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Abstract

Field-sequential-color (FSC) liquid-crystal-display (LCD) has been driven by the
demand for energy-efficient Green display in recent years. The driving scheme and
slow LC response, however;-have led to issues such as color gamut shrinkage, color
crosstalk between successive fields, and insufficient backlight intensity, etc., not to
mention the visual artifact, color break-up (CBU). This research is to study those
colorimetric issues and the feasible solution, based on spatial-temporal modulation,
and to develop a methodology to evaluate CBU.

A novel two-field driving scheme and the associated system have been proposed to
facilitate the FSC LCD without color filters. A spatially-modulated color backlight is
implemented to provide degrees of freedom in spatial domain in addition to the two
temporal ones for conveying full-color information. This configuration of FSC LCD
specifically features the feasibility of commercial LC modes, e.g. Multi-domain
Vertical Alignment (MVA), without sacrificing the mentioned colorimetric properties.
Additionally, the innate nature of reduced contrast sensitivity between two
primary-mixed fields suppresses the CBU to be less sensitive than that appears in the
fundamental three-field FSC LCD. Finally, the psychophysical index, relative contrast
sensitivity (RCS), has demonstrated the applicability to evaluate CBU among various

driving schemes, which can be a useful feedback for system optimization.
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Chapter 1

Introduction

1.1 Green Concept

Green concept is pervading all present-day walks of life because of the alarming
crisis of energy shortage and environment deterioration. Being driven by this
demand, Green display or Eco-display has turned into an emerging, main theme of
display development. New display devices are expected to feature some properties,
such as material recycling, power: saving, non-toxic (e.g. mercury-free and/or
lead-free) stuff, carbon dioxide reduction, etc. Among: those considerations, power
saving of a liquid-crystal-display (LCD) system inspires the research of this thesis
because the LCD has dominated the markets of television and monitor nowadays.
This property will become more and more significant, say, for the enlarging display
size since the power efficiency of most LCDs, currently, is merely of around 6%
~10%.

Whenever power-saving or, equivalently, power efficiency promotion is thought
of in recent years, either field-sequential-color (FSC) LCD [1,2] or high-dynamic-
range (HDR) LCD [3,4] always recurs in our mind. The optical efficiency of the
FSC LCD is promoted, ideally up to a factor of 3, by removing the color filter.
Meanwhile, the electric power of the HDR LCD is saved by applying a
spatially-modulated backlight. Therefore, the integration of the merits of these two
types of LCD is regarded as a promising idea to innovate an LCD system, which is
supposed to be of considerable reduction of power consumption with compatible

display performance as the conventional LCDs.
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Some physical limitations and visual artifacts, however, restrain the development
of FSC LCDs. At the same time, some restrictions have been observed to degrade
the performance of the HDR LCD. The concerned issues will be described later; the
strategic designs on optics and driving algorithm are, thus, elaborated to facilitate

the FSC LCD with a spatially-modulated backlight.

1.2 Historical Review

Both spatial and temporal color synthesis methods, based on the principle of
additive color mixing, were developed in modern display history. In 1950, a
temporal FSC broadcast system for color television, proposed by the Columbia
Broadcasting System, was standardized by. the Federal Communications
Commission for use in the USA [5]. Three primary field pictures were shown at 144
Hz, which equals to 48 full-color images per second. This decision, however, was
soon set aside in 1953 due_to some system limitations and objectionable visual
artifacts, flicker and color break-up (CBU) {6] Then, the spatial mosaic
configuration, tri-chromatic phosphor triad, sprang up due to simplicities of design
and manipulation. Consequently, the application of the mosaic method culminated in

the cathode-ray tube (CRT) display in the past decades.

1.3 Conventional LCD

In the commencement of the LCD system, the mosaic method remains to be the
main design norm for simplicity. The so-called “conventional LCD,” as shown in
Fig. 1-1, is defined as an LCD system consisting of an LC module and a constant

white backlight module.



1.3.1 System Configuration

The LC module is composed of a series of functional layers. Briefly speaking, a
bottom polarizer, a bottom glass, a thin-film-transistor (TFT) array, an LC layer, a
color filter (CF) film, a top glass, and a top polarizer are stacked from the backlight
side to the observation side. Particularly, each pixel comprises tri-chromatic, namely
red, green, and blue, sub-pixels, independently controlled by the corresponding units
of TFT circuit. The pixel size is designed to be beyond the spatial discrimination
ability of the human visual system (HVS), such that the tri-chromatic light from
three sub-pixels is explained by the HVS as if emanating from the same position.
This mechanism is what spatial color Synthesis means. As for the backlight module,
cold cathode fluorescent lamp (CCFEL), the typical light source, is gradually replaced
by white light-emitting-diode” (LED) after  the  advanced improvement of
electro-optical transfer efficiency and cost reduction. It is worth noting that the “LC
module” defined here is somewhat different from-that termed in the industrial LCD
manufacturing processes. The backlight module is isolated from the usual LC

module because of the manifest significance in this thesis.

CCFL or White LC module
LED backlight AL

-

Polarizer Glass TFT LC CF Glass Polarizer
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Fig. 1-1 Configuration of a conventional LCD



1.3.2 Operation Principle

The digital data of an image, through a series of signal processes, are transformed
into analog signals. Row data lines of the TFT array circuitry switch on TFTs’ gate
electrode on the same row simultaneously. Electric charges, in proportion to the
image data, are then delivered to the storage capacitor of each pixel through column
data lines. The timing chart of the data registration and the following LC response
are illustrated in Fig. 1-2, in which one column of LC module is selected since all
columns experience identical timing, i.e. the field time Tr. The symbol 1 denotes the
data registration time of each row. In the conventional LCD, the value of 1 is
estimated according to one frame time'divided by the number of row. For the j™ row,
after the time of [(M-j)*t + j*1], the LC cell starts the molecule transition for the
time duration Ty till the stable state. (M-j)*t represents the data registration time for
the previous frame while j*t for the current frame. Successively, the LC cell keeps
the stable state for the hold timeperiod Ty, until theelectric field is altered in the next
frame. This nature gives the name of hold-type display, in contrast with the
impulse-type display, e.g. CRT. It is worth noting that each row of LC cells, in the
conventional LCD, actually undergoes the same time duration, T, for receiving
light illumination because of the constant backlight. The timing of such operation
mode reveals inadequate to the application of FSC LCD, which will be discussed in

detail in Section 1.4.3.2.
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Fig. 1-2 Timing chart of data registration and LC response

The incident un-polarized white light from the backlight module is first filtered by
the bottom polarizer to become single polarized light into the LC module. The
amount of light leaving the LLC module is'dependent on the final polarization state of
light reaching the top polarizet, which is regulated by the LC layer, functioning as a
light polarization modulator. The polarization modulation of light by the LC layer is
determined by the rotation of LC molecules, driven by the external electric filed
across the LC cell according to the electric charges accumulated in the storage
capacitor, as shown in Fig. 1-3. White light into the LC module then experiences
spectral modulation when passing through the CF of a sub-pixel to convert into
color light, green CF as an example in Fig. 1-3. The red and blue light can be
obtained following the same mechanism, except for the red and blue CF in the red

and blue sub-pixel.
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Fig. 1-3 Partial cross-section of the LC module

