parameters, for the lightness, chroma, and hue components, individually. Rr function is
intended to improve the performance of the color-difference equation for describing
chromatic differences in the blue region. The color difference of CIEDE2000 considers
more color conditions. Therefore, this dissertation utilizes CIEDE2000 to evaluate the color
difference between original images and simulated images which are processed by the

proposed methods.

. \2 . N2 . N2 R X
AEOO ) \/( AL J +( Acab J +( AHab J + RT{ Acab J( AHab j (2_9)
K,S, K.Sc K,Sy KeSe NKySy

and S, =1+0.015C,, (2-10)

S, =1,8.=1+0.045C,

ab’

where

AL, AC,,, AH,,: Differences of luminance,chroma, and hue
K,, K., K,: Parametric factors of luminance, chroma, and hue
S,, Sc, S,: Weighting functions of luminance, chroma, and hue

R,: Rotation function
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Chapter 3
DYNAMIC BACKLIGHT GAMMA ON HIGH DYNAMIC

RANGE LCDs

A high dynamic range liquid crystal display (HDR-LCD) enhanced the image contrast
ratio and lowered power consumption by utilizing local backlight dimming technology. This
dissertation studied an HDR-LCD as a dual-panel display composed of a backlight module
and a liquid crystal (LC) cell. In the first stage of backlight panel optimization, as an
optimized gamma of LC signals to enhance the final image, the backlight module was
similarly given with a dynamic gamma function to control the contrast ratio of an HDR image
(Fig. 3-1). The inverse of a mapping function (IMF) method, proposed as a dynamic gamma
mapping curve for the backlight module, has been demonstrated to further improve HDR
image quality. By implementing the IMF method on a 37-inch HDR-LCD with 8x8 backlight
divisions, the image contrast ratio was enhanced by ~20,000:1 while maintaining high
brightness, clear image detail, and an average power reduction of 30% compared to a 37-inch

LED LCD without using local backlight dimming technology.

Full-on CCFL-BL

Fig. 3-1 The first stage of this dissertation. Using a dynamic LED-BL enhances image contrast and

lowers power consumption.
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3.1 Dual-Panel Display for HDR Images
To enhance HDR-LCD image quality, a dual-panel LCD was created from a backlight
module and an LC panel (Fig. 3-2). The backlight module was a low resolution panel to
control the image contrast ratio. The second panel, the LC cell, was a high resolution panel

to maintain image details according to the backlight intensity distribution.

Low resolution High resolution

(a) Backlight image (b) HDR-LCD structure (c) LC panel

Fig. 3-2  Schema of a dual-panel display-with a low resolution backlight and a high resolution LC

panel.

In HDR-LCDs, two conventional methods, “Average” and “Square-Root,” were used to
determine backlight signals [9][10]. The Average method averaged the gray levels of all
sub-pixel values in each backlight division. The mapping function of original and modified
backlight levels is an oblique line with a slope of one (Fig. 3-3). On the other hand, the
Square-Root method calculated the average value in each backlight division first, and then
took its square root after normalizing the average value. Thus, the Square-Root method

enhanced the backlight signal and maintained final image brightness.

For practical applications, the number of backlight divisions in the HDR-LCD was
reduced to lower IC driver usage and simplify hardware computation complexity. However,
due to the decrease of backlight resolution, many image details were lost through applying the

Average method because of low backlight brightness. Using the Square-Root method, image
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details were much clearer than that of the Average method, but the contrast ratio (CR)
decreased substantially because of “over-enhancement” in darker backlight zones.
Additionally, both of these methods used fixed backlight mapping curves (Fig. 3-3) that might

be not suitable for diverse types of images, such as high and low CR images.

Consequently, we proposed an efficient method, the inverse of a mapping function (IMF),
to control backlight signals. The IMF method was decided by inverting the mapping function
of each image; in other words, the IMF method provided the backlight signal with a dynamic
gamma to optimize the backlight “image.” Thus IMF maintained not only a high contrast ratio
but also maximum luminance and clear image detail. Additionally, power consumption and

image distortion were also reduced.

—~ 250
T>; === Square-Root method
;': Average method
s 200 4
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E /’
© 4
o ’
) ’
g 50
P ]

0

0
0 50 100 150 200 250

BL value before processing (Gray Level)

Fig. 3-3  The mapping functions of two conventional backlight determination methods, the Average
and Square-Root methods [9][10].
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3.1.1 Backlight Determination-- Inverse of a Mapping Function Method
Several mapping methods have been proposed to successfully enhance image
performance [51]-[55]. In this dissertation, histogram equalization [51] was utilized as the
mapping function. The basic procedure of the IMF method was first to compute the global
histogram of a target image to get a probability density function (PDF). Then the PDF from
the lowest to the highest gray level was accumulated to obtain the mapping function (also
called the cumulative distribution function, CDF) of the traditional histogram equalization.
Finally, inverting the CDF of a target image with the oblique line y=x generated a new

curve for backlight modulation called the “Inverse of a Mapping Function (IMF) [31][32].”

Before IMF processing, a zone-value of each backlight division was first decided. To
optimize the image quality and power consumption, a weighting, n (0< n < 1), was taken
for the average (Avg) and. maximum-(Max) values in each backlight division. The
zone-value is given in Eq.-3-1. In this work, n=0.9 was the optimized weighting for the
IMF method.

Zone—Value=nx Max.+(1—n)x Avg. (3-1)

A significant feature of the IMF method was the optimization of backlight signals based
on each input image, i.e. backlight signals with a dynamic gamma were controlled frame by
frame to produce high quality images in high and low CR images. For example, in a high
CR image (Fig. 3-4(a)), the CDF curve has steep slopes in high and low gray-level areas; in
contrast, the IMF curve has gentle slopes in these two areas. Therefore, backlight signals
for dark regions distributed to the lower IMF area, and backlight signals for bright regions
distributed to the higher IMF area. Hence, the backlight panel showed a high CR image
using the IMF method. Additionally, IMF also maintained the brightness of the target
image showing less distortion image details. Fig. 3-5 shows a high CR target image Lily,

and its backlight image obtained using the IMF method.
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Excluding high CR images, Figs. 3-4(b)-(d) show the CDF and IMF curves of low CR
images, i.e. dark, bright, and medium gray-level images. Most backlight signals were
distributed to a particular area with uniform values, thus eliminating the visible boundaries
of each LED backlight block. For example, most backlight signals of the bright image,
Yushan (Fig. 3-6), distributed to the higher IMF area (with gray levels between 220 and
250). Likewise, dark and medium gray-level images were also modulated with a uniform
brightness distribution. So the LC signals were easily compensated and produced a

high-quality image.

Number | CDF Number | CDF Number | CDF Number CDF
\ r'y A

——p

Gray-Level Gray-Level Gray-Level Gray-Level
BIL (Modmed) BIL (Modiﬁed)@ BIL (Modified)
A

BIL (Modified) @

F 3

B/L (Original) B/L (Original) B/L (Original) B/L (Original)
(a) High CR image (b) Dark image (c) Bright image (d) Medium GL image

Fig. 3-4  The cumulative distribution function (CDF) and inverse of a mapping function (IMF) curves
of backlight signals for (a) high CR, (b) dark, (c) bright, and (d) medium gray-level images.
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Fig. 3-5 An example of using the IMF method. (a) High CR target image — Lily, (b) BL image of Lily,

and (c) the mapping curves of CDF and IMF.
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Fig. 3-6  An example of using the IMF method. (a) Low CR target image (bright image) — Yushan, (b)
BL image of Yushan, and (c) the mapping curves of CDF and IMF.

3.1.2 LC Signal Compensation

After determining backlight signals, the backlight image was obtained through

convolving the backlight signals with a point spread function (PSF) which represents the

spatial intensity distribution of each backlight division (Fig. 3-7) [56][57]. The backlight
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images using the Average, Square-Root, and IMF methods are shown in Figs. 3-8(b)-(d).
These convolution results (BLypr) were ideally simulated for distribution of backlight
illumination. Based on brightness preservation, the compensation signals of liquid crystal

(GLpupr) were obtained through Eq. 3-2 [22].

BL,
L,y = (207« GL (3-2)

BL,, Targer
where BLj; and BLypr denote intensities of the conventional (full-on) backlight and the
HDR backlight, respectively and GLz,,. denotes the original signals of the target image.
Finally, an HDR image was created through combining the backlight convolution result and
LC compensation signals considering the gamma effect. However, if gray levels of LC
compensation signals, GLppgs exceed 255, the. HDR system cannot show the signal
correctly, thus the “clipping effect is observed [22]. The clipping effect reduces image

luminance and details degrading image quality.

nits
2500
2000
® 1500
1000 T
500
0

(a) BL signal (b) LSF (c) BL image

Fig. 3-7 The processing of convolution. (a) BL signal, (b) light spread function, and (c) BL image.

BRI IF

(a) Target image (b) Average method  (c) Square-Root method (d) IMF method

Fig. 3-8 (a) Target image, Convolution results of backlight signal determined by the (b) Average, (c)
Square-Root, and (d) IMF methods.

