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Student: Yi-Han Hsieh  Advisor: Dr. Yi-Pai Huang

Institute of Electro-Optical Engineering
National Chiao Tung University

Abstract

In recent years, the energy concerns are increasing around world. However, the
optical throughput of the liquid crystal display«(LCD) is less than 10%. The backlight
module, the TFT array, the color filter, the polarizers, and the liquid crystals reduce
the optical throughput. Moreover, the color filter-and the polarizers are the two
elements wasting the most light. Thus; lacking the color filter and polarizers, the LCD
can enhance the optical throughput to 40%.

The FSC-LCD successfully removes the color filter, and the polymer dispersed
liquid crystal (PDLC) does not need the polarizers. The thesis will propose an
Eco-display. Based on the FSC-LCD and the PDLC concepts, the thesis will propose a
High Dynamic Range (HDR) technique, the Contrast Dependent Dimming Method,
by using the LED light source to maintain the image quality. The simulation results
show the image quality is better with the Contrast Dependent Dimming Method.
When the contrast of PDLC becomes lower, the Contrast Dependent Dimming
Method modifies the image quality more. Besides, the psychophysical experiment

results show that when the contrast ratio becomes lower than 70:1, the human vision



system starts feeling the differences. The psychophysical experiment result
corresponds to the average A E=0.2 and 3% A E>3. Moreover, the thesis will further
incorporate the 120Hz Stencil-FSC and the white LED. Assuming the efficiency of
the white LED is 100Im/w, the Eco-display can further reduce the optical power to

13% of the convention FSC-LCD.
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Chapter 1

Introduction

Liquid crystal display (LCD) is the main technology of display. However, the
optical LCD throughput is only 10%. Due to the energy concerns are increasing
around world, the low optical throughput issue has become more urgent to be solved. In
this chapter, the motivation and the objective of the thesis will be given. The final

section of this chapter will detail the organization of the thesis.

1.1 Thin Film Transistor Liquid,Crystal Display (TFT-LCD)

Unlike cathode ray tube (CRT), TET-LCD.is not a self-emissive structure and it
needs a backlight module. A TFT-LCD-is composed of two main components, a
backlight module and a liquid crystal cell layer (LC layer). In conventional LCD, the
backlight module provides a stable and full-on backlight. The LC layer blocks some
light to form an image with contrast.

A backlight module generally consists of a light source, and a set of optical films
[1]. Previously, the light source was cold cathode fluorescence lamp (CCFL). CCFL
needs mercury to be filled in the glass tube. When adding a high electric field between
electrodes at both ends of the glass tube, glow discharge occurs and excites mercury to
emit ultraviolet rays. However, mercury vapor has high potential to damage our
environment. Thus, CCFL is gradually being replaced by LED light source. In addition
to the pollution issue, LED [2] also has higher saturation, longer lifetime, and lower
power consumption characteristics than CCFL. The set of optical films, as shown in

Fig. 1-1, usually includes a light guide plate, a reflector, diffuser, a brightness
1



enhancement film (BEF). The light guide plate (LGP) guides the light in the normal
direction. The reflector raises the light efficiency. The diffuser raises the light
uniformity. The BEF collimates the light. The LGP in Fig. 1-1 is a light guide plate
guiding the light source from a side direction to a normal direction. Fig. 1-1 is a
traditional CCFL backlight module.

A LC layer consists of two glass substrates as Fig. 1-2 shows, a TFT-array
substrate with a polarizer and a color-filter substrate with an analyzer. LC molecules
are filled between these two glass substrates. When light emitted from backlight
module propagates to the LC panel, the polarizer on the TFT-array substrate changes
the light polarization to linear polarization. TFTs, functioning as operators, are three
times more numerous than pixels of a display. TFTs control the electric field level
within each sub-pixel. Adding different electrie fields between the two glass substrates
changes LC orientation and forms different phase retardations in each sub-pixel. This
phenomenon is due to the LC’s birefringence characteristic, which is LC’s ability to
change light polarization states possessing" different orientations. When light
possessing different polarization states propagates to the analyzer, the analyzer blocks
different amounts of light for each sub-pixel. Finally, the color-filter turns white light
into red, green, and blue lights and the additive color model gathers the three sub-pixels

to color the pixel.
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Fig. 1-1 Atraditional CCFL backlight module.
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<— Color filter

<— LC layer
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Fig. 1-2 Aliquid crystal panel.

1.2 TFT-LCD Issues

TFT-LCD is currently a widely used and well accepted product but it still has some
serious issues that need to be improved. Low color saturation is one of these issues.
Because of the wide light spectrum caused by CCFL and imperfect red, green, and blue
spectrums caused by color-filters as Fig. 1-3 (a) shows, the three primary colors on the

color gamut map are close to each other resulting in a small triangle on the color gamut



map which indicates low color saturation as Fig. 1-3 (b) shows [3].

The imperfect dark state is another issue. Before filling in LC cells, a polyimide
(P1) layer is evenly printed on the glass substrate to prepare for rubbing process. The
rubbing process forms a straight groove on the PI layer, making the LC cells orient in
the same direction. However, the rubbing process also restricts the LC cells close to the
PI layer from re-orienting by the electric field and causing light leakage. Besides the
rubbing process, imperfect-cross polarizers and director fluctuation in LC cells also
cause light leakage. Light leakage from LC layer makes images fuzzy and lowers
display contrast and image quality.

The low optical throughput is also another issue. When the light propagates
through optical forms, polarizer, LC layer, color-filter, and analyzer, the light intensity
decays each element by each element as-kig.<1-4 shows. After all, humans can only
perceive around 6% light. In the whole light propagation process, the color-filter and

the two polarizers waste the most light.
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Fig. 1-4 Optical throughputs of each element in LCD and the total optical throughput

is only around 6% of incident light.

1.3 Motivation and Objective

Liquid crystal display has optical throughput only around 5-8%, which means
over 90% of light has been wasted. Ironically, the energy issue has getting more and

more serious. Thus, enhancing the optical throughput will have high potential to reduce
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the power consumption of displays.

To enhance the optical throughput, the color-filter and the two polarizers are key
elements. If the color-filter and polarizers can be removed from display, the optical
throughput can be increased to around 40%. Based on 120Hz-FSC, this thesis will
propose a locally controlled backlight method and simulate images shown by
polarizer-free displays. Besides, this thesis will also propose a picture classifier for

simulation.

1.4 Organization of This Thesis

This thesis is organized as follows. In chapter 2, Field Sequential Color Liquid
Crystal Display (FSC-LCD) which_has'successfully removed color-filter from LCD
will be introduced. A polarizer-free LCD -named polymer dispersed liquid crystal
(PDLC) and its mechanism and-property will be introduced. In chapter 3, a concept of
Eco-Display will be given and the LC-dependent. Dimming method will be introduced
in detail. In chapter 4, a new image classifier for FSC-LCD and for the LC-dependent
Dimming method will be introduced. The reason why a new image classifier is needed
will be explained. The simulation and discussion from it will be presented in this
chapter too. In chapter 5, the experimental result and discussion will be given. Finally,

the conclusions and future works will be given in chapter 6.



Chapter 2

Prior methods

Researchers have been working on color-filter-less display and polarizer-free
display. Field Sequential Color LCD (FSC-LCD) has three times optical throughput
without a color filter [4]. However, an issue called color breakup (CBU) reduces the
visual comfort and image quality [5]. Also, with higher frame rate, FSC-LCD restricts
the response time of liquid crystal. Therefore, Two Field method will be introduced.

In the following, this thesis will introduce the mechanism of PDLC and its
properties. Besides displays, a way to evaluate image quality, CIEDE2000, will also be

introduced in the final section.