1.3.3 Optical Throughput

The pair of polarizers, the CF film, and:the aperture ratio of a pixel are the three
main factors decreasing the optical throughput of an. LC module. Theoretically, a
pair of orthogonal polarizers.allows, at most, passing through 50% of radiometric
energy of un-polarized light. The transmittance of the.CF film, in average, is of
around 33.3%. The aperture ratio of a pixel is defined as the ratio between the area
where light can pass through and the total area of the pixel. The black matrix in the
CF film, covering the underneath opaque regions of TFT devices, circuit paths, etc.,
primarily determines the area through which light can pass, as shown in Fig. 1-3. In
practice, the aperture ratio may vary within the range of 65% ~ 85%, depending on
the LC cell design. The overall optical throughput of these three components is
estimated to be 12.5% when the aperture ratio is taken as of 75%. In most cases, the
optical throughput of 8%~10% is the typical, reasonable estimation as some minor
mechanisms, e.g. light absorption and reflection, are considered. As a result, about
90% of incident light energy from backlight module is wasted in the LC module.
Low optical throughput of the conventional LCD, thus, concerns the researchers and

manufacturers in the LCD industry due to the emerging demand for power saving.



1.4 Field-sequential-color (FSC) LCD

In view of optical throughput, the FSC concept recurs since removing the CF can
promote optical efficiency by a factor of 3. Ideally, the optical throughput of the LC
module without the CF can be improved to be of 37.5% (= 50% * 75%). Besides,
the aperture ratio can increase because only one unit of TFT circuit is required in a
pixel. Around one-fourth to one-third of the cost can be reduced as well. Recently,
some FSC projectors have demonstrated that CBU can be suppressed by means of
multi-field driving scheme [7]. All these positive features newly inspire the

researches of FSC LCDs in recent years [8,9,10,11].

1.4.1 System Configuration

An FSC LCD has the similar structure to a conventional one, except for some
critical modifications. The primary difference in the LC module is that there are no
sub-pixels in a pixel along with the removal of the CF, as shown in Fig. 1-4. The
TFT layer is thus of less number of TFT units than that of the conventional LC
module. The backlight module is no longer emitting white light all the time, but
successive red, green, and blue light in time sequence. Red/green/blue LEDs are the

preferred light sources because of the short switching time and high color saturation.



Mult - primary LC module
LED backlight (w/o color filter)

Fig. 1-4 Configuration of an FSC LCD

1.4.2 Operation Principle

The FSC method manipulates the signals in-time domain. At first, one frame
period, e.g. 16.7ms at refresh rate 60Hz, is divided into three fields, each of 5.56ms.
Accordingly, each frame image is decomposed into a set of three primary field
images. During a field time, red field for example, the red image signals are
addressed into the pixel. After LC transition, the backlight module emanates uniform
red light into the LC module. The green and the blue stimuli are obtained in the
similar manner at the corresponding field time, as shown in Fig. 1-4. The HVS
receives the primary stimuli and integrates for a frame period. When the refresh rate
of the LCD is beyond the temporal discrimination threshold of the HVS, a full-color

image is formed as if those three filed images were seen at the same time.



1.4.3 Issues

In spite of the aforementioned advantages, the FSC method applied to the LCD,
however, encounters more serious challenges than those to the CRT. First, the visual
artifacts, flicker and CBU, are potential to incur annoying perception. Second, the
physical constraints, row data registration and LC response time, induce extra side
effects, which affect final output luminance and color performance. These issues are

introduced here and some strategies to those issues are described briefly.

1.4.3.1 Visual Artifacts

Flicker

Flicker in FSC display is mainly referred to “luminance” flicker, which is the
luminance change perceived.by observers. The “chrominance” flicker, caused by the
hue change between the primary colors, 1S less significant and is always disregarded
because CBU is the major visual artifact in color..Luminance flicker arises from the
periodic luminance variation between blue channel and the other two primary colors,
especially the green channel. In general, the ratio of maximum luminance between
the three channels is of roughly 3:7:1 in the order of red, green, and blue, as shown
in Fig. 1-5. The ratio varies with specific system design. The variation between the
primary channels, especially blue and green ones, produces a high-contrast visual

signal to the HV'S, which easily results in an objectionable flashing to observers.

—_ | 1 Frame |'—

Luminance (a.u.)

Time (sec.)
Fig. 1-5 An example of maximal luminance of the three primary channels
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Color Break-up (CBU)

CBU occurs occasionally when the field of view of an observer moves relatively
to an FSC display. If the speed of the relative motion exceeds the field refresh rate of
an FSC display, the three primary field images may not coincide on the retina. Color
fringes or color bands are probably observed along the direction of relative motion;
an example image is shown in Fig. 1-6 on the right. This phenomenon is termed as
CBU or rainbow effect, which leads to annoying perception experience and, thus,

degrades the visual quality.

Fig. 1-6 A normal image (left) vs. the CBU image (vight)

Prior Solutions

The two most effective methods to suppress flicker and CBU in FSC projectors
are field-rate acceleration [12] and multi-field driving scheme [7]; the latter can

regarded as the modified version of the former with extra advantages.

o DLP Board
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Fig. 1-7 1-chip DLP® projection [12]
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The method of field-rate acceleration has been implemented successfully in
commercial products of 1-chip Digital Light Processing® (DLP®) projector, as
shown in Fig. 1-7. The basic principle of 1-chip projection is to synchronize the
Digital Micro-mirror Device (DMD) with the color light, obtained when white light
from the lamp passing through the rotating color wheel. In the very beginning, the
1-chip projection runs in the mode of three primary fields per frame, and serious
flicker and CBU occur. Later on, two manipulations to speed up the field rate, as
shown in Fig. 1-8, are developed to suppress the visual artifacts. The field rate of the
first configuration, shown in Fig. 1-8(a), is 360Hz when the 6-segmentation
(RGBRGB, where R denotes red, G green, and B blue) color wheel rotates at 60Hz.
Similarly, the field rate of the second one, shown.in Fig. 1-8(b), is 480Hz since the
4-segmentation (RWGB, W for white) colotr wheel rotates at 120Hz. When the field
rate increases, the separate color-fringe width of each field is reduced in comparison
with the 180Hz-field-rate under the same viewing conditions. The HVS is less
sensitive to both high-frequency laminance and chrominance variation [13,14], so

the flicker and CBU are suppressed effectively with the increasing field rate.

@) Color Wheel (b)  Color Wheel
(RGBRGB) (RWGB)

—>| 1 Frame |-— —>| 1 Frame |<—
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Time (sec.) Time (sec.)