31



3.2 Verification on a 37-inch HDR-LCD

3.2.1 Target Images and Hardware

The main objectives of an HDR system are to achieve a high contrast ratio (CR) image
to match the human vision range in the real world (high dynamic range) [22] while
simultaneously reducing power consumption. A high CR target image, Lily, and three low
CR images, Robot (dark image), Shore (medium GL image), and Yushan (bright image)
shown in Fig. 3-9 were simulated and then implemented on a 37 1920%1080 resolution
HDR-LCD with 8x8 backlight divisions (the panel was provided by AU Optronics, Taiwan).
The CR was measured using a luminance analyzer, CA-210 [58], with a measuring area of
27 mm in diameter (covering about 12,834 pixels); the positions of maximum luminance
(Limax) and minimum luminance. (Lyin) are respectively marked with a solid-blue circle and
a dotted-pink circle in Fig. 3-9. Areas within the red rectangle parts in Figs. 3-9(a)(b) are

magnified for image detail comparison and shown in Figs. 3-10 and 3-11.

(a) Lily (high CR image)

—

e

(¢) Shore (medium GL image) (d) Yushan (bright image)

Fig. 3-9 Target images with their CR measuring points, L,.. and L,;, are respectively marked with a
solid-blue circle and a dotted-pink circle. Areas within the red rectangles in Figs. (a) and (b) are

magnified, shown in Figs. 3-10 and 3-11.
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o 't

(a) Average method  (b) Square-Root method (c) IMF method (d) Target image

Fig. 3-10 The results of the magnified section in the test image- Lily. (a), (b), and (c) are produced
using the Average, Square-Root, and IMF methods, respectively. (d) The target image.

(b) Square-Root method (¢) IMF method (d) Target image

(a) Average method

Fig. 3-11 The results of the magnified section in the test image- Robot. (a), (b), and (c) are produced
using the Average, Square-Root, and IMF -methods, respectively. (d) The target image.

3.2.2 Target Parameters

In the first stage of backlight.module optimization, based on the dual-panel display
concept, the target contrast ratio of high CR images must be enhanced more than 20,000:1
with a 30% average power reduction compared to an LED backlight LCD. Additionally,
using the LC panel control, the maximum luminance (L.x) must be maintained to close to

that of the target image with low distortion of less than 5%.

A distortion ratio, D, quantifying the clipping distortion of final HDR images is given in

Eq. (3-3)

N
D=—x100% (3-3)

where N, and N, are the total number of clipped sub-pixels and the total number of

sub-pixels (1920x1080x3) in an HDR image. The D value denotes the distortion severity
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due to the limited LC’s maximum transmittance (100%). An HDR image with a smaller D
value implies the HDR system produces a more detailed image and gets a higher quality
image. Therefore, four parameters: contrast ratio (CR), power consumption (P), maximum
luminance (L), and distortion value (D) were utilized to evaluate and optimize

HDR-LCDs.

3.2.3 Results and Discussions

The experimental results of the four target images, Lily, Robot, Shore, and Yushan, are
listed in Table 3-1, Figs. 3-12 and 3-13. For the high CR image, Lily, the D values were
16.97%, 5.70%, and 3.17% using the Average, Square-Root, and IMF methods, respectively.
From D values and the partly magnified image sections shown in Fig. 3-10, image details
in the high brightness region almost disappeared while using the Average and Square-Root
methods. Conversely, image details were. well preserved in the IMF method with a
distortion of 3.17% (Fig. 3-10(c)). Although the Average method had the highest CR of
32,150:1, the distortion of 16.97% was the largest (Fig. 3-10(a)) and the brightness (321.5
nits) was much lower than that of the conventional full-on backlight (401.4 nits).
Comparing L, and CR values of the IMF and Square-Root methods, Ly.x values were
close to the conventional full-on backlight, and the CR of the IMF method (19,695:1) was

much higher than that of the Square-Root method (9,855:1) in this high CR image.

For the low CR image, Robot, the IMF method also preserved most image details with
2.45% of D value (shown in Fig. 3-11 and Table 3-1), and consumed less power than the
Square-Root method. The 4,278:1 of the CR value was also higher than that of the
Square-Root method (2,557:1). For the other two low CR images, Shore and Yushan, the

IMF method also maintained good image details with high maximum brightness.

From experimental results, the Average method achieved the lowest power consumption

and the highest image contrast ratio. However, it sacrificed image luminance and too many
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details. The Square-Root method reduced power consumption and maintained the image
maximum brightness. Nevertheless, the image contrast enhancement was limited because
backlight signals were over enhanced in dark regions. In contrast, the IMF method
efficiently lowered power consumption while simultaneously enhancing the image contrast

ratio and maintaining image quality because of its dynamic backlight gamma.

Table 3-1 The distortion ratio (D), luminance (L,.. and L,;), contrast ratio (CR), and power
consumption (P) of Lily, Robot, Shore, and Yushan using the conventional method (full-on) and three
different backlight determination methods.

B/L Full-on Average Square-Root IMF
L ax (nits) L, ax (nits) L \ax (nits) L, ax (nits)
age D(%) = cR [P (W)| pe) = CR | P (W)]| D) — R | P (W)| %) —= CR [P (W)
Limin (nits) Lmin (nits) Limin (nits) Limin (nits)
: 401.4 3215 3942 393.9
Lily 0 1338 | 190 | 16.97 32150 [ 60 | 5.70 9855 [ 94 | 3.17 19695 | 93
0.30 0.01 0.04 0.02
480.1 278.4 383.6 385.0
Robot 0 1412 | 190 | 6.54 6960 68 | 3.78 2557 | 124 | 245 4278 | 120
0.34 0.04 0.15 0.09
326.4 3359 3355 3432
Shore 0 487 | 190 | 5.6 988 112 | 3.08 729 | 143 | 3.8 730 133
0.67 034 0.46 0.47
4121 435.2 444.0 446.2
Yushan 0 303 [ 190 | 4.14 267 149 | 031 310 | 176 | 1.91 308 176
1.36 1.63 1.43 1.45

Light
leakage

(a) Conventional LCD BL (Full-on) (b) IMF method

Clipping Clipping

4

(c) Square root method (d) Average method

Fig. 3-12  Lateral pictures of a 37 inch HDR-LCD while using the (a) the full-on backlight, (b) IMF,
(c) Square-Root, and (d) Average methods. (The panel was provided by AU Optronics, Taiwan)
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Fig. 3-13  Image characteristics of different imagesusing different methods. (a) Distortion ratio, (b)

contrast ratio, (c) maximum luminance, and (d) power consumption.
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Fig. 3-14 Comparisons of mapping curves using 256 and 4 registers in computing histogram. (a)

Lily and (b) Yushan.

Considering computational complexity of the IMF method, a mapping function for

image enhancement in each LC panel was provided in conventional LCDs. Therefore,

inversing this mapping function was the only step to get an IMF curve. On the other hand,
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the histogram equalization method was chosen as our mapping function. To further reduce
computational complexity, the registers in the computing histogram were reduced from 256
to 4 units. The simulation results shown in Fig. 3-14 indicate that a 4-register can also reach

similar results to a 256-register. Therefore, the IMF method can be easily implemented.

3.3 Summary

The HDR-LCD was studied as a dual-panel display composed of a backlight module and
an LC cell. The backlight module was a low resolution panel which controlled the HDR
image contrast ratio, and the LC cell was a high resolution panel which preserved image
details. In the first stage of this dissertation, we proposed the Inverse of a Mapping Function
(IMF) method to determine backlight signals for high dynamic range (HDR) displays based
on this dual-panel concept. The«extraordinary feature of IMF was to provide an optimized
dynamic gamma for a backlight panel to ‘produce high quality images, including high/low
contrast images. The IMF method was demonstrated on a commercial 37” HDR-LCD to
achieve a high contrast ratio (=20,000:1) image, and to preserve clearer image details with
low distortion (D=3.17%). Furthermore, the IMF method still maintained high brightness and
showed a more active image using an average power reduction of 30% compared to the same

size LED backlight LCD.

Although reducing average power consumption by 30% is significant, the LCD still
requires 130 Watts which is equivalent to that of a conventional 37-inch CCFL backlight LCD.
In the next chapter, the power consumption is further reduced using field-sequential color
technology. To increase manufacturing feasibility and suppress color breakup, the Stencil
Field-Sequential-Color (Stencil-FSC) method is proposed and expressed in the following

chapters.
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Chapter 4
CBU SUPPRESSION AND Low POWER

CONSUMPTION BY STENCIL-FSC METHOD

Field-sequential color (FSC) is a potential technique for future green liquid crystal
displays (LCDs). The second stage of this dissertation was to remove color filters to further
reduce power consumption and larger the display color gamut. However, a lethal issue, color
breakup (CBU), was perceived when relative velocities exist between the screen image and
the human eye. We proposed the Stencil Field-Sequential-Color (Stencil-FSC) method with a
240Hz field rate to make CBU imperceptible. Given the Stencil-FSC method, the hardware
parameters were optimized to reduce hardware complexity while maintaining sufficient CBU
suppression. After implementing Stencil-FSC on a 32-inch FSC-LCD, the image contrast ratio
was shown to be 10 times more than that of a conventional CCFL LCD, and the average

power consumption was reduced to less than 35 Watts--a 68% savings in power consumption.