2.1 Color-filter-less Liquid Crystal-Display

Field Sequential Color Liquid “Crystal Display (FSC-LCD) removes the
color-filter. In order to generate a colorful image, the FSC-LCD flashed each color
component in sequence using synchronously pulsed colored backlights. In RGB
driving method, the FSC-LCD shows red, green, and blue images sequentially as Fig.
2-1 shows. Based on the temporal color mixing phenomena, human vision system will
combine those images and feel a colorful image.

The FSC-LCD driving scheme includes three main parts: the TFT addressing, the
LC orientation, and the backlight flashing [6]. A frame is divided into three fields. The
frame rate is 60Hz the same as the conventional LCD to present people from feeling
flicker. Thus, the field rate will be 3 times higher than the frame rate is. In each field,
the display has to complete loading data for the whole panel, orientating liquid crystal

7



to the right position, and flashing backlight as shown in Fig. 2-2. After showing the
red, green, and blue fields, the inherent temporal color mixing mechanism in human
vision system mixes the three fields, and generates a full-color image as Fig. 2-3

shows.

Backlight TFT

\\‘\

==

L

s
i
i
i
i

Polarizer ; LC Iéyelr- 42, Analyzer

Fig. 2-1 The:RGB driving method of FSC-LCD.

RED field GREEN field BLUE field

Afield time=5.56msec. | Thedisplayis driven in 60 Hz frame rate

Aframe time=1/60sec.

Fig. 2-2 The FSC-LCD driving scheme.

RED field

GREEN field Full-colorimage

BLUE field

time
Sequentially displayed three field !

Fig. 2-3 Temporal color mixing.
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2.1.1 Color Break-up Phenomenon

FSC-LCD is a color filter-less display, it achieves three times higher optical
throughput than a conventional LCD. The way FSC-LCD forms a colorful image,
sequentially displaying fields, brings itself a serious issue, Color Break-up (CBU).
CBU looks as a rainbow blur on the object edge in the image as Fig. 2-4 shows. CBU
strongly reduces the image quality and bothers people when they watch TV.

CBU can be typically divided into two types. One is a stationary type which
occurs in stationary image. When people watch a display, the human eye performs a
sequence of saccades [7] and fixations. Saccade is an action of scanning quickly, as Fig.
2-5 shows, but fixation is an action of gazing at something. The white lines in Fig. 2-5
describe the randomly eye saccade movements. The stationary CBU mechanism is
shown in Fig. 2-6 [8][9]. The gray line In Fig. 2-6 (a) is an eye saccade movement.
When the eye moves along the-gray line, the CBU phenomenon occurs, as shown in
Fig. 2-6 (b). The other type of CBU is the dynamic CBU. A dynamic CBU occurs
when the eye traces the smoothly moving object. The mismatch of the object’s digital
motion and the eye’s analogic motion makes the red, green, and blue fields locate on
different places on the retina. The mechanism of CBU is illustrated in Fig. 2-7 [10].
When a white bar moves from left side to right side in a panel, the red, green, and blue
fields in the same frame locate at the same horizontal position. However, tracing the
white bar is a smooth and analogic motion for the eye, as the blue block in Fig. 2-7
shows. Thus, the edges of the white bar lose some colors and look colorful here as

shown in the bottom of Fig. 2-7. The colorful edges are the dynamic CBU.



(@) The original image (b) CBU image

Fig. 2-4 A comparison between the original image and CBU image: (a) the original
image and (b) CBU image.

Fig. 2-5 The saccade phenomena.

(a) (b)
Fig. 2-6 The stationary CBU mechanism. (a) The image displayed on the FSC panel
and the path of a saccade movement (gray line), and (b) static CBU phenomenon.
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Fig. 2-7 The mechanism of dynamic CBU.

2.1.2 Methods to Suppress CBU

CBU is a serious issue in FSC. Many methods were reported to suppress CBU
such as RGBRGB, RGBCY, and RGBKKK [10]. RGBRGB increases the field rate to
shrink the colorful edges. RGBCY inserts cyan and yellow fields to reduce color
differences among each field and the CBU visibility. RGBKKK which gave the best
CBU suppression increases the field rate and inserts black fields to shrink the colorful
edges. Both RGBRGB and RGBKKK shrink the colorful edges produced by fields.
However, the total CBU area is thinner in RGBKKK. All the methods can suppress
CBU effect. However, all of them increased the field rate and reduces the LC response

time a lot.
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2.1.3 Two Field Method

The FSC-LCD drives LC cells three times or even higher faster than the
conventional LCD does. However, the LC cells on the market are hard to response and
orient in such a short period. Thus, a method, Two Field method, utilizing the least
fields to generate a colorful image was proposed. The LED backlight and local color
dimming backlight technique accomplished the Two Field method [11].

The lack of the third primary color field prevents FSC-LCD from showing a
full-color image. Thus, the Two Field method has to incorporate the local color
dimming backlight technique to show three primary colors in two fields. The
replacement of the LED backlight achieves the local color dimming backlight
technique. In the first field, the Two Field method shows red information and part of
blue information by locally controlling and lighting up red and blue LEDs. In the
second field, Two Field method shows green information and the remaining blue
information as Fig. 2-8 shows. Therefore, the Two. Field method can merely use two
fields to show the three primary colors. The reduced number of fields reduces a field
time and gains more time for LC.

The CBU visibility comparison is compared in Fig. 2-9. Conventional FSC show
strong CBU phenomena. The color band edges in convention FSC, as shown in Fig.
2-9 (a), are induced by the primary colors which are easy to be observed. However,
the color band edges in Two Field method are mixed colors. Human vision system is
less sensitive for the mixed colors as shown is Fig. 2-9. Thus, the CBU visibility of

the Two Field is lower than the convention FSC.
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Fig. 2-8 RGB driving method versus Two Field method.

Fig. 2-9 CBU comparison (a) conventional FSC, and (b) Two Field method.

2.2 Polarizer-free LCD

A PDLC is a type of the polarizer-free LCD which does not need polarizers to
show contrast. The PDLC has a continuously changing optical property from the off
state to the on state. The optical property results from a refractive index mismatch

between droplets of liquid crystal and a polymer matrix. In this section, the thesis will
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introduce the basic mechanism of the PDLC and show how to utilize the optical

property for a display.

2.2.1 Polymer-dispersed Liquid Crystal Display (PDLC display)

The PDLC is a polymer matrix with liquid crystal droplets dispersed in it [12][13].
When no electric field is applied to the PDLC film, the optical axis of each droplet is
randomly oriented as Fig. 2-10 (a) shows. Therefore, the incident light sees different
refractive index values depended on the optical axis of each droplet. Moreover, the
refractive index of the polymer matrix is also different from the refractive index of the
liquid crystal droplet. Finally, the incident light scatters as a result from the refractive
index mismatches and represents an opaque state. When an electric field is applied to
PDLC film, the optical axis of each droplet.reorients to the same direction parallel to
the electric field as Fig. 2-10 (b) shows. Thus, the incident light sees only a refractive
index value of liquid crystal cells. Furthermore, if the refractive index value of the
chosen polymer is the same as the refractive index value of the liquid crystal droplets,
the vertical incident light regards the PDLC film as an isotropic media, propagates
through the film directly and represents a transparent state.

The applications of PDLC films are various such as vision product and displays.
PDLC displays have an inherent advantage that they don’t require expensive polarizers

which waste over 50% of the incident light to show contrast.
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Fig. 2-10 A mechanism showing how PDLC works from a voltage-off state to a
voltage-on state: (a) the PDLC without voltage where light is scattered because of the
refractive index mismatch, and (b) the PDLC with voltage where light passes through

display.