Fig. 1-8 Two manipulations of field-rate acceleration method: (a) RGBRGB
segmentation of color wheel rotating at 60Hz, and (b) RWGB segmentation of

color wheel rotating at 120Hz, where W denotes white
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The multi-field driving scheme is the advanced version of the method of field-rate
acceleration. More than the three primaries, R, G, and B, are displayed in a frame,
such as RYGB, RGBCY, RGBCYM, etc., where Y, C, and M denote yellow, cyan,
and magenta, respectively. Although incurring rather complexity of color-managing
algorithm, the driving scheme possesses extra advantages in addition to that from
the method of field-rate acceleration. Firstly, the color gamut of multi-primary
system, in general, is wider than that of three-primary one. Secondly, the luminance
is redistributed more uniformly to the multi fields, so helps to alleviate flicker.
Finally and the most important of all, the contrast sensitivity between the primaries
of separate color fringes is reduced that is useful to suppress CBU.

In summary, those driving schemes introduced in the section are promising for
flicker and CBU suppression, and have led the development of FSC LCDs. However,
the increment of field number in'a frame lessens the time necessary for the row data
registration and LC response. Consequently, insufficient time for the system

operation results in degradation of display performance, introduced below.

1.4.3.2 Physical Constraints

That slow response of most LC modes obstructs the progress of FSC LCDs has
grown into a well-known common consensus. On the contrary, the engineering
challenge arisen from the row data registration catches little attention. The

influences from these two fundamental features of LCD are clarified here.
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Row Data Registration

In the conventional LCDs, each row of LC cells receives equivalent amount of
incident light from the constant backlight. The rotation state of LC cells on each row
is not changed until the next cycle of data refreshment. Nevertheless, it becomes
difficult to synchronize the primary backlight emanation with the row data
registration in the FSC LCDs. Data registration, from the first (top) to the last
(bottom) rows, spends a field time. The immediate question is when the backlight is
turned on. Three occasions of turning backlight on are illustrated in Fig. 1-9. Fig.
1-9(a) shows that the backlight is switched on according to the first row. That is, the
backlight, shown as a translucent red block, is turned on and lasts the hold-time of
the first row. It is worth noting that some bottom rows are still in the hold-time with
image data of the preceding field. The color light in the present field incident on the
LC cells with data of the preceding field incurs enormous stimuli — crosstalk. As the
actuation of backlight is based on the middle row, as. shown in Fig. 1-9(b), the
crosstalk may occur in both the preceding and the succeeding fields. Finally,
crosstalk mainly shows up in several top rows of the succeeding field when the
backlight is in synchronization with the bottom row, as shown in Fig. 1-9(c).

One way for crosstalk reduction is to shorten the time period of backlight
illumination. However, the overall output luminance of the display system may be
reduced as well. A feasible solution, multi-division scanning backlight [15,16], is
proposed to save as much time as possible for both backlight illumination and LC
response. This spatial backlight design and the operation will be introduced in detail

in Chapter 3.
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Fig. 1-9 Backlight illumination during the hold-time of LC cells according to
(a) the I° row (top), (b) the (M/2)" row (middle), and (c) the M™ row (bottom),
respectively, which will induce cross-talk with respect to the preceding field,
both the preceding and the succeeding fields, and the succeeding field in the

corresponding case.

L C Response Time

Color gamut shrinkage is the serious side effect when the slow-response LC mode
is implemented in the multi-field driving scheme. Take a Twisted Nematic (TN) LC
mode with response time of more than 16.7ms for example, as shown in Fig. 1-10(a)
[17]. The polarization state of LC cell is gradually changing during a frame time so
the spectral transmittance varies dynamically. Thus, the same incident backlight,
equivalently, undergoes different spectral filtering at every small time interval
among a frame period, successively. As a result, the integration of output stimuli for
a frame time produces a de-saturated optical stimulus, whose colorimetric
coordinate moves toward the inner white point. Therefore, the color gamut is shrunk
along with the increasing frame (/field) rate, as shown in Fig. 1-10(b) [18]. As a

result, it has become a guiding rule that the backlight illumination had better await
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the LC cells reaching the stable state to prevent from primary de-saturation. This is

the very reason why fast-response LC modes are required for the FSC LCDs.

Frame rate

— 60Hz

~120Hz
— 180Hz
240Hz

Transmittance [A.U.]

Time [50ms/div]

(@) (b)

Fig. 1-10 (a) TN LC mode with response time more than 16.7ms to achieve
stable sate [17]; (b) color gamut is shrunk along with increasing frame rate as

slow-response LC mode is used [18].

As a comparison, it is worth exploring why the multi-filed driving scheme can be
applied to 1-chip DLP® projection. First, the timing of the data registration in the
light valve, DMD, is different from that in the LLCDs. The data registration of the
memory array, underneath the micro mirrors, 1s processed simultaneously while the
micro mirrors are latched to certain orientation for reflection. The incident primary
light can synchronize the data registration easily without crosstalk and trade-off of
illumination intensity, occurring in the FSC LCD. Second, the optical switching time
of DMD is of ~2pus [19] so the saturation of primary stimuli and, thus, the color
gamut is independent of the field rate, but only the spectral characterization of the
color filters on the color wheel.

In summary, crosstalk, trade-off on maximum output intensity, and shrinkage of
color gamut, are the three main issues degrading the system performance.
Particularly, those issues occur even in the basic three-field FSC LCD, and get more

serious when the response of LC mode is not fast enough, say, the response time of
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4ms~8ms of most current LC modes. Hence, it is recommended that the system
performance, i.e. colorimetric characteristics, must first be achieved to be similar to
that of the conventional LCDs before starting the suppression of visual artifacts. A
two-field driving scheme (referred to Chapter 4), the main theme of this thesis, is
effective to solve the issues arisen from the physical constraints. Since the
spatially-modulated backlight of the high-dynamic-range (HDR) LCD plays a
significant role in the proposed method, the concept of the HDR LCD is introduced

in the following.

1.5 High-dynamic-range (HDR) LCD

The HDR LCD is prominent for the ‘apparently wider dynamic range of luminance
than that of the conventional LCD. Meanwhile, the ability of power-saving of such
kind of LCD has received much attention. The brief concept of the HDR LCD is
introduced since the spatially-modulated backlight is one of the major components

of the proposed configuration of'the. FSC LCD.

1.5.1 System Configuration

After the HDR LCD was proposed, the luminance range of an LCD system
extends remarkably [3,4]. This enhancement is achieved by replacing the traditional
full-on, constant backlight with the spatially-modulated one, as shown in Fig. 1-11.
Radiant energy emanating from the backlight surface can vary spatially, which is
regarded as a low spatial resolution image, and then be modulated by the front LC
panel to form an image with clear details. The image reproduction on an HDR LCD
is based on EqQ. (1-1), where L and I denote the incident and the output luminance of

an LC pixel, and T the transmittance of that pixel. The suffixes “0” and “r” are

acronyms of “original” and “reproduced”, respectively. The reproduced
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transmittance, 7,, can be derived by Eqg. (1-1) when the reproduced incident
backlight luminance, L,, is known, and vice versa. It is worth noting that the
reproduced output luminance, 7, is a function of the incident luminance, I,. If the
goal of image reproduction on an HDR LCD is aimed at the exact colorimetric
reproduction, 7, is simply set equal to I,. Otherwise, set the lowest I, less than the
lowest I, and then re-scale I, as a function of I, to widen the dynamic range. High

contrast ratio is achieved without increasing the maximum luminance.