Color
filter-less

Fig. 4-1 The second stage of this dissertation. Removing color filters lowers power consumption.

4.1 Prior Color Breakup Suppressions for FSC-LCDs
Color breakup (CBU) suppression has been implemented on digital light processing (DLP)
projectors by inserting additional mono-color fields [59] or increasing the field rate to 540Hz

or more [60]. Hence, most traditional CBU solutions for FSC-LCDs involved either
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increasing the field rate (Fig. 4-2(a)) or inserting additional mono-color fields (RGBY or
RGBCY) (Fig. 4-2(b)). The black-fields insertion method (360Hz-RGBKKK) was reported to
further narrow the CBU width to be less perceptible [61]-[65], as illustrated in Fig. 4-2(c).
Among these three methods, 360Hz-RGBKKK was concluded as the best CBU suppression
method. Although LED backlights can be switched on and off very rapidly, LC response time
prevents the implementation of many of the above methods (e.g. field rate > 300Hz) in
large-sized FSC-LCDs. Consequently, we proposed Stencil-FSC method using a 240Hz field

rate to suppress the CBU issue [33]-[35].

(c) Black-fields insertion (360Hz-RGBKKK)

Fig. 4-2  Prior color breakup suppression methods. (a) Double field rate, (b) mono-color field

insertion, and (c) Black-fields insertion.
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4.2 Stencil Field-Sequential-Color Method

4.21 Concept

CBU is perceived because three high luminance primary-color images are not projected
onto the retina at the same position. When R, G, and B image intensities are reduced, the
CBU phenomenon caused by smooth pursuit (in dynamic videos) or saccadic movement (in
static pictures) is noticeably suppressed even though the three images are not overlapped
well onto the retina. Therefore, using this concept, instead of “mono-color” images, a
“multi-color” image was used in the first field to display high luminance and rough color;
the residual three dimmer primary-color fields were then used to only modify color details
(Fig. 4-3). Displaying these four field-images at 240Hz, a vivid color image with less
perceptible CBU was created on an FSC-LCD. Using a “multi-color” image in a color
filter-less LCD to suppress €BU is-unprecedented in-FSC-related technologies. This idea
came from the recreation of “Stencil,” like a kid who-painted an undertone on his “Peter
Pan” first, and then painted other colors over it to complete a vivid, colorful Peter Pan (Fig.
4-3(bottom)). Therefore, we “named._ the -method Stencil Field-Sequential-Color or

Stencil-FSC because its process was similar to “stencil” painting.

‘\ Driving
\
\ E
\ "
" Stencil-
. FSC
\ — .|
'\ Rough image Red detail Green detail Blue detail
\_ Multi-color field R-field G-field B-field

Fig. 4-3 Target image Peter Pan (©Disney) and field images using the conventional FSC-LCD and
Stencil-FSC method.
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Local color-backlight dimming technology [9]-[15] was utilized to produce a
multi-color image on a color filter-less FSC-LCD, as illustrated in Fig. 4-4. An LC-TV with
a local backlight control comprised the superposition of two displays with different spatial
resolutions: a low resolution controllable RGB-LED backlight and a high resolution LC
panel. The backlight module provided a low resolution colorful image, and the color
filter-less LC cell preserved high resolution monochrome image details. In applying the
Stencil-FSC method to suppress CBU, there were two main features that necessitated local
color-backlight diming technology: high image contrast ratio and low power consumption

when compared to conventional LCDs and traditional FSC-LCDs.

Multi-color image
for the first field

" CF-less | OnlyBlack & White
LC High Resolution

RGB-LEDs | Colorful
Backlight | Low Resolution

Fig. 4-4 A “multi-color” image is yielded by a low resolution controllable RGB-LED backlight and

a high resolution color filter-less LC cell.

The Stencil-FSC algorithm is derived and illustrated in Fig. 4-5. Using local
color-backlight dimming technology, a set of three primary-color backlight signals was
obtained using a color-backlight determination method (BLg, BLg, and BLp) [34].
Accordingly, the corresponding LC compensation transmittances were determined (7, Tg,
and Tp). In this dissertation, the image was evenly divided into non-overlapping rectangles
corresponding to the number of backlight divisions. To reduce more power consumption,

the Average method was utilized for determining three primary-color backlight signals. We
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directly averaged the all three primary-color pixel values that subtended the rectangular
region in front of each given backlight division independently as color-backlight signals
(BLg’, BLs®, BLg’). The detailed local color-backlight dimming algorithm is illustrated in

Fig. 4-6 and explained in section 4.2.2.

(BLg) (BLc) (BLy)
(T, To» Tg) (Tin) | (T%)) (Te') (T3
(b)dl-icrz:?r!i(r:g?gc?:-. (c) BL and LC images

Fig. 4-5 Stencil-FSC algorithm processing. (a) Input image__Girl (b) local color-backlight dimming
technology, (c) backlight and LC. images, and-(d)~4 field-images produced. (Girl ©Microsof,

http://www.microsoft.com/surface/index. html)

T full
~>»| Average

BLsignals

(BLy®, BLg, BLy?)

1

BL signals :
(Frequency 1
domain) 1

1

Simulated
o BL intensity
Gaussian LPF

distribution

BL image
(Spatial
domain)

| (BL,Tl/BL,) x TS
iR G, and B

Fig. 4-6 Processing of local color-backlight dimming algorithm.
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4.2.2 Backlight Intensity Distribution

After determining color-backlight signals, the crosstalk between LED backlight
divisions was considered when compensating LC signals [56][57][59][67]. Convolving the
backlight signal with the point spread function (PSF) of each backlight division is a
traditional method for obtaining backlight intensity distribution. A broader PSF results in
visible crosstalk and produces a blurrier backlight image. When convolution is used,
computational complexity makes real-time demonstrations prohibitively difficult. To
reduce computational complexity, we utilized the Discrete Fourier Transformation (DFT)
and a Gaussian low pass filter (GLPF) to simulate three primary color-backlight intensity
distributions (BLg, BLg, and BLp), as illustrated in Fig. 4-6. First, the color-backlight
signals of each backlight division were determined (BLz’, BLs’, and BLg"). Second, the
DFT process transferred the ‘backlight signals from the spatial domain to the frequency
domain. When utilizing a GLPF, the high frequency information (the boundary area) was
filtered out. Finally, a light spread backlight image was simulated by using the inverse of
the DFT process (BLg, BLg, and BLp). Let G(u,v) denote the Gaussian filter in the

frequency domain, and its function is given in Eq. 4-1
G(u,v)= e D n2Dy’ (4-1)

where D(u,v) is the distance from the Fourier transform origin and D, is the cutoff
frequency. The (u,v) represents the position in the frequency domain [68]. Moreover, D, is
directly related to backlight spread. For example, a smaller D, value allows lower
frequency content and results in a blurrier backlight image, as illustrated in Fig. 4-7.
Therefore, we can simulate the backlight intensity distribution in arbitrary PSFs by
controlling D,. To suggest hardware design of backlight systems, the cutoff frequencies
were finally transferred back to spatial domain and described by Eq. 4-2, where o, and oy

are two directional standard deviations (S.D.) of the Gaussian distribution.
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glx,y)=e (4-2)

D, =0.015 D, =0.009 D, =0.003

Fig. 4-7 Simulated backlight intensity distribution of Lotus in various cutoff frequency:D,=0.015,
0.009, and 0.003 at 16x12 backlight division combination.

4.2.3 Production of Four Field-Images

After obtaining the backlight intensity distribution(BL;) through the DFT and a GLPF,
the LC transmittance values of R, G, and B sub-frames, Ty, 7, and T3, were compensated
for using Eq. 4-3, where I and I, denote image luminance; BL{"" and BL; denote
intensities of the traditional full-on backlight and blurred backlight images while using
local color-backlight dimming technology. Then, T, was calculated by taking the
minimum transmittance value across 7Tk, Tg, and T for each LC pixel to generate the LC
signal for the first sub-frame. The new LC signals for the R, G, and B sub-frames, 73’, T¢’,

and T , were determined using Eq. 4-4.

Iifull — [i — BL{ull XT;.fu” — BLI XT;. l: R, G,B
T,| | BLY"/BL, 0 0 T 3)
=T, |= 0 BL!" | BL, 0 T
T, 0 0 BLY | BL, | TJ"
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where T . =min(T,,T;,T,) (4-4)

min ?

oﬁ< Qﬂ~ mﬂ<

TR
=T, |-T
TB

Once the backlight and LC signals were determined, the three primary-color backlight
signals (BLg, BLg, and BLg) and the minimum LC signal (7,,,,) were combined to display
high luminance with rough color information in the first sub-frame image. Likewise,
combining the BLp with T’, BLs with Tg’, and BLp with Tp’, created three other
primary-color images as shown in Figs. 4-5(c)(d). Displaying these four field-images at
240Hz generated a vivid color image. This allowed the image energy to be concentrated in
the first field, thus reducing the intensities of the red, green, and blue fields which

ultimately suppressed CBU.