2.2.2 Dye-doped PDLC

A dye-doped PDLC film is a PDECfilm within some dye doped [14][15].
Besides the scattering effect of the' PDLC, the dye-doped PDLC further absorbs light
to achieve a better dark state. In'the dye-doped PDLC, the low polymer concentration
forms a polymer network instead of‘a polymer matrix to scatter light. The low
polymer concentration accelerates the orientation of the LC molecules and reduces the
long response time of the conventional PDLC. The concentration of dyes dominates
the dark state. When the concentration of the dyes becomes high, the more dyes can
absorb more light in the dark state and result in a better dark state. However, the LC
cells will need more energy to rotate the dyes and the more energy will result in a high
operation voltage.

The mechanism of a dye-doped PDLC film is shown in Fig. 2-11. In a
voltage-off state, the LC cells align vertically and the light only sees the short optical
axis. When the refractive indexes of the LC cells and the polymer network match, the
light does not scatter. Moreover, due to the dichroic characteristic of the dyes, the
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vertically aligned dye molecules absorb little light. In a voltage-on state, the
electricity reorients the LC cells and the LC cells reorient the dyes. The dyes which
are randomly dispersed on the x-y plane absorb light owning any polarization
direction because the long axes of the dyes are parallel to the polarization direction of
light. Thus, the dye-doped PDLC appears a dark state. The scattering effect extends
the light propagation length and increase the chance for the dyes to absorb light.
Therefore, the cooperation of the scattering effect and the absorption effect generates
a better dark state.

The transmittance of the bright state is around 70%. Some research results
indicate that the dye-doped PDLC film has a contrast ratio around 10-20. If a

reflection mode is used, the contrast ratio can be increased to higher than 100:1.
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Fig. 2-11 A mechanism showing how dye-doped PDLC works from a voltage-off state

to a voltage-on state: (a) the voltage-off state and (b) voltage-on state.

2.3 Color Matching Model and CIEDE2000

To evaluate the proposed method in this thesis, a standard index is necessary.
Commission Internationale de I’Eclairage (CIE) works for color standards. In the
following section, this thesis will start from a color matching model and introduce
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color spaces. Followed by utilizing the standards to evaluate the proposed method and

compare an original image and a processed image.

2.3.1 Color Matching Model

The color matching model was proposed by CIE because scientists wanted to
define colors. The cone cells and the rod cells in eyes absorb colors and the lighting
information. The three L, M, and S cones dominate color information but the three
stimuli of the three cones could not be detected.

In the CIE RGB color model [16], the tri-stimulus is the intensities of three
primary stimuli, R (700nm), G (546.1nm), and B (435.8nm). By tuning the intensities,
the CIE RGB could find a mixture ratio of the primary colors representing the same
color as the test color does. After testingsall the calors, a CIE RGB color matching
function was got as Fig. 2-12 ;shows. The CIE XYZ color model [16] can further
modify the CIE RGB. By linear-transformation, the CIE XYZ changes the CIE RGB
color matching function into a totally positive function which is called CIE XYZ color

matching function as Fig. 2-13. The tri-stimulus values can be got by Eq. 2-1.

X = f oo1(7\)§(7\)d;\
%
Y = [ 10y()dA (2-1)

7= fo IV)Z(A)dA
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Fig. 2-12 The CIE 1931 RGB color matching function.
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Fig. 2-13 The CIE 1931 XYZ color matching function.

2.3.2 CIEDE2000 for Evaluating Color Difference

The CIE LAB color space is a color-opponent space fitting the human vision
system. By compressing the CIE XYZ nonlinearly, three new dimensions, L, a, and b,
respectively representing lightness, and the two color-opponent dimensions comprises

the CIE LAB. The CIE LAB has much better uniformity than the CIE XYZ. The
18



non-linear transformation from the CIE XYZ to the CIE LAB is described from Eq.
2-2~Eq. 2-6. Because of different visual sensibilities in different lighting conditions,
the CIE LAB also takes the light source, Xn, Yn, and Zn, into consideration. The
calculated distances as Eq. 2-8 shows on the CIE LAB color space can represent color
differences. Generally, a color different around 2.3 corresponds to “just noticeable
difference.”

Based on the CIE LAB, CIE further proposed two formulae, the CIE94 [17] and
the CIEDE2000 [18]-[20], to refine color differences description of the CIE LAB
since AE},, fails to charge large color differences and the color differences in the blue
region. Considering chroma and hue, the CIEDE2000 is better in describing color
differences. A hue rotation term (Rt) in Eq. 2-9 deals with the problematic blue region.
The color difference of the CIEDE2000 is-deseribed as Eq. 2-9 shows. This thesis will
utilize the CIEDE2000 to evaluate color differences between an original image and a

processed image in proposed method.

L' = 116(Y/Yy)Y? — 16 forY/Y, > 0.008856 (2-2)

L = 903.3(Y/Y,) forY/Y, < 0.008856 (2-3)

a” = 500[f(X/Xy) — f(Y/Yn)] (2-4)

b* = 500[f(Y/Y,) — f(Z/Zy)] (2-5)
Cip =+ (@)% + (b*)? (2-6)

H;, = tan~(b*/a") (2-7)

where

f(Y/Y,) = (Y/Y,)Y? forY/Y, > 0.008856

f(Y/Y,) = 7.787(Y/Y,) + 16/116 forY/Y, > 0.008856

f(Y/Y,) and f(Y/Y,) are similar defined.

AE:, = VAL? + Aa*? + Ab*? (2-8)

AL* AC? AC?
BBgn = [2y2 + Bz 4 (Biye g (255) 29)
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where

S, = 1,S¢=1+0.045C},, and Sy = 1+ 0.015C},

AL*, AC;,, AH,: Differences of luminance, chroma, and hue
Ky, K¢, Ky: Parametric factors of luminance, chroma, and hue
SL, Sc, Sy Weighting functions of luminance, chroma, and hue
Rt: Rotation function

2.4 Summary

The energy issue in the world is getting more and more serious. Ironically, as a
widely used device, LCD is not energy-efficient. The optical throughput of
conventional LCD is below than 10%. That is over 90% of optical energy has been
wasted. To enhance the optical throughput, the LCD needs to throw away the color
filter and the polarizers. The FSC LCD and the Two Field method do not need a color
filter while PDLC does not need polarizers..If we ¢an apply the FSC concept to PDLC

film, the LCD can throw both color filter and-polarizer away.
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Chapter 3

Eco-Display without Color-filter & Polarizer

This thesis will propose a method to achieve an Eco-Display. This Eco-Display
does not need a color-filter and two polarizers, as Fig. 3-1 shows. Without color-filter
and polarizers, the optical throughput is greatly enhanced from 5% to 37%. Moreover,
less material processing is also friendlier to the environment. Thus, it will be an

“Eco-Display.”

Backlight~70% TFT~60%

Backlightdimming LC layer~90%

Fig. 3-1 The hardware structure of the Eco-display.

3.1 Concept

One of the standards to judge a display is contrast ratio. Although polarizer-free
LCDs have many advantages, the contrast ratio is still too low for human vision
system. To increase the contrast, the LED backlight [2] must be introduced because its
point-like light source can be controlled individually. Previously, the backlight was

the full-on CCFL and even a black image still needed full-on backlight, as Fig. 3-2
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shows. If the LC molecules and the polarizers are not perfect, light leakage will be
observed. However, an individually controllable backlight, LED backlight, can tune
its backlight intensities division by division according to image details. If the image is
a white block in the center with a black background, an individually controllable
backlight only turns on the center divisions covering the white block as Fig. 3-3
shows. Even though the LC molecules and the polarizers may not be perfect, the
turned off backlight does not produce a light leakage. Thus, the LED backlight
increases the image contrast ratio and reduces the light leakage. This system is named
the “High Dynamic Range” (HDR) system [21][22]. The HDR saves power and has
high contrast advantages.