I,=f(Io), where I, =L xT, and I, =L xT, (1-1)
Backlight Module LC Module
A

' N\
LED Arrayl— Optics

B/L Surface

Fig. 1-11 The configuration of the HDR LCD, which comprises a spatially-
modulated backlight with white LEDs and an LC module with color filter [3,4].

1.5.2 Signal Derivation

An LCD with a spatially-modulated backlight is controlled by both the LED and

the LC cell driving signals, which can be derived in either “forward” or “backward”
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pathways. The “forward” process determines the LC signals from the backlight
information, briefly following the sequence from target luminance, I, obtaining the
LED signal, dp;, and then the LC signals, dic, as shown in the flowchart Fig. 1-12.
Shortly speaking, the process follows the procedure: step 1 first, then step 3, and
finally step 6. On the contrary, the “backward” process determines the LED signals
based on known LC signals, that is, changing the sequence of deriving drc and dp;
in the “forward” process [20]. That is the order: step 1 first, then step 6, and finally
step 3. It is worth noting that I, di¢, and dp; must be threefold for three-primary
color mixing. In addition, 7, as shown in Fig. 1-12, must be adjusted according to Eq.
(1-1) to be I, before running the signal processing flow. Both pathways are of equal

importance and applied to the proposed two-field driving scheme.

I : output (/target) luminance of single pixel (nhormalized)
dg, : LED driving signal
¢ - LCM driving signal
incident backlight luminance onto single pixel

d

L:

p - light spread function r, : transfer function of LED
T : transmittance of single pixel r, : transfer function of LCM

Fig. 1-12 Flowchart of deriving driving signals for backlight module (B/L M)
and LC module (LCM) [3,4]



1.5.3 Issues

Backlight luminance distribution, L, at step 4 is the critical connection between
dp; and dic. In the “forward” pathway, L is obtained by linear superposition, EQ.
(1-2), in which I;(n) denotes the intensity of n™ LED and P(x, y; n) the light spread

function (LSF) of the n™ LED corresponding to LC pixel at position (x, y). As for

A

the “backward” one, the estimated LED intensity, I, , is acquired by pseudoinverse

computation, Eq. (1-3), where 1 > L, and p are the equivalent matrix forms of

I, L, and p after moderate rearrangement.

L(x,y)= Z p(6yim): 1,(n) (1-2)

A

i, =" p)tptei (1-3)

The accuracy of L strongly affects the colorimetric performance of images
displayed on an LCD with a spatially-modulated backlight. In the “forward” process,
L is, in fact, seldom obtained using EQ. (1-2) because of the computation loading
and the considerable cost of memory if all the numbers of LSF of each LED is
stored. That is, LSF of each LED generally varies at different position due to the
interaction, e.g. reflection, with boundary walls of the backlight module. Hence, a
great amount of LSF must be recorded faithfully if Eq. (1-2) is applied. Instead,
convolution computation is used in practical situations [4]. However, the necessary
condition, spatial shift invariance, for applying convolution is always violated in real
cases, which result in inaccurate L leading to inaccurate compensation of LC cells.
The influences of incorrect estimation of L on colorimetric performance are
discussed in Chapter 2; a solution, special optical design of backlight unit, to this

and the other issues is proposed in Chapter 3.
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1.6 Motivation and Objective

The motivation is aroused by the issues from applying the multi-field driving
scheme to the FSC LCD. The multi-field driving scheme, based on reduction of
color fringe width, has been verified to effectively suppress visual artifacts in
projection displays. In fact, this solution has become the guiding rule in developing
the FSC LCD. Nevertheless, when the multi-field method is applied, time duration
of single filed grows into the critical design parameter. If being with insufficient
field time, the physical constraints of LCDs will lead to deteriorated system
performance: field crosstalk, reduction of output intensity, and shrinkage of color
gamut. Comparatively, an FSC LCD without those colorimetric issues must be of
higher priority than that without the visual artifacts, CBU and flicker, at the opening
of evolving the FSC LCD. Thus, a novel two-field driving scheme, contrary to the
multi-field fashion, is proposed sin¢e it can increase the. filed time that is beneficial
for improving backlight intensity and maintaining color gamut.

The objective of this research is threefold. The first is to work out a framework of
the FSC LCD running at two fields per frame. The goal falls on a feasible algorithm
for the two-field driving scheme. An apparent difficulty immediately occurs at how
three-primary information can be conveyed faithfully via two fields. For that matter,
a spatially-modulated color backlight is incorporated since such system possesses
three spatial degrees of freedom, which can compensate for the lack of the third
degree of freedom in time domain. However, issues on colorimetric reproduction
and operation efficiency are observed when an LCD adopts such kind of backlight.
A color model and a specific optical design of the backlight together compose the
second objective. Thirdly, a metric for CBU evaluation based on the HVS is

proposed and CBU suppression of the two-field method is compared with others.
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1.7 Organization of Dissertation

This dissertation is divided into six chapters. The context is schematically
illustrated by Fig. 1-13. Chapter 1 goes through the brief introduction to the FSC
LCD and the HDR LCD, followed by challenge issues. Besides, motivation and
organization have also provided. Chapter 2 explains the development of a specific
color model necessary for an LCD system with a spatially-modulated backlight
module. Chapter 3 presents a novel concept of super-Gaussian LSF particularly
adequate for the system with a spatially-modulated backlight module. A special
optical design of light guide unit to realize the desired LSF is also described.
Chapter 4 elaborates the manipulations to fulfill an LCD operated by the two-field
driving scheme. The suppression of CBU based on reduction of contrast sensitivity
is disclosed. Chapter 5 introduces a useful index for CBU quantification based on

the human visual system. The applications of the index.are given. Chapter 6 gives

the conclusions and future works.

S-Gaussian
Color ModelJ LSE + LGU J

Sysit-empwathS paitaiiiy= 2-field
moduliaitedNEoloraBYAE Driving Scheme

2-field
ESC LCD

RCS Index J

Fig. 1-13 Organization of the research topics of this thesis
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Chapter 2

Colorimetric Characterization

2.1 Introduction

The colorimetric characterization of a display medium is the very fundamental
profile for color reproduction across multi-media. The standard process flow of
color reproduction is schematically summarized in Fig. 2-1. The “profile” is the
device model that correlates the input signals from the device-dependent color space
with tri-stimulus values in the device-independent color space, such as CIE XYZ or
CIE LAB. If the ambient conditions are regarded, color appearance model (CAM),
e.g. CIECAMO2 [21], must be applied to transform those device-independent
tri-stimulus values into perceptual = attributes, e.g. lightness, chroma, and hue,
denoted as J, C, and h, respectively. Since the viewing conditions and the device
characteristics are rarely identical ‘in’practice, gamut mapping is indispensible
between the source and the destination situations. After achieving the reproduced
perceptual attributes, the color transformation is executed in inverse sequence from
reversing the CAM to obtain the corresponding device-independent tri-stimulus
values and then the profile to deduce driving signals for the destination devices.
Theoretically, the reproduced perception in the destination situation is assumed to be
similar to that of the original one. First of all, the color model or profile derived by
colorimetric characterization bases the entire process and even other applications of

color manipulations, such as white balance.
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Fig. 2-1 Standard process flow of colorweproduction