On the other land, a clipping effect was easily observed while using the Average
method to determine the backlight signals, as mentioned in section 3.1.2 [22]. Nevertheless,
when using the Stencil-FSC method, each primary color had two sub-frames displaying its
luminance and color (the multi-color ‘field and the primary-color field); therefore, the
clipping effect was not obvious. Accordingly, the Stencil-FSC method also increased the
dynamic contrast and lowered power consumption because local color-backlight dimming

technology was used.

4.3 Optimization of the Stencil-FSC Method
In CBU suppression and hardware implementation, three parameters were optimized to
suppress CBU more efficiently: one for algorithm-- a backlight dimming ratio (section 4.3.2);

two for hardware-- the point spread function and the number of backlight divisions.

4.3.1 Relative CBU value for CBU Evaluation

The color difference of the CIEDE2000 (AEq) [48]-[50] was calculated to evaluate
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CBU reduction (AEg is given in Eq. 2-9). To simulate a relative velocity between the
screen object and human eyes, a CBU image was produced by composing the four
field-images with 60 total pixel shifts which is equivalent to a velocity of about 180 cm/sec.
By summing up the color difference between the original image and the CBU image

(ZAE(), CBU was evaluated. A lower ZAE corresponded to less CBU.

e \2 . \2 . \2 R X
AEOO ) \/( AL J +( Acab J +( AHah J + RT{ Acah J( AHab j (2_9)
KLSL KCSC KHSH KCSC KHSH

4.3.2 Backlight Dimming Ratio—Optimizing for Multi-Color Field Image
According to the Stencil-FSC.algorithm; the first field LC signal (7,;,) chose the
minimum LC transmittance among three primary LC signals (T, Tg, T5). If the color of an
object was close to yellow, magenta, or cyan, it resulted 7,,,, was not large enough to form
a colorful image (Fig. 4-8). Hence, CBU reduction was limited. Therefore, enlarging the
Tyin to colorize first field-image.was required.”From Eq. 4-5, based on the same light
luminance (/) perceived by human eyes, lower BACKLIGHT intensity (/) could generate
a larger LC transmittance value (77¢). Therefore, after determining color-backlight signal,
minimum backlight value of each backlight division was taken and then dimmed using a
dimming ratio (DR) ranging from 0~100% to get a higher saturated backlight image (Fig.
4-9). By using the HDR tech, 7, was enlarged and become a colorful first field-image
(Fig. 4-10(b)). The lower DR resulted in more colorful backlight and generated higher 7,
in the first field, thus the brightness of R, G, and B fields were reduced to further suppress
CBU. However, if DR was excessively low, the clipping effect might be appeared and

resulted in image distortion.

I=1y xT,c (4-5)
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(a) Test image Maple (b) LC signal (T,.:,) (c) first field image

Fig. 4-8 Insufficiently colorful first field-image (a) Test image Maple, (b) LC signal, and (c) the
first field-image.

y

(a) Original BL signal (b) DR applied (¢) Colorized BL signal

Fig. 4-9 Processing of colorized backlight image. (a) Original backlight signal, (b) applying the
dimming ratio (DR=10%,), and (¢) the final colorized backlight signal.

(b)

Fig. 4-10 Four Stencil-FSC sub-frame images using the (a) original color backlight and (b)
colorized backlight with DR=10%.

Accordingly, the DR vs. CBU reduction and image distortion were simulated, and the

relative CBUpy index (given by Eq. 4-6) and distortion ratio (D) (given by Eq. 3-3, section
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3.2.2) were used as evaluation indexes. Using four particular color test images, Cyan-moon
(cyan color), Maple (yellow color), Blossom (magenta color), and Lotus (magenta-green color)
(Fig. 4-11), the simulation results of DR vs. relative CBUpg and DR vs. distortion ratio are
shown in Fig. 4-12. In Fig. 4-12 (a), a smaller DR ratio generates a lower relative CBUpg
which implies less CBU. However, a smaller DR ratio results in a higher image distortion
particularly when DR is smaller than 10%, as shown in Fig. 4-12 (b). Therefore, DR=10%

was optimized according to the imperceptible clipping effect and efficient CBU suppression.

(Z AE ) pre;

relative CBU ,, i=1, 5,10, 20, 40, 60, 80, 100 % (4-6)

Max (Z AEy ) ppi

(a) Cyan-moon (b) Maple (c) Blossom (d) Lotus

Fig. 4-11  Four particular color test images.(a) Cyan-moon, (b) Maple, (c) Blossom, and (d) Lotus.
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Fig. 4-12  Simulation results for the dimming ratio (DR) vs. (a) the relative CBUpg and (b) the

distortion ratio (D) in the four test images.
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4.3.3 Optimization for point spread function (PSF) and Backlight Divisions
For hardware implementations, two parameters were optimized to suppress CBU more

efficiently: the cutoff frequency (D,) of the GLPF and the number of backlight divisions.

Nine images with different levels of detail and color complexity as shown in Table 4-1

were chosen as test images.

Table 4-1 Nine test images with different levels of color and detail complexity.

Azalea*

(*: taken by Jacky Lee, http://jac3158.com/blog)

Typically, a greater number of backlight divisions suppresses CBU more effectively. On
the other hand, a greater number of backlight divisions uses more IC drivers and results in
greater hardware computational complexity. To help determine the optimal arrangement of
backlight divisions, nine different configurations were formed by variable subdividing the

total set of LEDs in an existing backlight (48 horizontal x 24 vertical). Moreover, for the
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expansion number of LEDs in future LED-based backlights, we added another three
backlight combinations-- 32x24, 48x48, and 64x48 in the simulation optimization (Fig.
4-13). In addition, the point spread function (PSF) was also optimized using different
backlight division combinations. As mentioned in section 4.2.2, PSF is directly related to
D, in the frequency domain. Therefore, 0.001, 0.003... and 0.019 were ten D, values used

in each backlight division combination to get the minimum total color difference (XAEqo).

Fig. 4-13  Simulation backlight division combinations with three corresponding backlight signals for

image_ Lotus. (p is the column number and g is-the-row-number)

The relative CBUggp index was defined as the ratio of total color difference between
p*q backlight division while using the Stencil-FSC method and that of the conventional
RGB-driving as given in Eq. 4-7, where p and q are the numbers of column and row
backlight divisions. A smaller relative CBUggp denotes less CBU in its backlight divisions

when compared to the conventional RGB-driving.

Z AE,, (Target, Stencil) .,
Z AE,,(Target, RGB _driving)

relative CBU ;, = x100% p,q : division number  (4-7)

The nine test images, as shown in Table 4-1, were used to test the number of backlight

divisions vs. D, values which caused the minimum XAE, and is shown in Fig. 4-14. In
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addition, the frequency domain PSF was transferred to the spatial domain and is shown in
Fig. 4-15. The number of backlight divisions vs. relative CBUggp is shown in Fig. 4-17. In
Fig. 4-14, a larger number of divisions using a larger D, value can get the minimum XAEy.
Therefore, when the number of backlight divisions is larger, the PSF became more
localized. This trend is also presented in Fig. 4-15. From Fig. 4-17, as the number of
backlight divisions increases, relative CBUggp decreases till 24x24 when relative CBUggs
is insensitive to the number of backlight divisions. When taking into account CBU
suppression and hardware implementation, 24x24 might be the optimal number of
backlight divisions. Finally, to suggest hardware design of backlight systems, the
optimized cutoff frequency of 0.07 for 24x24 backlight divisions was transferred back to
spatial domain. From Fig. 4-15, the two directional standard deviations of the Gaussian

point spread function are 6,=54 pixels and 6y=32 pixels, as illustrated in Fig. 4-16.

Localized, 240Hz Stencil-FSC
0.014

0.012

0.010

0.008 y =0.002In(x) - 0.0053

R%2=0.9768

0.006

Do @min(AEg)

0.004

0.002

. 0.000
Dlspersw%

500 1000 1500 2000 2500 3000
# of backlight divisions

Fig. 4-14 Point spread function (PSF) in frequency domain. Relation between the number of
backlight divisions and the cutoff frequency (D) value when creating minimum X AE .
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Fig. 4-15 Point spread function (PSF) in spatial domain. Relation between the number of backlight

divisions and S.D. (o, and o,) of a Gaussian PSF when creating minimum XAE .
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Fig. 4-16 The optimized Gaussian PSF with o.=54 pixels and c,=32 pixels in the 24*24 backlight

division combination. PSF views from (a) vertical, (b) lateral (y-direction), and (c) bottom

(x-direction).
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Fig. 4-17  Simulation results of the number of backlight divisions vs relative CBUrggp in the nine test

images.