The HDR system is necessary to achieve the Eco-display. To reduce the low
contrast issue of polarizer-free «LCDs,«the .HDR. tech contributes to this issue.
Therefore, a new backlight dimming method for low: contrast polarizer-free LCDs is
needed. The next section will propose a dimming method which increases contrast

and maintains image quality.

(@) Input image (b) CCFL backlight (c) Low contrast LC ~ (d) Output image

Fig. 3-2 A schema of the low contrast display with full-on backlight: (a) target image,
(b) traditional full-on CCFL backlight, (c) low contrast LC layer (it can be PDLC or
EWD or other materials), and (d) the final image.
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(@) Input image (b) LED backlight  (c) Low contrast LC  (d) Output image

Fig. 3-3 Aschema of the LED backlight display: (a) target image, (b) individually
controllable LED backlight, (c) low contrast LC layer (it depends on the material
used), and (d) the final image with higher contrast.

3.2 Contrast Dependent Dimming Method

The Contrast Dependent Dimming Method is a very flexible dimming method.
Depending on the different types of the'LC layer with different contrasts, the Contrast
Dependent Dimming Method adjusts itself to fit.the different contrast performances of
the LC layers.

Previously the objective of. the” Contrast .Dependent Dimming Method was
maintaining image quality; that is, the objective was to keep the output image the
same as the input image. However, because the LED resolution is lower than the LC
resolution, one backlight dimming ratio in one division cannot fit many different LC
signals in one division as Eq. 3-1 shows.

Therefore, this thesis replaced the original objective with “maintaining the light
intensity uniformity in the divisions.” As the contrast ratio becomes lower, the light
leakage in dimmer pixels lights up the image and reduces image quality as Fig. 3-4
shows. Provided that the backlight intensity is uniform in each division, the total
transmitted light intensity of a normal display with high contrast LC equals the

summation of the transmittances of all the pixels in the division as Eq. 3-2 shows.
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(@) The original image (b) the low contrast image

Fig. 3-4 A comparison between the original image and the low contrast image.

On the other hand, the LC layer’s contrast limitation excludes LC signals lower
than the LC layer’s darkest state. LC5, LCj, and LC, are beyond the LC layer’s dark
limitation. Thus, for these kinds of LCs, the digital numbers are set as the LC layer’s
lowest transmittance. The remalnlng calculatlon is similar to a normal display

calculation as Eq. 3-3 shows. Fig: 3—5 sh ws a dlagram of the Igivision aNd [ivision

calculation. The Igivision repres'ents the |‘/;ea{’|ntensifty while the [}yision represents
the intensity of low contrast. In Flg 3—5—the*h|stogram processing settles the LC
signals in a division. The red mrclgz;rnﬂhe.fbottom chart stands for the lowest
transmittance. After histogram processing, the signals below the red circle gather to

the red circle and generate a number of pixels at it. Finally, to achieve the same

division intensity, the Contrast Dependent Dimming Method is defined as

Idivision/I(,iivision'
LC
I'=BL+ (255) . . . . . (3-1)
LC LC LC LC LC

Idivision = Zdivision (é) + (ﬁ) + (é) + (é) + et (2—51;) (3-2)
where

Laivision represents for the total transmitted light intensity of a normal display in
a division.

The LCs are the digital signals of LC cells.
N is the number of pixels in a division.
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where

Lgivision epresents for the total transmitted light intensity of a polarizer-free
display in a division.

The LCs are the digital signals of LC cells.

N is the number of pixels in a division.

LC,, LC;, and LC, stand for the dark limitation of the LC layer; thus, % %
and % equal the lowest transmittance of the LC layer.
High contrast LC ,
1 pixels
Y b -* -_
2 XI*Yi=lgiision

> histogram >

Gray level

in*Yi=|'division

e

Gray level

| The lowest transmittance

Fig. 3-5 A diagram to interpret the calculation of Igiyision @aNd Igivision-

3.3 Contrast Dependent Dimming Method Applied to FSC

In this section, the reason why the Contrast Dependent Dimming Method is
needed and how we applied it to FSC will be introduced in detail. An algorithm of
applying the Contrast Dependent Dimming Method to the FSC will then be shown.
Where the Contrast Dependent Dimming Method works in an image will be

illustrated in a real case.
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3.3.1 The Applied FSC method—The Two Field

To realize FSC concept based on PDLC film, the response time of LC cells must
be taken into consideration. The response time of the PDLC is longer than the
conventional LC. Thus, the methods such as RGBRGB, and RGBKKK [10] which
need higher frame rate than the conventional LCD does are useless. Therefore, this
thesis incorporates the Two Field method which has the least fields.

The flowchart of applying the Contrast Dependent Dimming Method to the Two
Field method is shown in Fig. 3-6. First, the Two Field method generates the first field
backlight, the first LC signal, the second field backlight, and the second LC signal.
Second, the Contrast Dependent Dimming Method calculates a dimming ratio for
each division according to the lowest transmittance limitation of the PDLC and the
LC signals. Third, the first backlight and-the second backlight are dimmed based on
the dimming ratios from the second step. Fourth, this thesis uses the backward process
of the Two Field method to calculate the third backlight (In this case, the third
backlight is the blue backlight.). Finally, the modified LC signals are reproduced by
the conventional LC signal calculation. The first field dimmed backlight, the second
field dimmed backlight, the first modified LC signal, and the second modified LC

signal are the final backlights and the LC signals.
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<

Dim 1st and 2" B/L Contrast Dependent dimming method

0.5/0.6 |0.7|0.8| |0.8/0.8|0.4|0.5
10.8/1.0(1.0/0.7| |0.8/1.0]0.5| 0.7
0.6/0.7 |0.6] 1.0/ [0.9]/0.7 |0.6] 1.0

R dimming B/L G dimming B/L e

1stdimming ratios 2 dimming ratios
Two Field for blue B/L and modified LC

1stfield dimmed B/L | 2"dfield dimmed B/L 1t modified LC || 2 modified LC

Fig. 3-6 A flowchart showing how Contrast Dependent Dimming Method works with

Two Field method
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3.3.2 The Self Adjustment

To make a clearer interpretation, Fig. 3-7 shows how the Contrast Dependent
Dimming Method works on the backlights. A 45x80 backlight division was assumed.
Fig. 3-5 (a), (b), (c), and (d) show the backlights and the LC signals of the Two Field
method with an ideal LC layer. Fig. 3-7 (e), (f), (g) and (h) show the backlights and
the LC signals of the Two Field method with a low contrast LC layer. A 25:1 contrast
ratio was assumed. The blue circles circle the dark part in LC signals. When the
contrast ratio becomes low, the LC signals in the blue circles become brighter.
Therefore, to keep the brightness the same, the Contrast Dependent Dimming Method
dims the backlights in the blue circles. However, outside the blue circles such as the
river, the Contrast Dependent Dimming Method does not dim the backlight as much
as the backlights in the blue circlés becausé the L_C signals can keep the image details.

A comparison between the Two Field method with an ideal LC layer and the Two

Field method with a low contrast LC layer is shown in Fig. 3-8. Although a little light

leakage can be seen, most of the imagé'details', have been kept.