In contrast with the advanced progress on system implementation, the exploration
of colorimetric properties of ‘the, HDR LCD gets only rare attention [22,23,24].
Currently, EQ. (2-1) is assumed to be'the ideal color model for the HDR LCD, where
I, L, and y denote output luminance, backlight luminance distribution, and
non-linear behavior between input digit, d, and the resultant 7, respectively. N in the
term, 2V-1, denotes the bit-depth of the signal format of a display medium. If not
explicitly declared, bit-depth 8 is usually the value. Besides, EQ. (2-2) is the transfer

equation being commonly used [25].

d y
1= L(2N : J (2-1)
IR
L=1, = d=|-*| xd, (2-2)
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The issues from the model expressed by EQ. (2-1) are obviously twofold, though.
First, the leakage light of an LCD at dark level is not accounted for. Second, the
non-linearity of the opto-electronic transfer function (OETF) is not precisely an
exponential one. A pair of chromatic diagrams of three primaries, shown in Fig. 2-2,
measured on two images displayed on an LCD system with a spatially-modulated
backlight. The mosaic image contains patches with all the twelve sets of input digits
of those in the red, green, and blue color-ramp images. The result reveals important
information that such an LCD system possesses one-to-many color mapping.
Namely, for a set of input digits, (d. dg d), it may correspond to more than one set of
colorimetric tri-stimulus values. Actually, this is the third property by which cannot
be provided by EQ. (2-1). More details about the measurement and color difference
calculation will be described in Sections 2.3 and 2.4. Therefore, an adequate color

model is an inevitable requirement when this type of LCD is being in vogue.
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Fig. 2-2 Chromatic diagrams of three primaries measured on (a) color-ramp
images and (b) a mosaic image, displayed on an LCD with a

spatially-modulated backlight
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2.2 Color-modeling Principle: Two-stage Approach

An effective principle for colorimetric characterization is called two-stage
approach [26]. The first stage accounts for the non-linear behavior between the input
digits and the radio-metric scalars, simply expressed by an OETF. The OETF can be
an analytic physical model of the display device, e.g. CRT [27,28], or a recorded
look-up table (LUT), which is suitable for an LCD and will be introduced in the next
section. The second stage successively transforms the radio-metric scalars into the
resultant tri-stimulus values by linear algebraic matrix. Because of the similarity of
system construction, current task is appropriate to refer to the prior colorimetric

characterization of the conventional LCD.

2.2.1 Conventional LCD

If a conventional LCD possesses channel scalability and independence, the
model, expressed by EQs. (2-3) and (2-4) [29], can achieve acceptable accuracy of
predicting device-independent colors. Based on the two-stage approach, the process
of characterizing a conventional LCD is illustrated by Fig. 2-3. Three
one-dimensional look-up tables (LUTs) of the radio-metric scalars are built first,
accounting for the OETF of LC cells as a function of input digits of each channel.
Those radio-metric scalars, denoted by R, G, and B in EqQ. (2-3), range from zero to
unity, where d,, dg, and d, are input digits of red, green, and blue channel,
respectively. The linear conversion between radio-metric scalars and resultant
tri-stimulus values, are then constructed, as shown in Eq. (2-4). [Ximax Yimar Zimax]
are the maximal tri-stimulus values of channel i, which denotes r, g, and b for the

corresponding three primaries. The tri-stimulus values of “flare” term, [X; Yi Zk]T,
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accounts for the non-zero radiance at black level [27,28]. Flare term should be
treated carefully in modeling an LCD because it is mainly responsible for the

instable primaries [30].

R=LUT(d,)
G=LUT\d
( g) (2_3)

B=LUT(d,)

0<R,G,B<L1
X Xr,max _Xk Xg,max _Xk Xb,max _Xk R Xk
Y |= Yr,max - Yk Yg,max - Yk I/b,max - Yk G|+ Yk (2-4)
Z Zr,max _Zk Zg,max _Zk Zb,max _Zk B Zk

(d,d,dy)

Non-Linear Stage
(OETF)
Eg. (2-3)

v

(R =B)

v

Linear Stage
(Conversion Matrix)

Eq. (2-4)

!

(X¥2)

Fig. 2-3 Color model of a conventional LCD following the two-stage approach

If channel scalability and independence, on the contrary, are violated, complex
models should be considered [31,32,33]. An effective methodology is to statistically
improve the model performance [30], in spite of the aforementioned issues and the
measurement uncertainty of equipment. In summary, this methodology is based on
Eqgs. (2-3) and (2-4), and performs non-linear optimization to minimize the mean
CIEDE2000 color difference, calculated by the CIE (Commission Internationale de
L’Eclairage) 2000 color difference formula [34], of test colors sampling the display’s
gamut. Three one-dimensional LUTs in EQ. (2-3) and all the tri-stimulus parameters

in EQ. (2-4) are dynamically adjusted in every iterative process.
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In summary, the model expressed by EQs. (2-3) and (2-4) can moderately
represent the two properties, non-ideal exponential behavior of OETF and non-zero
radiance at black level, to which the simple model, Eq. (2-1), is inapplicable.
Nevertheless, one set of input digits into EQS. (2-3) and (2-4) can merely obtain a
unique set of output tri-stimulus values, that is, one-to-one mapping. One-to-many
mapping phenomenon observed in the LCD with a spatially-modulated backlight

remains an issue to be solved.

2.2.2 LCD with a Spatially-modulated Backlight

The colorimetric characterization is performed on the system primarily consists of
an LC module with CF and a spatially-modulated backlight with white LEDs, as
shown in Fig. 1-11. Obviously, the color model of the conventional LCD, as shown
in Fig. 2-3, cannot form the one-to-many mapping relationship observed in an LCD
with a spatially-modulated backlight. It is presumed that the corresponding LED and
LC driving signals should play significant roles in the process of colorimetric
characterization. The signal derivation of the target system needs to be discussed in
detail instead of the brief introduction given in Section 1.5.2, in which merely the

“forward” and the “backward” processes are defined.

Signal Derivation Revisited

The process of deriving LED and LC driving signals has been illustrated in the
flowchart, as shown in Fig. 1-12 [4]. I is the normalized luminance of each pixel and
the square root of 7 is to increase the normalized luminance value of each pixel. I is
the luminance value of each LED. Since the number of LED is less than that of LC
pixels, step 2 to step 2a is treated as a down-sampling procedure. After inversely

converting I; by LED response function ry, step 3, the driving signals, dp;, of each
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LED are deduced. Step 4 is the convolution of I; and p;, the LSF of single LED, to
obtain the normalized backlight luminance, L. The outcome of the target value
divided by the convolution result, step 5, denotes the transmittance, T, of each LC
pixel. Accordingly, the driving signals of each LC pixel, dic, are obtained after
inversely transforming the transmittance by the LC response function, r;, at step 6.
Particularly, this process is performed three times for the three primary channels.
The final outcomes are LED driving signal, dp;, and the set of LC driving signals,

(drcr dicg dicp), which are then re-symbolized by (d,.’ d,’ d}’), for short.