4.4 Simulations and Experiments

4.4.1 Simulations of CBU Suppression

Comparing the optimized number of backlight divisions and D, value, we chose 24x24
backlight divisions with D,=0.007 as the optimized hardware parameter combination to
simulate CBU suppression while using a 10% dimming ratio for backlight optimization.
Using relative CBUggp index (defined in Eq. 4-7) to evaluate the percentage of CBU was
suppressed by optimized 240Hz Stencil-FSC method. According to Fig. 4-18, Stencil-FSC
suppressed CBU by 33~79% when related to RGB-driving, and the average relative
CBUggp was 57.9% for the nine test images. The 240Hz Stencil-FSC method effectively
suppressed CBU particularly for the low color complexity images, such as Mountain,
Church, and Coast. Because the first LC transmittances are large, 240Hz Stencil-FSC

effectively accumulates image energy into the first field multi-color image.
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Fig. 4-18 Relative CBUggp in the nine test images while using 240Hz Stencil-FSC.

4.4.2 Experiments on a 32-inch FSC-LCD

The Stencil-FSC method was implemented-on+a 32-inch OCB-mode FSC-LCD with
1366768 image resolution. The backlight module was composed of 1152 (48x24) LEDs,
as illustrated in Fig. 4-19 (the panel was provided by CPT, Taiwan) [28]. In Fig. 4-20(a),
the first sub-frame photo presents a multi-color image with high luminance and rough color
information. The red, green, and blue residuals in the remaining fields completed a full
color image. This allowed the image energy to focus in the first field, and reduce the red,

green, and blue field intensities and suppressed CBU.

(a) BL photo of 16x12 divisions (b) Stencil-FSC TV

Fig. 4-19 Implemented Stencil-FSC on a 32-inch FSC-LCD TV with 25 W power consumption. (a)
Backlight photo and (b) Stencil-FSC LCD TV. (The panel was provided by CPT, Taiwan)
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(a) Four field-images (b) backlight image

Fig. 4-20 (a) Four field-image demo photos of Girl on a 32-inch FSC-LCD using the Stencil-FSC
method. (b) Backlight image on a Stencil-FSC LCD.

To capture the CBU image, a digital still camera (Fujifilm-F50) was set up 2 meters from
the FSC-LCD on a moving stage with a horizontal velocity of 200 cm/sec to simulate eye
movement (about 53 deg/sec), as illustrated in Fig. 4-21. " The camera exposure time was 1/60
sec. Two pictures, Girl and Lily, were used as test images. The experimental CBU photos in
Figs. 4-22 and 4-23 demonstrate. the Stencil-FSC method suppresses CBU effectively. In
addition, utilizing a locally controlled RGB-LED backlight, the dynamic contrast ratio (CR)
of Girl was enhanced to 6,544:1 at 35 Watts power consumption. For the other high CR image,
Lily, the CR was also enhanced to 26,335:1 using only 28 Watts. As a result, using the
Stencil-FSC method, not only was CBU suppressed, but also reached high contrast with low
power consumption in a 32-inch FSC-LCD. The contrast ratio (CR), power consumption (P),
CBU, and color gamut (NTSC ratio) of the three 32-inch LCDs (commercial IPS-CCFL,
conventional RGB driving FSC, and Stencil-FSC) displaying two test images were measured

and are shown in Table 4-2.
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V=200 cm/sec —>
Track

Fig. 4-21 _Experimental-setup for capturing CBU images.

(a) Conventional FSC-LCD (b) Stencil-FSC method

Fig. 4-22 CBU experimental rvesults for Girl using the (a) conventional FSC-LCD and (b) the
Stencil-FSC method.
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(a) Conventional FSC-LCD (b) Stencil-FSC method

Fig. 4-23 CBU experimental results for Lily using-the (a) conventional FSC-LCD and (b) the
Stencil-FSC method.

Table 4-2 Comparison of three 32-inch LCDs of IPS-CCFL, conventional FSC, and Stencil-FSC
method displaying two test images ‘Girland Lily.

IPS-CCFL | O s awing | Stencil-FSC
. CR 692:1 442:1 6,544:1
P(W) 105 68 35
CBU | - Fig. 4-22(a) Fig. 4-22(b)
. CR 766 1 512 - 1 26,3351
2L P(W) 105 68 28
m CBU | - Fig. 4-23(a) Fig. 4-23(b)
c(?,f;f;g‘g* 72% 114 % 114 %
» Power consumption of a 32” conventional LED-based TV: ~190W
(*: The maximum NTSC ability of the LCD)
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4.5 Summary

Using a multi-color field image instead of a conventional single-color field, the
Stencil-FSC method substantially suppressed the CBU phenomenon. The RGB-LED based
backlight module was treated as a low resolution panel. Using local color-backlight dimming
technology, the low resolution color image created by the LED backlight enabled the
generation of a full color RGB image on a color filter-less LCD with an increased contrast
ratio and color gamut. The multi-color sub-image provided high luminance and rough color
content in the first field; the intensities of three other primary-color sub-images were greatly
reduced and effectively suppressed CBU caused by smooth pursuit (in dynamic videos) and
saccadic movement (in static images).

In order to balance hardware complexity and CBU suppression, the number of backlight
divisions were reduced to 24x24 with ¢,=54 pixels and c,=32 pixels standard deviations of a
Gaussian point spread function. CBU was suppressed by more than 40% and became almost
imperceptible. The Stencil-FSC method was implemented on a 32-inch FSC-LCD TV to yield
a high dynamic contrast of 26,000:1 for test image; Lily, average power consumption of less
than 35 Watts, and a wide color gamut of 114% NTSC. Among the most important finding is
that Stencil-FSC successfully suppressed CBU in an OCB-LC panel with a limited response
time (240Hz). Using the 240Hz Stencil-FSC method, a color filter-less LCD TV has been

successfully realized and demonstrated.

4.6 Discussion

Stencil-FSC efficiently suppressed CBU while heightening the image contrast ratio with
low power consumption, however, the 240Hz Stencil-FSC method still faced some issues.
First, because of a limited LC response time, a 240Hz large-sized LCD has not been well
developed in current LCD manufacturing. In addition, 240Hz Stencil-FSC required one more

field and resulted in the compression of available time. Eq. 4-8 explains each required time in
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an FSC-LCD, where f'is frame rate (60Hz at NTSC standard), N and »n are the number of
fields and effective scanning backlight divisions respectively [69]. t7rr, t1c, and t,gp are the

data addressing time, LC response time, and LED-BL flashing time.

Nif:tT%—HLC—HLED (4-8)

We assumed a case that the addressing time for each gate-line was 5 ps, LED-BL flashing
time was 1.5 ms, and there were 5 (n=5) effective scanning backlight divisions in the
Stencil-FSC system. Therefore, the LC response time for a full-HD resolution (1920x1080)
LCD should be much shorter to 1.6 ms [70]. If LC response could not be speeded up, thus, LC
would not rotate to correct orientation which yielded the color shift. Otherwise, the LED-BL
response time would be compressed and- decreased image brightness. Hence, we further
reduced the Stencil-FSC field rate from 240Hz (4-ficld) to- 180Hz (3-field). The objective was

to make a high optical throughput color filter-less LCD more feasible. The detailed 180Hz

Stencil-FSC method is presented in.the next chapter.
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Chapter 5

CBU SUPPRESSION--180HZ STENCIL-FSC

For practical applications, the field rate of CBU solutions should be controlled less than
240Hz (4 field-images). Afterward, we proposed the 180Hz (3-field) [36][37] Stencil Field-
Sequential-Color (180Hz Stencil-FSC) method to suppress CBU, as illustrated in Fig. 5-1(d).
By applying local color-backlight dimming technology to FSC-LCDs, a “green-based
multi-color” field-image showed the most image luminance in the first field. Therefore,
residual red and blue field-image intensities were reduced and effectively suppressed CBU. In
addition, to further implement hardware, the number of backlight divisions and a proper
Gaussian point spread function profile were optimized through simulations while considering

CBU reduction and image fidelity.

(b) RGB-driving (c) 240Hz Stencil-FSC (d) 180Hz Stencil-FSC

Fig. 5-1 (a) Target image Girl (Girl ©Microsoft) and each field-image using the conventional
(b)RGB-driving, (c) 240Hz Stencil-FSC, and (d) 180Hz Stencil-FSC methods
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5.1 180Hz Stencil-FSC Method

5.1.1 Concept and Algorithm

Concentrating the image intensity on a single field-image can reduce the human
sensitivity to CBU. Additionally, the human eye is most sensitive to green color, the red and
blue signals are therefore redistributed into the green field to create a “green-based
field-image.” When the separated colors do not contain green information, the CBU

phenomenon is reduced [46].

Similar to 240Hz Stencil-FSC concept, local color-backlight dimming technology was
applied to FSC-LCDs, a low resolution colorful backlight panel combined with a high
resolution color filter-less LC panel generated a “green-based multi-color” field-image
which showed greater image luminance in the first field (Fig. 5-2). The 180Hz Stencil-FSC
algorithm was similar to; 240Hz Stencil-FSC ' method, including applying local
color-backlight dimming first, and then ingeniously dividing into three field-images. An
input image was recalculated to obtain three primary-color backlight signals, BLg, BLg, and
BLjp. Moreover, the LC transmittance values of R, G, and B fields, Tk, T, and T, were
compensated using Eq. 4-3 (section 4.2.3), where [/ and I; denote image luminance; BL{""
and BL; denote intensities of the traditional full-on backlight and the HDR blurred backlight
signal respectively (Fig. 5-3(b)). The difference from 240Hz Stencil-FSC was the first field
LC signals. To fully display green information in the first field, the green LC signal (7) of
each LC pixel was taken as the first field LC signal. From Eq. 5-1, the new red and

blue-field LC signals (7" and 75") were determined for the red and blue field-images (Fig.