(€) (f) (9) (h)

Fig. 3-7 The diagrams showing how Contrast Dependent Dimming Method works:
The Two Field method with an ideal LC layer: (a) the 1% field LC, (b) the 2™ field LC,
(c) the 1% field backlight, and (d) the 2™ field backlight. The Two Field method with a

low contrast LC layer: (e) the 1% field LC, (f) the 2" field LC, (g) the 1% field

backlight, and (h) the 2" field backlight.
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(a) (b)

Fig. 3-8 Simulation results of (a) The Two Field method with an ideal LC layer, and (b)
The Two Field method with a low contrast LC layer.

3.4 Summary

The Eco-display is a kind of display Which does not need a color filter and
polarizers. Based on the PDLC film, to further remove the color filter, this thesis
adopt the Two Field method for-the reason-that-the reéponse time of the PDLC film is
low. Simply applying Two Field methed.to PDLC film results in low contrast and
losing image details in the darkness.

The Contrast Dependent Dimming Method was proposed to increase the contrast
ratio and image details in the darkness. The Contrast Dependent Dimming Method
can adjust itself for different PDLC films owning different contrast ratios and even for

different image details in different divisions.
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Chapter 4

Analysis of the Contrast Dependent Dimming
Method

The analysis of the Contrast Dependent Dimming Method will be done in this

chapter. This thesis will propose a picture classifier to classify the data base and
choose some pictures for simulation. Using the chosen picture, the optimized
backlight division will be decided. In the following, the improvement by the Contrast
Dependent Dimming Method will be estimated. Finally, the issues of the Contrast

Dependent Dimming Method will be discussed.

4.1 Picture Classifier

The factors affect FSC-LCD’s performance are two. One is a mismatch of the
LED resolution and the LC resolution. The other is light leakage from the neighbor
divisions. Based on the two reasons, this thesis will incorporate the hue for the
classifier. In the following sections, this thesis will introduce the hue, the details of the

construction of the classifier, and the pictures chosen for simulation.

4.1.1 Hue

The hue which describes the kind of color such as red, green, and blue was from
the Munsell color system [23]. The system was developed originally by an American
artist, Albert Munsell in 1905, and the scale was refined and renotated by the
Colorimetry Committee of the Optical Society of America (OSA) in the late 1930s.

The Munsell color system uses cylindrical coordinates to specify colors as shown in
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Fig. 4-1 (a). The coordinates are hue as the circumferential angle, value (lightness) as
the ordinate, and chroma as the radius.

The Munsell color system selected red (R), yellow (), green (G), blue (B), and
purple (P) as five principle hues and spaced the principle hues equally around the hue
circle. The colors YR, GY, BG, PB, and RP are inserted between each two principle
hues. Moreover, the Munsell color system further divided the space between a
principle hue and an intermediate hue into ten hues. Totally, a hundred hues were
established. Forty hues are shown in Fig. 4-1 (b). The numerical calculation of hue is

described by Eq. 4-1 and Eq. 4-2.

(0 ifB<G
H—{360_9 ifB>G 0
1
L 7 (R-G)+(R-B)) _ Aniiis, )
0 = cos (((R_G)Z+(R—B)(G—,BD'1/2 N o

Value Munsell Color System . ppl o a
— Hue

Chroma l

R Red &
Red-Purple € Yellow &)

Purple-Blue Blue

Blue-Green

(a) (b)

Fig. 4-1 The Munsell color system: (a) the color solid for the Munsell color system,
and (b) the Munsell hues [24].

4.1.2 The Construction of the Picture Classifier

To build a picture classifier suitable for FSC-LCD, knowing the issues which

affect the image quality is necessary. In FSC-LCD, because the LED resolution is
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always much lower than the LC resolution, a LED backlight signal needs to take care
of many LC signals. The sequence of deciding the BL signal and the LC compensated
signals is shown in Fig. 4-2. A green image is taken as an example. The location of
LED backlights divides the image into divisions. In Fig. 4-2 (b), the LED backlight in
each division is decided by the average, the square root of average, or the one-third
power of the pixels in the division. By using Eg. 4-3 the LC compensated signals are
calculated.

Thus, one of the issues affecting the image quality occurs when the colors in a
division diverge greatly. If the colors in a division diverge greatly, the LED backlight
will not be suitable for every pixel in either LED decision way and result in bad image
quality. Another issue may occur in the blurring part. When the LED backlight in a
division differs from the LED bagcklight inja-neighbor division a lot, the compensated
LC signal may not well compensate the light leakage from the neighbor divisions and
result in bad image quality. Both the issues are related to color differences with the
neighbors.

Based on the color differences, the thesis simplifies the images into simpler
diagrams owning color difference information as Fig. 4-3 shows. In Fig. 4-3 (a), the
RGB coordinate is transformed to the hue circumferential angle which represents the
kind of color. Each pixel in the image has its neighbors. The red center represents the
pixel and the yellow neighbors represent the red center’s neighbors as Fig. 4-3 (a)
shows. Next, we average the differences between the yellow neighbors and the red
center for the color difference characteristic of the red center. Thus, each pixel has its
color difference characteristic. Finally, a histogram of the pixels is the simpler
diagram owning color difference information.

Ten examples of the images and the corresponded diagrams are shown in Fig. 4-4.
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In Fig. 4-4, according to different color difference information, each image has its
own diagram. This thesis utilizes the average and the standard deviation as two
standards to sort the data base. The sorting result is shown in Fig. 4-5. The bottom two
figures are with low standard deviations while the top two figures are with high
standard deviations. The left two figures are with low averages while the right two

figures are with high averages.
LC \gamma
I=BLx () (4-3)
where
The | represents the image intensity, the BL is the backlight intensity, and the LC is
the LC signal.

@ @ A Eo 0

Fig. 4-2 The sequence of decidiﬁg _th'_e:BL sighal and the LC compensated signals: (a)
the target image and the divisions, (b) the BL signals, (c) the blurred BL, and (d) the
LC compensated signals.

Yellow neighbors

(a) (b)

Fig. 4-3 The construction of the picture classifier: (a) the target image and the
divisions, and (b) the simpler diagram owning color difference information.

A e e
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Fig. 4-5 The sorting result from the picture classifier: the horizontal axis is the average,

and the vertical axi
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s is the standard deviation.

4.1.3 The Pictures Chosen for Simulation

Besides the picture classifier, this thesis also consults the lightness which is an
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issue affecting the image quality in a polarizer-free display, the human face, the skin
tone, and the sunset. Eventually, thirteen pictures were chosen including colorful
images, plane images, sunset images, and images with skin as Fig. 4-6 shows. In the
top column, from left to right are Canoe, Harbor, Soccer, and Candle. In the middle

column, from left to right are Palace, Desert, Airplane, and Motorcycles. In the

bottom column, from left to right are Girl, Cyan_moon, Beach, Pharos, and Woman.

Fig. 4-6 Thirteen pictures were chosen from the picture classifier.

4.2 Simulation

In this section, some simulation results will be shown. The optimized backlight
division of the Two Field method was 45x80. To further remove the polarizers, more
backlight divisions may be needed. Next, this thesis will simulate the images with
different LC contrast ratios and compare the images processed by the Contrast
Dependent Dimming Method with the Two Field method and the images processed by
no Contrast Dependent Dimming Method with the Two Field method. In the last part,

a brief discussion of backlight division will be shown.
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4.2.1 Backlight Division

Before simulation, the decision of the backlight division is necessary. Based on
the optimized backlight division, 45x80, more backlight divisions were simulated
according to difference gray level ranges. The influence of more backlight divisions
were estimated by using the average AE and the percentage of AE>3. The result of
both the average AE and the percentage of AE>3 shows the more backlight divisions
improve the image quality. However, the improvement is really tiny. In the results of
the average AE, an increase of backlight division from 45x80 to 72x128 only results
in 0.2 or less improvement as shown in Fig. 4-7. In the results of the percentage of
AE>3, an increase of backlight division from 45x80 to 72x128 results in less than 3%
improvement as shown in Fig. 4-8. Thus, we can infer that the influence of backlight
divisions saturates before 45x80£Therefore%e,-in the following simulation, the backlight

division, 45x80 was assumed.