Proposed Color Model

As for the one-to-many mapping behavior, a hypothesis is made that the flare
term in EQ. (2-4) is no longer constant, neither the other matrix parameters. Thus,
the normalized backlight luminance L-is suggested to be incorporated into EQs. (2-3)
and (2-4) that are then modified into EQS. (2-5) and (2-6), accordingly. If linearity is
hold between the backlight luminance and the maximal tri-stimulus values of each
channel, EQ. (2-6) can be further simplified in-the form of EQ. (2-7). As a result, the
proposed model for current system configuration is composed of signal derivation

for dp; and (d,’ d,’ dy’), and EQs. (2-5) and (2-7), finally.

R=LUT(d,")
G=LUT(d,)
B=LUT(d,') (2-5)
0<R.,G,B<I1
0<L<I

X | X (D) = X (D) Xy 1 (D) = X, (D) X, o (L) = X (L) [ R] [ X (L)
Y= Y (D) =Y (L) Y, ,(L)=Y, (L) ¥, (D)=Y,(L) |G |+| Y (L) | (2-0)
Z| | Z,.D)-2,) Z,,,L)-Z,(L) Z,,,(L)-Z,(L) | B] [Z,(L)

g,max max

X Xr,max_Xk Xg,max_Xk Xb,max_Xk R Xk_
Y = Yr,max_Yk Yg,max_Yk Yb,max_Yk G L+ Yk L (2-7)
Z Zr,max_Zk Zg,max_Zk Zb,max_Zk B Zk
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In comparison, the proposed color model, different from that of the conventional
LCD, requires a pre-process for the system driving signals, as shown in Fig. 2-4.
Those sets of extra information explain well why the one-to-many mapping occurs
in current system configuration. That is, a set of input digits can derive interim
information of backlight intensity and compensated LC signals, which result in
diverse output tri-stimulus values. It is worth noting that if the same LC module is
implemented in the two types of LCD, the LUTs are identical because the

transmittance of the LC cells is independent of the backlight luminance.

Algorithm

______ S

ELCM signalsg LED signalsé
(dr’ db,) (dBL) i

|®LSF
B/l intensifﬂ

[ Eq. ('2-5) —{ Eq. i2-7) |

XY 2)

Fig. 2-4 Color model of an LCD with a spatially-modulated backlight

2.3 Experiment

The chromaticity property of an LCD with a spatially-modulated backlight is
explored first by examining the primary stability under different illumination
distributions of backlight. Then, the accuracy of the proposed model, expressed by
EQgs. (2-5) and (2-7), is evaluated by color difference between the predicted and the
measured colorimetric values. Comparison will be made between the proposed

model and the model dedicated for the conventional LCD, expressed by EQs. (2-3)
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and (2-4), so as to verify the necessity of the proposed model. The measurement is
done by means of the spectro-radiometer SR-UL1R [35], under the setup of 2°

measuring angle, at which working luminance range is 0.005 ~ 3,000cd/m’.

A. Testing Platform

An LCD system with a spatially-modulated backlight is constructed as the testing
platform. 8-by-8 groups of three-in-one LED are implemented as light source for the
377 LCD of resolution 1920-by-1080 pixels. Each LED group contains 18 LEDs.
Those LEDs work as white light source by controlling the embedded red, green, and
blue LEDs in synchronization, although they can be operated independently. The
maximum luminance of the system is about 507cd/m?, and the minimum could be of
less than 0.05cd/m® The contrast ratio, thus, was of greater than 10,000:1. This
system can function as both the conventional LCD and the LCD with area-adaptive
backlight distribution by turning all 'LEDs full-on“and by adjusting LEDs

dynamically, respectively.

Colorimeter

HDR-LCD

Fig. 2-5 Experiment setup
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B. Preliminary Measurement

The three one-dimensional LUTs are important in both modes of operation. In
assumption, LUTs only characterize the OETF of the LC cells and are not associated
with the backlight luminance. Therefore, the LUTs can be created following the
same procedures as that in the conventional LCD. First, all the LEDs in the
backlight module are turned full-on, like the case of the conventional LCD. Second,
input digits of eleven equal steps, from 0 to 255 for eight-bit signal depth, are the
input signals for each primary, respectively. Finally, optimization of
least-square-error of colorimetric difference is performed iteratively to obtain the
LUTs in EQ. (2-3) and the parameters in EQ. (2-4). In addition, the channel

scalability and independence are also verified.

C. Testing Images

According to the one-to-many mapping relationship, the resultant tri-stimulus
values of a set of digit counts are expected to vary-with image content. The backlight
distribution is postulated to be the key factor affecting the final tri-stimulus values.
The color-ramp and mosaic images, as shown in Fig. 2-6, are thus designed to
evaluate the proposed model and that for the conventional LCD since two different,
regular and random, manners of backlight profiles are induced, which are beneficial

to clarify the effect of backlight distribution.

(@) (b)

Fig. 2-6 (a) color-ramp and (b) mosaic images are designed as the test images
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The digit counts of uniform patches in the red ramp image, as shown in Fig. 2-6(a)
for example, are set as (10 0 0), (90 0 0), (180 0 0), and (250 0 0) from left to right.
Those digits are chosen because they cover the range from low to high luminance
levels. Green and blue ramp images are in the same fashion, except for
inter-changing the order of primary channel. The colorimetric data are measured at
the center of each uniform patch. The mosaic image consisted of 32-by-16
rectangular patches, as shown in Fig. 2-6(b), including all the sets of digit counts in
the color-ramp images. Moreover, more than one color patches can be of the same
set of digit counts at random position in the image. The tri-stimulus values are
measured on twelve color patches chosen arbitrarily and corresponding to each color
ramp. Some achromatic (white, gray,;and black) patches are also added in the image

in order to extend the spatial luminance variation of backlight distribution.

2.4 Result and Discussion

The first observation is exactly the one-to-many mapping, which initiates this
study and has been introduced by the measured chromaticity, as shown in Fig. 2-2. A
postulation that backlight distribution induces the diversity of resultant tri-stimulus
values has been made to build up the proposed color model. Here gives the
qualitative insight into this phenomenon by means of the designed images.