5-3(c)).
T,| |BLy"/BL, 0 0 T
T, |= 0 BL!"/BL, 0 T (4-3)
T, 0 0 BL}" IBL, | T
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T, |1, | ¢ (5-1)

Green-based multi-color
1stfield-image

CF-less | OnlyBlack & White
LC High Resolution

RGB-LED | Colorful
BL Low Resolution

Fig. 5-2 A “green-based multi-color’ image is yielded by a low resolution RGB-LED backlight and

a high resolution color filter-less'LC cell.

= o

! o 7l
Microsoft surface i
—_—— . . 1/60 sec
(d) 3 field-images

[l |

(BLg, BLg, BLg) (BLg, BLg, BLg) (BLg) (BLg)

(b) (c) Backlight and LC signals

Fig. 5-3 180Hz Stencil-FSC algorithm. (a) Input image, Girl (©Microsoft), (b) local color-backlight
dimming technology, (c) backlight and LC signals, and (d) 3 yielded field-images.
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To prevent Tx’ or T’ from being a negative value which indicates redundant red or blue
light was propagated to the first field and resulted in the reduction of green saturation, as
illustrated in Fig. 5-4. Consequently, green backlight determination (BLg) was different
from the red and blue backlight determination (BLz and BLg) methods. In this dissertation,
the image was evenly divided into non-overlapping rectangles corresponding to the number
of backlight divisions. We directly averaged the red and blue pixel values that subtended
the rectangular region in front of each given backlight division independently as red and
blue backlight signals, BL; and BLjp, (e.g. the Average method). BLs was calculated by
averaging the green LC pixel signals and then took its square root to enhance the signal (e.g.
the Square-Root method) [9][10]. Therefore, if the average red, green, and blue pixel
signals in a certain backlight division are similar values, the BLs will be larger than BLg
and BLg. Consequently, most compensated red and blue LC signals (7z and T) will be
larger than green signal (7¢) ‘which avoids negative 7x’ and 7’ and maintains image

fidelity.

Fig. 5-4 Redundant red or blue light propagates through the first green-based sub-frame resulting in

reduction of green color saturation (blue circle part).
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After determining each field-image backlight and LC signals, each field LC signal was
put on the color filter-less panel as a stencil mask, the RGB-LED backlights were painted
onto each mask sequentially to produce each field-image. According to the stencil concept,
the three primary-color backlight signals (BLg, BL¢, and BLg) and the green LC signal (7¢)
were combined to display a high luminance green-based color image in the first field.
Likewise, combining the BLg with Tz’ and BLg with Tp’, created residual less-luminance
red and blue field-images (Fig. 5-3(d)). Finally, displaying these three field-images at
180Hz generated less CBU and a vivid color image. The direct and simple 180Hz
Stencil-FSC signal processing also heightened the image contrast and lowered power

consumption because local color-backlight dimming technology was used.

5.1.2 Optimization of 180Hz Stencil-FSC

To suppress CBU more efficiently and maintain image fidelity, the point spread
function (PSF) of a backlight division and the number of backlight divisions while using
the 180Hz Stencil-FSC method were optimized. Except the test images in Table 4-1, six
more high contrast ratio or rich color content test images (Fig. 5-5) were included in the
180Hz Stencil-FSC optimization. In addition, to simulate a relative velocity between the
screen object and the human eye, a CBU image was produced by composing the three
field-images with 60 total pixel shifts which is equivalent to a velocity of about 180 cm/sec.
The PSF was also simulated as a Gaussian distribution in this optimization (Eq. 4-2). By
controlling the standard deviation (S.D.) of the Gaussian distribution (ox and oy), the PSF
was modulated (Fig. 5-6 (a)). To help determine the optimal arrangement of backlight

divisions, twelve different configurations were formed as shown in Fig. 5-6 (b).

(2
gx,y)=e 77 (4-2)
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Fig. 5-5 Six more test images-- top: Lily, Girl, Blossom; bottom: Basketball, Soccer, and Color Ball.

ox=0,=16 oy =0,=30 oy =0,=60

(a) Simulated backlight intensity distribution

i

(b) Backlight division combinations

Fig. 5-6 (a) Simulated backlight intensity distribution in various Gaussian standard deviation:
0,=0,=16, 30, and 60 pixels. (b) Simulation backlight division combinations with three corresponding

backlight images for the test image Soccer. (p is the column number and q is the row number) (*:
taken by Jacky Lee, http://jac3158.com/blog)
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The color difference of the CIEDE2000 (AEg) was also calculated [28]-[49] to evaluate
CBU reduction and image fidelity. After summing up AE(, value of each pixel between a
test image and its CBU image (ZAEy), a relative CBUggp index was defined as the ratio of
total color difference between pxq backlight division and conventional RGB-driving, as
shown in Eq. 4-7. In addition, the average AE(, between test images and 180Hz

Stencil-FSC simulated images was also calculated to evaluate image fidelity.

AE, (T arget, Stencil) .,
relative CBU -, = Z w (Targ Diq x100% p,q:division number (4-7)
z AE (T arget, RGB _driving)

When considering to CBU suppression and image fidelity, the proper PSF was
optimized for each backlight division first and is shown in Fig. 5-7. A larger number of
backlight divisions required: smaller o, and oy which suggested that backlight intensity
distribution was localized. Using the optimized PSF, the number of backlight divisions was
furthermore analyzed. Figs.5-8 and 5-9 show the number of backlight divisions versus
CBU reduction and image fidelity respectively. From the simulation results, both CBU
reduction and image fidelity tended to be independent of the number of backlight divisions
after 32x24 (768). In addition, the average AEy, values after 32x24 were less than 3 which
indicated acceptable image fidelity. Considering CBU reduction and practical applications,
32x24 with a Gaussian PSF of 6,=40 pixels and c,=26 pixels might be the optimal

parameters for using the 180Hz Stencil-FSC method, as shown in Fig. 5-10.
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Fig. 5-7 Optimized S.D. (o and 0,) of a Gaussian PSF for different number of backlight divisions.
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Fig. 5-8 Simulation result of the number of backlight divisions vs relative CBUggp in the twelve test

images.
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Fig. 5-9 Simulation result of the number of backlight divisions vs. average AEy in the twelve test
images.
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Fig. 5-10 The optimized Gaussian PSF with o,=40 pixels and 0,=26 pixels in the 32*24 backlight
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(x-direction).
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(a) Original images (b) Simulated images (c) Error images

Fig. 5-11 (a) Two test images of Color Ball and Girl. (b) Simulated images after 180Hz Stencil-FSC
processing. (c) CIEDE2000 error images between test and processed images with average AEy, of 1.3
and 1.4 respectively.

Consequently, two test images, Color Ball with vivid color information and Girl with
high image detail were simulated using the optimized conditions. Fig. 5-11 shows their
simulated images and CIEDE2000 error images with average AE, values of 1.3 and 1.4
respectively at 32x24 backlight divisions. It-is difficult to distinguish the differences from
the original and simulated images but finding out the differential parts from the

CIEDE2000 error images.

5.2 CBU Suppression Comparisons via Simulations

5.2.1 Comparison to other Reduction Methods

CBU suppression using 180Hz Stencil-FSC was compared to methods of double field
rate (360Hz-RGB) and black-fields insertion of 360Hz-RGBKKK [63] using simulations.
The field-images of each test image were separated in 60 pixels/frame, and the average
AEq value of the eighty test images (see appendix) using these three suppression methods

were calculated and then divided by the AE(, value using conventional 180Hz RGB-driving
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(i.e. index of relative CBUggp). The average relative CBUggp values using the 360Hz-
RGBRGB, 360Hz-RGBKKK, 240Hz Stencil-FSC, and 180Hz Stencil-FSC methods were
76.1%, 60.7%, 52.1%, and 52.7% respectively (Fig. 5-12). The CBU reductions of 360Hz-
RGBKKK and two Stencil-FSC methods were close; however, the slow LC response time
prevented the 360Hz-RGBKKK from large-sized FSC-LCD applications. The issues are
discussed in next section (section 5.2.2). In conclusion, the Stencil-FSC method was more
effective than increasing the field rate, when CBU suppression and hardware

implementation were considered.

100.0
100

80

60 52.1 52.7
40
20

0

180Hz-RGB  360Hz-RGBRGB 360Hz-RGBKKK 240Hz-Stencil 180Hz-Stencil
CBU Suppression Methods

Average relative CBUggg (%)

Fig. 5-12  Comparison of the average relative CBUggp using conventional RGB-driving, double field
rate (360Hz-RGBRGB), black-fields insertion (360Hz-RGBKKK) [63], 240Hz Stencil-FSC, and 180Hz
Stencil-FSC methods for the eighty test images (see appendix).