Backlight division discussion
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Fig. 4-7 The influence of more backlight divisions estimated by the average AE.
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Backlight division discussion
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Fig. 4-8 The influence of backlight divisions estimated by the percentage of AE>3.

4.2.2 With the Contrast :Dependent Dimming Method VS

In this section, the effect of. Contrast Dependent Dimming Method will be shown
by simulating the images with differenf LC contrast ratios and comparing the images
processed by the Contrast Dependent Dimming Method with the Two Field method
and the images processed by no Contrast Dependent Dimming Method with the Two
Field method.

To know the improvement by the Contrast Dependent Dimming Method, this
thesis compares the color difference between the Two Field method and the low
contrast Two Field method using the Contrast Dependent Dimming Method with the
color difference between the Two Field method and the low contrast Two Field
method without using the Contrast Dependent Dimming Method. The average AE
which takes care of all pixels may blur the effect of the Contrast Dependent Dimming

Method which only dims certain part of an image. Thus, the adopted standards are the
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percentage of AE>3 and AE>1. The improvement was defined as Eq. 4-4 shows. The
results for four contrast ratios, 270, 110, 35, and 12, are shown in Fig. 4-9. The
contrast ratios correspond to the LC gray level ranges, 20-255, 30-255, 50-255, and
80-255. The blue bars indicate the results using a criterion of AE>3 and the red bars
indicate the results using another criterion of a percentage of AE>1.

When the contrast ratio is high such as Fig. 4-9 (a), the improvements are not
clear. However, when the contrast ratio becomes lower, a clearer improvement can be
seen. Some of the improvements are minus because of the clipping in brightness

which will be discussed in 4.3.

_ AE before dimming-AE after dimming 0
Improvement = AE béfore Bimming *100% (44
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Contrast ratio: 12:1
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Fig. 4-9 The improvements by the Contrast Dependent Dimming Method in
conditions (a) contrast ratio: 270:1, (b) contrast ratio: 110:1, (c) contrast ratio: 35:1,

and (d)w’hﬂ-éétm tio: 12:1.
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Fig. 4-10 The trend of the improvements.

40




The trends of the improvements are two growth curves as shown in Fig. 4-10.
Since the lower contrast ratio results in more light leakage, the backlight dimming
saves more pixels and results in a better improvement. Thus, both the average
improvements of AE>1 and AE>3 becomes higher when the contrast ratio becomes
lower. Due to the saturation of AE>1 which will be discussed in 4.3, the trend of
improvement of AE>1 saturates at the end. However, the positive improvements

indicate the Contrast Dependent Dimming Method improves the image quality.

4.3 Discussion-- Clipping and Saturation

In this section, both the issues, the clipping in brightness and the saturation at the

end of the improvement trend, will be discussed.in detail.

4.3.1 The Clipping inBrightness

The clipping effect occurs when“the LC signals diverge greatly. The dark LC
signals make the Contrast Dependent Dimming Method dim the backlight. The bright
LC signals keep the Contrast Dependent Dimming Method from dimming the
backlight. However, when both the extremities exist in a division, the clipping effect
occurs. The original gamma conversion function outputs the gray level the same as
the input gray level as shown in Fig. 4-11 (a). When the backlight gets dimmed, the
gamma conversion function outputs the gray level higher than the input gray level as
shown in Fig. 4-11 (b). Thus, the gamma conversion function clips the pixels owning
higher than the 255 gray level after the conversion. However, the simulation in the
previous section shows the Contrast Dependent Dimming Method improves the image

quality in most of the situations.
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Fig. 4-11 The gamma conversion functions: (a) the original function, and (b) the
clipping effect.

4.3.2 The Saturation

Some test images saturate in the}result of. percentage of AE>1 such as

Cyan_moon and Candle as Fig. 4-12 (&) shows. When the log of contrast ratio

becomes lower than 1.5, AE>1 appears on most of the boundary between bright area

and dark area. Thus, the decrease of contrast ratio does not produce more AE>1. Due

to the AE>1 saturation from some test images, the growth rate of percentage of AE>1

becomes lower in average, as shown in Fig. 4-12 (b). Therefore, the decreased growth

rate of percentage of AE>1 affects the trend of the improvement and results in the

saturation, as shown in Fig. 4-10.
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Fig. 4-12 Percentage of AE>1 of (a) test images and (b) comparison between with
dimming and without dimming.

4.4 Summary

1

The picture classifier is deéigned for the FSC-LCDs based on the hue and the
lightness characteristics. Thirteen pictures were-chosen from the picture classifier. The
chosen pictures own different charactefistics such as colorfulness, brightness, gradient
colors, and human faces. The used backlight division is 45x80. The improvement
results show when the contrast ratio becomes lower, the Contrast Dependent Dimming
Method works more. Although some clipping effects occur in the bright area, the

trend of improvements shows all the improvements are positive on average.
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Chapter 5

Optimization and Power

According to the picture labrary and the backlight division from the previous
chapter, an optimized contrast ratio and an optimized threshold of the color difference
will be decided in this chapter. The optimization process will start from the simulation
of the color differences. For determining the optimized contrast ratio, a
psychophysical experiment will be tested. The optimized contrast ratio will
correspond to the optimized threshold. Based on the optimized contrast ratio, this
thesis will discuss the power issue and show an ultimate power saving from the

Eco-display.

5.1 The Simulation of the-color difference

Different gray level ranges of the'LC film were assumed. The LC gray level
ranges, 0-255, 10-255, 20-255, 30-255, 40-255, 50-255, 60-255, 70-255, and 80-255
correspond to the contrast ratios, ideal, 1200, 270, 110, 60, 35, 25, 17, and 12. The
image quality will be estimated by the average AE and the percentage of AE larger
than 3. The AE larger than 3 is the least value that human vision system can feel.

The image quality estimated by the average AE is shown in Fig. 5-1. Some
pictures possessing few image details and low image contrast (not the contrast ratio of
the LC film of the horizontal axis) keep their slopes low. These curves of the pictures,
such as Woman, Pharos, Beach, and Dessert, do not rise steeply. Some of the pictures
possessing either complicated image details or high image contrast, such as Harbor,
Girl, Cyan_moon, Candle, Canoe, Girl, and Soccer, keep their color differences below
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than 1.2. However, in the results of these pictures, a slightly risen slope can be seen.
For the rest pictures, they possess really complicated image details and high image
contrast, such as Motorcycles, and Palace. The slopes of these pictures rise as the
contrast ratio becomes lower.

The simulation result using the percentage of AE larger than 3, as shown in Fig.
5-2, is similar to the simulation result using the average AE. However, by only
analyzing the simulation results, the optimized contrast ratio and the optimized
threshold of the color difference are still unknown. Thus, in the following section, this

thesis will do a psychophysical experiment to find the optimized contrast ratio.

Contrast ratio VS Image quality
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Fig. 5-1 Log of contrast ratio VS Image quality estimated by the average AE.
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Contrast ratio VS Image quality
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Fig. 5-2 Log of contrast ratio VS Image quality estimated by the percentage of AE>3.

5.2 Optimization from a Psychophysical Experiment

A psychophysical experirﬁent will be introduced in this section to find the
optimized contrast ratio. First, the expefimental setup will be described in detail. Next,
the experiment flowchart will be introduced and the reason for how the experiment
was designed will also be interpreted. Finally, the optimized contrast ratio will be

found from the experimental result.