Based on colorimetry, the chromaticity coordinate, (x y), is calculated by Eg.
(2-8). In combination with EQs. (2-6), (2-7) and (2-8), the chromaticity diagrams,
shown in Fig. 2-2, can be reasonably correlated with the percentage of the term
L*[X; Y Z]" in the resultant [X Y Z]". Briefly speaking, if the percentage increases,
the chromaticity coordinate moves closer to the central position, and vice versa.
Take the red-ramp image for example. The radio-metric scalars are both zeros. The

resultant tri-stimulus values can be obtained by Eq. (2-9). Since R and L tend to vary
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in the same manner from left to right, as observed in Fig. 2-6(a) and Fig. 2-7(a), the
percentage of the term [X Y Z]" changes little. Therefore, the chromaticity of red
primary is almost the same, so are the other two channels. On the contrary, the
backlight distribution of the mosaic image varies randomly, as shown in Fig. 2-7(b).
The chromaticity diagram shown in Fig. 2-2(b) is just the result of an
arbitrarily-chosen set of twelve color patches. If another set of twelve color patches
are measured at different position, the chromaticity diagram may change as well if

the percentage of the term [X Y Z]" of each selected color patch is different.

e X
) X+§+Z (2-8)
Y= ssmnma
L X+Y+Z

X _Xr,max_Xk Xk

Y |=| Y =¥ |RL+| Y, |L (2-9)

Z _Zr,max_Zk Zk

1 - 1
0 0

(a) (b)

Fig. 2-7 Two backlight distributions, corresponding to (a) color-ramp and (b)

mosaic images, respectively

The second test is aimed at examining the effectiveness of the proposed model
and that for the conventional LCD. CIEDE2000 color difference, as shown in Fig.
2-8, between the measured colorimetric tri-stimulus values and the ones predicted by
the two models, respectively, are calculated as the index. Cross comparisons are

made between the two models with data retrieved from the two designed images.
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Fig. 2-8 CIEDE2000 color, with respect to the proposed model (trips enclosed
by solid boundary) and to the model for the conventional LCD (trips enclosed
by dashed boundary), is computed with data retrieved from (a) the color-ramp

and (b) the mosaic images. L in the computation is obtained by convolution.

For the color-ramp image, the average CIEDE2000 values calculated from the
conventional model are well-above 3.41 and up to 24.52 at the patch (0 10 0), as
shown in Fig. 2-8(a). Meanwhile, those from the propoesed model are well-below
2.35. Large color differences occur at patches including digit 10, because large
luminance errors are introduced by-the conventional model by means of Eq. (2-4),
where the matrices parameters are constant that cannot reflect backlight variation.
As for the mosaic image, the difference of the CIEDE2000 values between the two
models became unnoticeable statistically, as shown in Fig. 2-8(b). This result may
be due to the fact that the backlight distribution of the mosaic image gets closer to
that of the full-on backlighting, to which the conventional model is applied.

The proposed model is more suitable for the LCD with a spatially-modulated
backlight than that for the conventional LCD, based the results shown in Fig. 2-8.
However, a color model achieves color prediction to current degree of accuracy, say,
with error tolerance greater than CIEDE2000 value of 1.0 is inapplicable in view of
colorimetry. The backlight distribution L, currently obtained by convolution, may be

the cause. For verification, color difference is re-computed with measured L.
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Fig. 2-9 CIEDE2000 color, with respect to the proposed model (trips enclosed
by solid boundary) and to the model for the conventional LCD (trips enclosed
by dashed boundary), is computed with data retrieved from (a) the color-ramp

and (b) the mosaic images. L in the computation is obtained by measurement.

Overall speaking, reduced color «differences  are obtained when the measured
backlight intensity L is used in the computation. The CIEDE2000 values, arising
from the proposed model, are all less than or around 1, as shown in Fig. 2-9, for
both the color-ramp images and the'mosaic image. However, the CIEDE2000 values,
resulting from the conventional-model, are well-above 2, which is still inapplicable
to color reproduction. Although the reduction of CIEDE2000 values are also
observed in comparison with the results shown in Fig. 2-8, it is just due to the
selection of another set of twelve measurement positions. In summary, the proposed
model is applicable to the HDR LCD. Besides, the accuracy of backlight distribution
remains a challenging engineering issue of the LCD with a spatially-modulated
backlight [36,37].

It is worth noting that CIEDE2000 formula is preferred to evaluate colorimetric
difference since more databases and corrections have been involved in the
development. The CIEDE2000 value is much closer to subjective difference than the
other prior color difference formulae. As the latest version of color difference metric,

CIEDE2000 is therefore recommended by CIE for industrial applications.
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2.5 Conclusion

This study clarifies the specific colorimetric property of one-to-many mapping of
the LCD with a spatially-modulated backlight. This characteristic cannot be
explained consistently by any existing color models. After investigation, the
parameter, backlight distribution L, is identified to be the critical factor leading to
such colorimetric behavior. Consequently, a proposed color model, implementing L
as a crucial parameter, has been developed and verified to be of CIEDE2000 value
around or less than 1 in color reproduction accuracy. The result strongly recommend
that the widely-applied method nowadays, introduced in Section 2.1, must be
replaced by the proposed color model in order to.convey precise color information.

The model performance can be further enhanced by some strategies. A feasible
solution, for instance, is to apply non-linear optimization onto the model equations
to achieve results with least-square errors. However, the radical consideration must
fall on how to improve the accuracy. of backlight distribution L, which is certified to
dramatically affect the model performance from the experiment outcome. This
challenging issue will be worked out by a special optical design of light guide unit

(LGU), as being elaborated in Chapter 3.
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Chapter 3

Super-Gaussian LSF with Light Guide Unit

3.1 Introduction

The construction of an LCD with a spatially-modulated backlight gradually
becomes a well-known craft, yet the colorimetric performance and manipulation
efficiency remain to be improved. For example, unacceptable colorimetric
reproduction error, arising from inaccurately estimated backlight distribution L
discussed in Chapter 2, has not received sufficient attention. Although many efforts
are made to facilitate such system [20,38,39], the development will be incomplete
without pondering the impacts of L, or, more precisely, the effects of light spread
function (LSF). Thus, it is the opportune moment to make in-depth analyses of the

influences of LSF and the related issues.

3.1.1 Free-spreading LSF

The free-spreading or, specifically, Gaussian-shaped LSF has been regarded
tacitly as the primitive light profile ever since the HDR LCD is proposed [3,4]. This
customary law is formed because the Gaussian LSF, as shown in Fig. 3-1, is of
compact mathematic expression and is, thus, convenient to derive L by convolution
computation, at step 4 as shown in the flowchart Fig. 1-12. Nevertheless, a
necessary condition, spatial shift-invariance, for the convolution computation is
always violated in practical systems; that is, the LSF varies with the LED position,
as exemplified in Fig. 3-2. The measured light distribution profiles, associated with

three groups of LEDs (white highlight) as an example, are apparently non-identical
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at bottom corner, center, and bottom edge of the backlight module, respectively.
Analytically, the variation of LSF profile, dependent on relative position, mainly
arises from the reflection of LED light energy from the edges of backlight module.
Those spatially shift-variant LSFs lead to the inconsistency between the measured L
and that by convolution computation, discussed in Section 2.4. In summary, the very
first issue, color reproduction error, commonly exists and affects the colorimetric

performance if without the improvement in accuracy of the estimated L.