5.2.2 360Hz-RGBKKK, 240Hz Stencil-FSC, and 180Hz Stencil-FSC

Since the black-fields insertion method (360Hz-RGBKKK) was concluded as the best
practical CBU suppression method [63], we compared this method to two Stencil-FSC
methods through simulations. Full-HD (1920x1080 resolution) images were simulated. Eq.
4-8 explains each required time in an FSC-LCD, where fis frame rate (60Hz), N and n are
the number of fields and effective scanning backlight divisions respectively [69]. t7xr, tc,
and #7zp are the data addressing time, LC response time, and LED-BL flashing time. We

assumed the addressing time for each gate-line was 5 us, LED-BL flashing time was 1.5 ms,
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and there were 5 (n=5) effective scanning backlight divisions in the Stencil-FSC system.
The 180Hz Stencil-FSC method only required 3 fields to show a colorful image, therefore,
the LC had 3 ms to completely response which maintained the image brightness and avoid
color shift occurring. The 240Hz Stencil-FSC method required 4 fields, it meant one more
field was required and resulted in the compression of available time. If image brightness
would be maintained, the LC response time should be much shorter than 1.6 ms [70].
Besides, if LC response could not be speeded up, the LED-BL flashing time would be
compressed and the LED pulse intensity should be enhanced to maintain image brightness.
Once, the LED intensity vs. power was operated at nonlinear region, and then the power
consumption would also be raised. That is the reason why the power consumption using
180Hz Stencil-FSC was lower than.240Hz Stencil-FSC (Table 5-1). The 360Hz-RGBKKK
also had the same issue. Therefore, its power consumption might be larger than 68 Watts of

using conventional 180Hz RGB-driving method.

L: K4 Tl (4-8)
n

Nf

Table 5-1 Comparisons between the conventional RGB-driving, 360HZ-RGBKKK [63], 240Hz
Stencil-FSC [33]-[35], and 180Hz Stencil-FSC [36][37].

Conventional 360Hz- Stencil-FSC
RGB-driving RGBKKK 240Hz 180Hz
Number of fields 3 6 4 3
o .
Required LC 3 0.2 16 3
response time (ms)
Hardware .

D Easy Hard High cost Easy
**Average Power 68 >68 ~35 <35
consumption (W) (estimated) (estimated)

di .B!' Global Global 24x24 (576) 32x24(768)
Optimi ivisions
zation f - —
PSF (pixels) o= 54 o= 40
: None None
(Gaussian) o,=32 0,=26
CBU Serious Imperceptible Imperceptible Imperceptible
(100%) (57.2%) (55.6%) (50.4%)
Image fidelity Good Good Good Acceptable
*: Effective number of scanning backlight divisions: 5 [69];
LED flashing time: 1.5 ms; addressing time: 5 ps; number of gate-lines: 1080
**:Based on the same brightness using the 15 test images (Table 4-1 and Fig. 5-5)
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5.3 Verification on a 120Hz 46-inch MVA LCD

The 180Hz Stencil-FSC method was verified on a 120Hz 46-inch MVA LCD. The pictures
of Soccer, Lily, and Color Ball were used as the test images, and CBU images were taken by a
digital still camera which was set up 2 meters from the LCD on a moving stage with a
horizontal velocity of 200 cm/sec to simulate eye movement, as illustrated in Fig. 4-21.
Because the 180Hz Stencil-FSC method showed most image luminance in the first field, the
CBU phenomenon was much slighter when compared to the conventional RGB-driving

method (top).

(c) Color Ball

Fig. 5-13 Experimental photos using conventional RGB-driving (red frame) and 180Hz Stencil-FSC
methods (blue frame) of (a) Soccer, (b) Lily, and (c) Color Ball.
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5.4 Summary

To make Stencil-FSC more feasible, we further reduced the field rate from 240Hz to
180Hz and proposed the 180Hz Stencil-FSC method to suppress the color breakup (CBU)
issue. Using local color-backlight dimming technology, a high luminance green-based
multi-color image was generated on a color filter-less LCD. Therefore, the luminance of
residual red and blue color images was greatly reduced and effectively suppressed CBU.
From the optimization results, 32x24 backlight divisions with two directional standard
deviations of the Gaussian point spread function (c,=40 pixels and 6,=26 pixels) suppressed
CBU by 50% and made CBU almost imperceptible in experimental photos. Using the 180Hz
Stencil-FSC method, the average image color differences of CIEDE2000 (AE) were less
than 3 indicating acceptable image fidelity. In addition, the power consumption was further
reduced to less than 35 Watts which was lower than that of 240Hz Stencil-FSC because of
longer backlight flashing time. Finally, the 180Hz Stencil-FSC algorithm processing was also
direct and simple, only including backlight determination, liquid crystal compensation, and
simple subtraction. As a result, the 180Hz Stencil-FSC LCD has strong potential for future

large-sized “Eco-Display” applications.
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Chapter 6

CONCLUSION AND FUTURE WORK

A conventional liquid crystal display consists of a backlight module and a TFT-array LC
panel which displays an image or video. Some researchers concerned that this combination
was neither economical nor necessary, so several studies were focused on developing
self-illuminating displays, such as plasma display panels (PDPs) or organic light emitting
diode (OLED) displays. While LCD is more cost effective, OLED is considered to be a better
technology, because of its high color gamut, high contrast ratio in all viewing angles, low
power consumption while showing average image contents, and a thin profile. Even though
the debate has been brewing for some time over. the superiority of LCD or OLED display
technologies, currently LCDs have dominated flat panel display market. Although current
OLEDs have price and lifetime issues which limit OLED market, LCD manufacturing is still
developing advanced technologies to--further ‘enhance image performance and cost-
competitiveness. Consequently, this dissertation proposed novel methods to improve both

high dynamic range and field sequential color technologies.

6.1 Conclusion

Reducing power consumption while enhancing image quality was successfully
demonstrated using Stencil-FSC methods based on a dual-panel structure: a low resolution
controllable RGB-LED backlight and a high resolution LC panel. The dual-panel provided
more flexibility to present a vivid image or video. The backlight module first displayed a
colorful, high contrast image, and then a high optical throughput LC panel maintained image
details. The well-combined structure invalided the argument of using two optical structures to

display an image. Following, this chapter reviewed the proposed methods of backlight module
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and the whole LCD system including the dynamic backlight and the color filter-less LC panel

(Fig. 6-1).

Stage 2

Stencil-FSC
Pag<35W
CR>20,000:1
e Gamut=114%

Stage 1

557 T DynamicBL: IMF
SR Pog= 130 W
CR=20,000:1

IMF

Full-on CCFL

Dynamic RGB-LED

Fig. 6-1 Whole schema of final dissertation results.

6.1.1 Backlight Module: IMF for Dynamic Backlight Control

Differing from prior backlight determination methods, the inverse of a mapping
function (IMF) method provided “dynamic” gamma. functions for each input image to
produce high contrast images. The IME method was demonstrated on a 37-inch HDR-LCD.
The experimental results achieved a high contrast ratio (~20,000:1) image, preserved
clearer image details with low distortion (D=3.17%) compared to the prior backlight
methods. Furthermore, IMF still maintained high brightness to present a more vivid image
for human vision with an average power reduction of 30% compared to an LED full-on

backlight LCD (~190W).

6.1.2 LC Panel: Color Filters Removed

For the LC panel, the optical throughput was further enhanced by a factor of 3 while
getting rid of color filters in an FSC-LCD, as illustrated in Fig. 6-2. However, a lethal issue,
color breakup (CBU) degraded image clarity and caused viewer discomfort. Most prior

CBU suppression methods involved either inserting additional mono-color fields or
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increasing the field rate. Unfortunately, LC response time prevented the implementation of

these methods in large-sized FSC-LCDs.

Full-on Light . Aperture LC Color
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4 BL Guide olarizer Ratio Efficiency Filters Analyzer
r—— s ~8%
H ; : Optical
. 100% 20% i Throughput
X |: 70% .y | o | "5.6%
3 X X | a5% X 60% x X 530 X
c k —t >
s e S
.‘: r 3
E | 70% e Y :
s | FSC-LCD
l—
' Optical
100% 20% ! Throughput
x 70% :y a5% X 60% x i ~16.1%

Optical Components

Fig. 6-2 Comparison of optical throughputs between a conventional LCD (top) and a color filter-less
LCD (FSC-LCD).

6.1.3 Whole LCD System Based on Stencil-FSC Methods

In order to efficiently suppress CBU, the Stencil-ESC method ingeniously applied local
color-backlight dimming technology to.an FSC-LCD. The originality of Stencil-FSC was to
use a multi-color image concentrating image luminance in a single field. The intensities of
the residual primary-color sub-images were therefore greatly reduced. Using this concept,
two field rates, 240Hz (4-field) and 180Hz (3-field), Stencil-FSC methods were
demonstrated. Through simulations, CBU was suppressed by 50% for eighty test images
when compared to conventional RGB-driving and made CBU almost imperceptible in

experimental photos.