5.2.1 Experimental Setup

The panel used for the experiment is a 19 panel with 60 Hz refresh rate as Fig.
5-3 shows. The image resolution is 960x540. The observers are made to observe the
panel from 100 cm away and from a normal direction. The surrounding light may
cause a reflection light on the screen and affect the contrast ratio of the panel. Thus,

we let the experiment proceed in a dark room to prevent the surrounding light from
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affecting the experiment. We totally asked fifteen observers and had thirteen test
image. The gamma curve of the panel is shown in Fig. 5-4. The gamma curve shows
the relationship between the LC gray levels and luminance. Therefore, the gamma
curve can produce the exactly contrast ratios shown by the panel corresponded to
different LC contrast by dividing the highest luminance (149 cd/m?) with the other

luminance as shown in Table 5-1.

Fig. 5-3 The experimental setup: the 19 demo panel.
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Fig. 5-4 The gamma curve of the demo panel.

Table 5-1 The gray-level rénge' V/S. The contrast ratio.

Gray level range | 0-255 | 10-255 | 20-255 | 30-255 | 40-255 | 50-255
Contrast ratio 680 570 400 210 120 70

Gray level range | 60-255 | 70-255 | 80-255 | 90-255 | 100-255
Contrast ratio 40 30 20 12 75

5.2.2 Experimental Flowchart

To find an optimized contrast ratio, an acceptable boundary of the dark state was
defined. The experimental flowchart is shown in Fig. 5-5. We assumed different LC
gray level ranges and process the images using the proposed algorithm in advance.
Next, we randomly chose an image and sequentially display the chosen image and the

image with a full gray level range. If the observer feels any difference, we will mark a
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yes. The compared images were shown directly one by one because feeling a
difference is easier in this condition. The observers were allowed to switch back and
watch the comparison again if they are distracted. The observers could also determine
how long they need for an image by themselves. We repeated the procedure until all
gray level ranges are done. One possible result is shown in Fig. 5-5. Because the
observer starts to feel difference beyond the gray level range, 50-255, the gray level
range, 50-255, is the acceptable boundary of the dark state for the observer and for the

test image.

ﬂ-ﬁ-m. \1\5@

Gray level range

Feel difference
10-255 | 20-255 | 30-255 | 40-255 | 50-255 | 60-255 | 70-255 | 80-255
‘ No No No No No Yes Yes Yes Yes

Fig. 5-5 The experimental flowchart

5.2.3 Psychophysical Experiment Result

The psychophysical experiment result is shown in Fig. 5-6. On average, most of
the results locate in a range of log of the panel’s contrast ratio 1.5-2. This indicates for
most test images, the observers start to feel differences when the log of the panel’s
contrast ratio goes beyond 2. Thus, by averaging results in the range of 1.5-2, the
optimized log of the panel’s contrast ratio is determined as 1.84, which corresponds to
the optimized contrast ratio 70:1. Some images adopting the optimized contrast ratio
are shown from Fig. 5-7 to Fig. 5-10. The average result above the optimized contrast

ratio, such as Cyan_moon, is shown in Fig. 5-7. The color differences occur mainly in
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the edge of the moon as Fig. 5-7 (c) shows. However, the color differences can hardly
be seen by comparing the two images shown simultaneously which is a common way
to compare displays. The average results in the red block such as Harbor and Girl are
shown in Fig. 5-8 and Fig. 5-9. The color differences also occur between brightness
and darkness. The average result below the optimized gray level such as Beach is
shown in Fig. 5-10. Because the image is really bright, the color differences are not

clear even on the color difference map as shown in Fig. 5-10 (c).

The psychophysical experiment result
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Fig. 5-6 The psychophysical experiment result.
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(c) Color difference map

Fig. 5-7 Above the red block: The.eomparison‘of.Cyan_moon between (a) contrast
ratio 680:1 and (b) the optimized contrast ratio.70:1. (c) The color difference map.

(c) Color difference map

Fig. 5-8 In the red block: The comparison of Harbor between (a) contrast ratio 680:1
and (b) the optimized contrast ratio 70:1. (c) The color difference map.
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(c) Thecolor difference map

Fig. 5-9 In the red block: The comparison of Harbor between (a) contrast ratio 680:1
and (b) the optimized contrast ratio 70:1..(c) The color difference map.

(a) 680:1

(c) The color difference map

Fig. 5-10 Below the red block: The comparison of Harbor between (a) contrast ratio

680:1 and (b) the optimized contrast ratio 70:1. (c) The color difference map.
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The result that the optimized contrast ratio,70:1, is lower than the contrast ratio
of dye-doped PDLC film indicates incorporating dye-doped PDLC film with FSC
may be feasible. For determining if an image is acceptable for human vision system in
numerical ways, we utilized the AE and the percentage of AE>3 simulation results.
The optimized contrast ratio, 70:1, corresponds to AE=0.5 and 3% of AE>3 in the
simulation. Below AE=0.5 and 3% of AE>3, we indicated the human vision system

does not feel differences.

5.3 Power Issue

According to the optimized gray level range, the possible optical power saving
was calculated. To know the averagesoptical:power, the IEC video standard will be
introduced and used. By using the IEC video standard, this thesis will estimate the
optical power of the proposed Eco-display. By replacing RGB LED with RGBW LED,

how much power can be further saved will be discussed.

5.3.1 The International Electrotechnical Commission (IEC)

Standard

The IEC is the world's leading organization that prepares and publishes
International Standards for all electrical, electronic and related technologies [25]. IEC
62087 specifies methods of measurement for the power consumption of television sets,
video recording equipment, Set Top Boxes (STBs), audio equipment and
multi-function equipment for consumer use. Television sets include, but are not
limited to, those with CRT, LCD, PDP or projection technologies. This second edition
cancels and replaces the first edition, published in 2002 and constitutes a technical

revision.
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To estimate the power consumption, the IEC committee acquired video test
materials from the U.K., U. S., Netherlands, Australia, and Japan. Each country
provides at least 40 hours of video material which is an adequate mix of different type
videos. The average of the APL results shown in Fig. 5-11 is believed to well present
average viewing habits. Moreover, the average of these APL curves has been used to
produce a 10 minute natural moving image clip which, in conjuction with the revised
TV testing method in IEC 62087, produced a more accurate measurement of the TV
sets” power consumption. The 10 minute IEC 62087 natural moving image was then
captured in stationary image to establish an IEC picture library. Twenty five static
images were further captured to condense the IEC picture library as illustrated in Fig.

5-12.
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Fig. 5-11 APLs sampled from around the world [26].
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Fig. 5-12 The IEC picture library.

5.3.2 The Possible Power Savi[lgsfwith Polarizer-free LCD

The backlight system draws mostlof the powér in the display device. However,
different televisions work differently and consume energy differently. Therefore, this
thesis only discusses the optical power. To know the energy relationship, a relative
optical power is defined as the optical power of polarizer-free Two Field method
divided by the optical power of the conventional RGB-FSC using full-on backlight as
described in Eq. 5-1 shows. By considering a 70% of light transmittance of the
dye-doped PDLC in the bright state, the relative optical power consumption was
calculated as shown in Fig. 5-13. The results show in the 25 pictures, the
polarizer-free Two Field method uses lower than 50% of the conventional RGB-FSC
full-on backlight. Furthermore, the polarizer-free Two Field method consumes only

20% of the conventional RGB full-on backlight on average.
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Fig. 5-13 The relative optical power results.

5.3.3 The Possible Power Savings—Using RGBW 4-in-1 LEDs

Originally, the Two Field method shows red and blue in the first field. In the
second field, the Two Field method shows green and red as Fig. 5-14 (a) shows.
Because the Two Field method lacks a colorful field, the Two Field method can only
use RGB 3-in-1 LEDs. The Stencil-FSC methods have colorful fields [27][28][29]
and the Stencil-FSC methods can use the efficient white LEDs. The 120Hz
Stencil-FSC [30] moves part of the red image from the first field to the second field as
illustrated in Fig. 5-14 (b). Thus, the second colorful field allows 120Hz Stencil-FSC

to utilize RGBW 4-in-1 LEDs. The relative optical power is defined as Eq. 5-2. The
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simulation result, as shown in Fig. 5-15, shows a continuously changing relative
optical power consumption due to the usage of different white LED efficiencies. The
relative optical power becomes lower when the white LED efficiency becomes higher.
When the efficiency is 100 Im/W, the relative optical power consumption is almost
saturated. The result shows 120Hz Stencil-FSC can further save 35% optical power
using a 100 Im/W white LED. Therefore, a polarizer-free 120Hz Stencil-FSC

consumes 13% optical power of the conventional RGB-FSC.

The optical power of 120Hz Stencil—-FSC
The optical power of Two Field

The relative optical power =

‘ Target R image |
| Target B image |

Target G image

+100% (5-2)

R=R1+R2; B=B1+B2

Two-Field 120Hz Stencil-FSC

1stfield image 1stfield image

| B1+]

7 &

2 field image 2 field image

G+B2

%%%ﬂ

(@) (b)

Fig. 5-14 The concepts of (a) the Two Field method and (b) the 120Hz Stencil-FSC.
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Fig. 5-15 The relative optical power consumption trend of 120Hz Stencil-FSC using
different white LED efficiencies.

5.4 Summary

From the simulation and thepsychophysical experiment results, the optimized
contrast ratio, 70:1, was extracted and feasiblefor dye-doped PDLC. The optimized
contrast ratio corresponds to AE=0.5 and 3% of AE>3 for simulation.

The IEC proposed the 60287 standard and the picture library for displays.
Twenty-five pictures were captured from the picture library to condense the picture
library. Using the 25 pictures, the polarizer-free Two Field only needs 20% optical
power of the convention RGB-FSC using a full-on backlight. The 120Hz Stencil-FSC
incorporate the white LED. When the efficiency of the white LED becomes higher
than 100 Im/W, the 120Hz Stencil-FSC can further save 35% optical power. The
polarizer-free 120Hz Stencil-FSC consumes 13% optical power of the conventional

RGB-FSC.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

The optical power efficiency of the convention LCD is lower than 10%. To
enhance the optical power efficiency, the FSC-LCD removes the color-filter by
sequentially flashing red, green, and blue images. After removing the color-filter, the
FSC-LCD gains three times optical throughput higher than the convention LCD.
However, the CBU phenomenon reduces .the image quality and the insufficient LC
response time lowers the chance 'of implementing FSC-LCD on hardware. The Two
Field method uses the least number of fields to show a colorful image. The mixed
colors of the two fields are less distinct than-the three primary colors. Therefore, the
CBU phenomenon in the Two Field method is less distinct for human vision system.

The Eco-display concept demand a color-filter less and polarizer-free display.
The PDLC and the dye-doped PDLC do not need polarizers to generate contrast.
However, the contrast ratio of either the PDLC or the dye-doped PDLC is low. Thus,
to further remove the polarizers, the Contrast Dependent Dimming Method was
proposed. A picture classifier was proposed for FSC displays and 13 pictures were
captured as the test pictures. The Contrast Dependent Dimming Method dims the
backlight according to the LC signals. When the contrast ratio of the LC becomes
lower, the Contrast Dependent Dimming Method dims the backlight more. The
improvement trend shows that the Contrast Dependent Dimming Method improves
the image quality more as the contrast ratio gets lower.
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The psychophysical experiment result shows the acceptable contrast ratio is 70:1.
In the psychophysical experiment, the human vision system can hardly notice
differences between the original image and the simulated image owning 70:1 contrast
ratio. Moreover, the optimized contrast ratio is feasible for the dye-doped PDLC.
Lacking the polarizers, the polarizer-free Two Field can further enhance to optical
throughput. On average, the polarizer-free Two Field consumes only 20% optical
power comparing to the convention RGB-FSC using full-on backlight. The 120Hz
Stencil-FSC using the RGBW 4-in-1 LEDs replaces the RGB 3-in-1 LEDs and raises
the optical efficiency. Finally, the 120Hz Stencil-FSC lacking the polarizers only
needs 13% optical power of the RGB-FSC.

The evolution of the Eco-display is illustrated in Table. 6-1. The conventional
RGB-FSC removed the color-fi‘ltte'r and glti]ized a-full-on backlight. The Two Field
method incorporated the local dimming b'a(!:k'lightisystgm to reduce CBU issue and LC
response time issue. The polarizer-fr_emT Field further removed polarizers to
enhance the optical throughput e{nd'-incorporate the Contrast Dependent Dimming

Method to keep the image quality. The 120Hz Stencil-FSC uses the highly efficient

white LED to further enhance the optical efficiency.

Table 6-1 The evolution of the Eco-display.

Display type Lightsource Color-filter Polarizers .LOC"’.II el POWer
dimming  consumption
Conventional LCD CCFL Yes Yes No >100%
RGB-FSC RGB LED No Yes No 100%
Two Field RGB LED No Yes Yes 30%
PRETEHIEETNG | oem g No No Yes 20%
Field
Polarizer-free 120
0,
Stencil-ESC RGBW LED No No Yes 13%
Based on 100 Im/W white LED
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6.2 Future Work

Due to the contrast dependence characteristic, the Contrast Dependent Dimming
Method is not only an HDR tech for polarizer-free LCD. The Contrast Dependent
Dimming Method can also be used to typical LCDs. The typical LCDs have the light
leakage issue in the dark state. The light leakage results in poor image quality in the
darkness. Thus, according to difference contrast ability of LCD, the Contrast
Dependent Dimming Method modifies itself and produces a better image quality in
the darkness.

Although the Contrast Dependent Dimming Method can keep the image intensity
and the image detail in the darkness, the clipping effect still occurs in the bright
images when the LC signals diverge greatly. The clipping effect in the brightness then
reduces the image details in the brightness. To preserve the image details in the
brightness, the gamma conversion function is modified. A critical point has to be
defined before the modification. The gamma function will start to modify the
relationship between the input and the output gray levels after the critical point. The
linearly modified gamma function linearly links the critical point and the 255 gray
level as shown in Fig. 6-1 (a). The linearly modified gamma function saves the image
details in the brightness. However, the linearly modified gamma function does not
work well when only few pixels are clipped. A more flexible modification method is
nonlinear. The nonlinearly modified gamma function is more flexible according to

different image details.
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Fig. 6-1 The gamma conversion functions: (a) the linear modification, (b) the
nonlinear modification.

From the RGB-FSC to the pa}aﬁzef-free, Two Field, the backlight is dimmed
twice. The Two Field method dlms tl’pe bac _li“_tat:and gets a set of the backlight signals

and the LC signals. Accordlngrtp the|L£: S|gnalls the Contrast Dependent Dimming

K ETTTTT
r\ N"‘.\-" 1\4 £

the two backlight dimming processes are mtegrated into a dimming process as shown
in Fig. 6-2, the reduced calculation time will lower the difficulty for the polarizer-free

Two Field to be implemented on hardware.

Polarizer-free
Two field

RGB-FSC . Two field

Fig. 6-2 The backlight dimming processes.
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