240Hz Stencil-FSC was realized on a 32-inch OCB-mode FSC-LCD which
demonstrated in 35 Watts average power consumption, and a wide color gamut of 114%
NTSC. Using the test image, Lily, 240Hz Stencil-FSC yielded a high static contrast of

26,000:1, power consumption of less than 28 Watts.
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Furthermore, the field rate was reduced to 180Hz to make Stencil-FSC more feasible. A
green-based multi-color image replaced the multi-color image of 240Hz Stencil-FSC.
Therefore, the luminance of residual red and blue color images was also greatly reduced.
The average power consumption was further reduced to less than 35 Watts because only
three fields were required. The features of low field rate, simple, and direct algorithm

processing made the 180Hz Stencil-FSC method more feasible in a color filter-less LCD.

In summary, Stencil-FSC successfully improved three main drawbacks of conventional
LCDs: low optical throughput, imperfect dark state, and low color saturation. The
experimental results verified a Stencil-FSC LCD has strong potential for future large-sized

“Eco-Display” applications.

Table 6-1 Dissertation comparisons between objectives and results on a 32-inch LCD.

L. Stencil-FSC
Objectives Status
240Hz 180Hz
Contrast Ratio >20,000:1 26,000:1 26,000:1 Vv
(estimated)
Color Gamut S110 114 114 v
(% NTSC)
Powc.er 55 35 < 35 v
Consumption (W) (estimated)
COlOI.‘ Breakup Imperceptible Imperceptible | Imperceptible v
(Relative CBUggg) (52.1%) (52.7%)
Field Rate (Hz) 180 240 180 V]
Image Fidelity Good Good Acceptable
. . CCFL-BL 110
Ps: Power of conventional 32-inch LCDs (W) : LED-BL 190

6.2 Remaining Issues

Comparing the results with the objectives of this dissertation, the 180Hz Stencil-FSC
method almost reached all the objectives except for a minor issue in image fidelity, as shown
in Table 6-1. To reduce the field rate from 240Hz to 180Hz, the green-field content was

moved to the first multi-color field because the human eye is the most sensitive to green color.
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However, an issue resulted from only choosing green information as the base color for all
images. The issue was especially apparent in the image which contained abundant green
information, such as illustrated in the purple circle of Fig. 6-3. To quantify the color distortion,
a pixel distorted ratio (PDR(AEyp>3)) is given by Eq. 6-1 which is defined as the ratio of the
number of distorted pixels divided by the number of total pixels, where a distorted pixel

means that its pixel color difference is larger than the acceptable value (AEgp>3).

PDR(JE,, > 3)= # of color dzstort'ed pixels < 100% (6-1)
# of total pixels

For the two test images, Butterfly and Lotus, their pixel distorted ratio (PDR(AEpy>3))
were 46% and 40% respectively which was equivalent to half number of total pixels were
distorted and reduced green color saturation. As mentioned in section 5.1.1, the first field LC
signals were taken from green ‘color; in this case, the red and blue color LC signals were
lower than green LC signals. Therefore, even though the red and blue backlight intensities
under the purple circles were low, the red and blue lights also propagated through the first

field and contributed redundant luminance resulting in reduction of green color saturation.

(a) Original images (b) Simulated images (c) Error images

Fig. 6-3 Redundant red or blue light propagates through in the first green-based field-image
resulting in reduction of green color saturation, especially in the purple circle. (a) Two test images of

Butterfly and Lotus. (b) Simulated images after the 180Hz Stencil-FSC processing. (c) CIEDE2000
error images between test and processed images with PDRs(AEyy>3) of 46% and 40% respectively.
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6.3 Future Work-- Green-Color Saturation Improvement

To resolve the minor issue of reduction of green color saturation, the 180Hz Stencil-FSC
algorithm should be further improved. The distortion appeared when the LC signal of the first
field (green LC signal in original algorithm) is not the minimum signal in each single pixel.
Then, the redundant residual colors propagated through the first field. The preliminary
suggestion is to dynamically choose the base-color for the first field instead of only using
green base-color. The first base-color should be chosen in accordance with the least color of
the test image content. In other words, the green-based field should be replaced with the
minimum color field (named min-based field). The improved algorithm is shown in Fig. 6-4.
The primary-colors of a test image should be averaged first, and then sorted by their
magnitudes. Take Lotus as an example; the average value of blue color is less than those of
red and blue colors. The blue. color is_inferred the minimum color content with the most
minimum pixel value for Lofus from the average values sequence. Consequently, the blue
color is chosen as the based-color and shown 1n the first field. The improved algorithm avoids

redundant lights and produces higher.image fidelity:

The average AEq of Butterfly and Lotus are further reduced from 2.5 to 0.4 and 2.9 to 0.3,
while PDRs(AEy>3) are simultaneously reduced from 46% to 3.6% and 40% to 2.5%,
respectively. The simulated images are difficult to distinguish from the original images, as
shown in Fig. 6-5. Observing the CIEDE2000 error images (Fig. 6-5(c)), the color differences

are almost imperceptible.

The image fidelity issue is nearly solved, but the green information is no longer to hide in
the first multi-color field. Consequently, CBU suppression and image fidelity must be further
balanced in the future. Finally, hardware parameters, including the number of backlight

divisions and a point spread function, must also be optimized for implementation.
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Min-based

Testimage

1stfield

Max-color

—
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e
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If Avgg<Avge<Avg. '€

Min-color: color[min(Avgg,Avgs,Avgg)]> Blue
Max-color: color[max(Avgg,Avgg,Avgg)]> Green
Mid-color: color[middle(Avgg,Avgg,Avgg)] > Red

(a) Test image (b) BL and LC panels  (c) Three field-images

Fig. 6-4 The improved algorithm of the 180Hz Stencil-FSC method. (a) Test image-Lotus, (b)
backlight and LC images, and (c) three field-images-yielded.

(a) Original images (b) Simulated images (c) Error images

Fig. 6-5 The improved 180Hz algorithm avoids the redundant lights propagating through the first
field-image and maintains image fidelity. (a) Two test images of Butterfly and Lotus. (b) Simulated
images after the improved 180Hz Stencil-FSC processing. (c) CIEDE2000 error images between test
and processed images with PDRs(AEyy>3) of 3.6% and 2.5% respectively.
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6.4 Future Perspectives

6.4.1 Is 120Hz Stencil-FSC Possible? — Further Field Rate Reduction

Except for reduction of green saturation, the 180Hz field rate might be further
decreased. The OCB-mode LC response time may reach 3 ms making a 180Hz field rate
practicable. Nevertheless, the cost of an OCB-mode LCD is still higher than that of current
commercial LC modes, such as twisted nematic (TN), multi-domain vertical alignment
(MVA), or in-plane switching (IPS) because of high demand-and-supply cost and the
particular compensated film was required. Therefore, the cost issue must be noticed for
future mass production. If the field rate could be reduced to 120Hz, current commercial LC
modes would be used on a color filter-less LCD by the proposed Stencil-FSC to reduce

power consumption and panel material cost [71].

\
~,

| 240Hz Stencil-FSC | | 180Hz Stencil-FSC | | Two-color-field |

Fig. 6-6 Target image Girl (©Microsoft), and each field-image using the 240Hz Stencil-FSC,
180Hz Stencil-FSC, and upgraded 120Hz Stencil-FSC methods [71].

6.4.2 Is an LCD Powered by a Battery Possible?— Further Power Reduction
An amazing concept is an LCD-TV powered by a battery, which was presented in 2009
SID held in San Antonio, TX, USA [72]. Currently, the Stencil-FSC LCD-TV uses a 3-in-1

RGB-LED backlight system to enhance image quality while simultaneous reducing power
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consumption to less than 35 Watts. However, the average power efficiency of RGB-LED is
only 40 Im/W, which is lower than that of a CCFL. To make a battery-powered more
practicable for a Stencil-FSC LCD-TV, the high power efficiency of 150 lm/W white-light
LED [6] should be added onto the RGB-set to be a 4-in-1 RGBW backlight system, as

illustrated in Fig. 6-7.

Fig. 6-7 Further power reduction through using RGBW 4-in-1 LED in the backlight system.

As we enjoy the convenience.and entertainment from increasingly developed technologies,
have we ever considered that the Earth is'gradually moving forward catastrophe? “Love Our
Earth” is no longer a slogan; in fact, we have a moral obligation to maintain a healthy Earth.
As a global citizen, small changes to our daily routine (e.g. biking, carpooling, or taking mass
transportation wherever possible) can add up to big differences in helping the Earth continue.
As engineers, we wish to design new products and develop advanced technologies while
simultaneously considering practicability and eco-friendliness. This dissertation successfully
demonstrated the Stencil-FSC method on a high optical throughput color filter-less LCD and
showed a good image quality using only 35 Watts average power consumption on a 32-inch
LCD. The required power is equivalent to 20% of the same size full-on LED backlight
LCD-TV. In the future, we expect that human beings will enjoy multimedia with families or

friends and simultaneously help the Earth.
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