0.5

- Norm. Luminance

500 ’ 500

Y (pixel) 0o X (pixel)

Fig. 3-1 A two-dimensional Gaussian profile is most frequently-applied LSF in
the HDR LCD or, say, an LCD with_a spatially-modulated backlight

S

Fig. 3-2 Spatially shift-variant LSFs always exist in a spatially-modulated

backlight. Three groups of LEDs are located at bottom corner, center, and

bottom edge, respectively, with the associated non-identical light profiles.
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The overall backlight uniformity is in general not as uniform as the conventional
full-on backlight, which is treated as an entirety so the optomechanical layout can be
optimized. An example L, as shown in Fig. 3-3, is synthesized by means of the
Gaussian LSF shown in Fig. 3-1 when all the LEDs are turned full-on. The resultant
backlight intensity decreases from center to edges of the backlight module, in
accordance with reducing number of LEDs that can contribute to energy overlap.
Thus, for images with high brightness contents, like full white image, the intensity is
on the decrease in outward direction, similar to the top-view inset in Fig. 3-3. The
intensity variance is capable of being leveled off by lowering down the intensity
around the central area by the front LC panel. However, the cost will be the energy
waste and the overall luminance reduction of the whole system. This tradeoff turns

into the second issue of free-spreading LSF.

Norm. Luminance

1500

500 1000

_ 500
Y (pixel) 00 X (pixel)

Fig. 3-3 Overall backlight distribution L, resulted form all full-on LEDs, tends
to reduce form center to backlight boundaries if free-spreading LSF is applied.

A further inspection is concerned with the contrast ratio and electric power
consumption affected by the LSF. The image, as shown in Fig. 3-4, featuring high
contrast ratio and high spatial frequency is taken as an example. The image is

displayed on the system, introduced in Section 2.3, with 8-by-8 backlight divisions
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separated by the green dashed lines. Point a in the enlarged part, enclosed by a red
dot rectangle, is of maximum luminance. The backlight intensity for point a is
always inefficient if the light energy is only provided by that division containing
point a. In fact, the necessary backlight intensity has to be contributed by the
additional next three layers of backlight divisions in current system. As a result, the
flare term, L*[Xy Yi Zi]" from Eq. (2-7), increases with L accumulated from a great
number of backlight divisions. The contrast ration between points a and b, for
example, is reduced. Besides, light energy is wasted in the neighboring dark areas,
like that containing point b. Therefore, the free-spreading, wide LSF is particularly

inadequate for image with contents of luminance varying at high spatial frequency.
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Fig. 3-4 An image features high contrast ratio and high spatial frequency.
8-by-8 backlight divisions, underneath the image, are separated by the green
dashed lines. Point a in the enlarged part of the image is the spark with high
brightness while point b is a point of the dark background chosen arbitrarily.

Finally, the manipulation efficiency is determined by the run time of derivation of
driving signals. Among the procedures shown in Fig. 1-12, most of the processing
time is spent on the estimation of L, step 4, which is strongly relevant to the size of
LSF. The backlight intensity onto each pixel is contributed by the LSFs covering
that pixel. Therefore, more LSFs are able to overlap together when the LSF spreads

wider. In view of this, the free-spreading, wide LSF is inadequate for an LCD with a

spatially-modulated backlight.
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3.1.2 Localized LSF

The concept of localized LSF, on the contrary to the free-spreading one, is
proposed to solve the aforementioned issues. Ideally, a rectangular LSF, as shown in
Fig. 3-5(a), is the optimized choice in the systematic point of view [40,41]. An
apparent advantage is that a uniform backlight distribution can be achieved when
those rectangular LSFs piece up periodically in the backlight module. However,
perfect rectangular luminous distribution is not possible to be realized via current
state-of-the-art backlit setup. Instead, the super-Gaussian LSF, Fig. 3-5(b), is a

reasonable approximation to the ideal one.
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Fig. 3-5 (a) rectangular LSF, and (b) super-Gaussian LSF

The general formulation of a square super-Gaussian LSF, LSFsg(X,y), can be

expressed as following [42,43]:
LSFy (%, ) = L, exp(-2(x/4,)" )exp(—z( v/4,)" ) (3-1)

L., denotes the maximum luminance value at the center. A, and A, roughly define
the dimensions of the LSFsg in x and y directions, respectively. Particularly, the
initial values of A, and A, are determined by the quotient of panel resolution divided

by the number of backlight partition. The dimensionless parameters, px and py,
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determine the edge decay from the central region. A cross-section family of
super-Gaussian LSFs, being of identical luminance power with different values of A
and p, is illustrated in Fig. 3-6. As the value of p is approaching to infinity, the
LSFsg(x,y) will change into an ideal rectangle function with the width of A, and A,
in x and y directions, respectively. Finally, the qualified LSFgsg is treated as the
designated light profile for optomechanical design after perceptual assessment of
grid pattern visibility on a dual-liquid-crystal-panel (DLCP) system [41], introduced

in Section 3.2.1.
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Fig. 3-6 A series of one-dimensional super-Gaussian profile; energy

conservation is preserved.

3.1.3 Physical Constraints Revisited of FSC LCD

The localized LSF is also potential to overcome the issues of the FSC LCD arisen
from the physical constraints, discussed in Section 1.4.3.2. The idea comes up from
the so-called scanning backlight, as shown in Fig. 3-7 [15,16]. The scanning order is
the same as the data registration in the LC module, say, the top-down direction. The
merit of this backlight technique is to save much time for color-field backlighting in
FSC LCDs with moderate timing between LC data registration and backlight

illumination.
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TFT scan order LC module

' Backlight
Divided backlight scan order

Fig. 3-7 Configuration of an LCD with a scanning backlight [15]

As an example, a schematic timing is drawn for an LCD with a 480-row LC
module and a 10-block scanning backlight, as shown in Fig. 3-8. Referred to
Section 1.4.3.2, time for backlight illumination is hard to be manipulated because of
the field time delay, 5.56ms, of data registration between the first and the last rows
of the LC module, as illustrated«in Fig. 1-9. In current configuration, each backlight
block is responsible for 48 rows of LC cells. Thus, the time delay in each block
becomes only one-tenth the filed time, 0.556ms, which is 1 time division shown in
Fig. 3-8. The LEDs in each block are‘ignited after 5 time divisions, which comprise
1 time division of data registration of LC cells in a block and 4 time divisions for the
LC response. Consecutively, all the rows of LC cells in the block experience the
same backlight illumination for 5 time divisions. Then, the backlight is turned off for
1 time division, followed by refreshing the data registration for the next color field
at current backlight block. As for the next block of LC cells, the time delay is merely
1 time division following the preceding block.

The spatial arrangement of backlight block combined with adequate timing can,
ideally, prevent filed crosstalk and, thus, the reduction of color gamut. If
fast-response LC mode is implemented, backlight illumination can last longer by
compress the time for LC transition. However, the challenge of backlight isolation

hinders the implementation of this technique.
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Fig. 3-8 Timing for an LCD, composed of an LC module with 480 rows and a
scanning-backlight with 10 blocks-arranged in the top-down direction [15]

The imperfect isolation of one-block backlight illumination from that of the others
degrades the performance of this system set-up. Sharp, clear images can be formed,
based on perfect isolation of block LSF, by turning off the blocks of backlight
corresponding to regions of LC cells during transition, as shown in Fig. 3-9(a). The
practical situation, nevertheless, is that light form single backlight block always
penetrates several neighboring blocks, as shown in Fig. 3-9(b). Thus, erroneous
images always result from discordant combination between the backlight
illumination and the modulation state of LC cells, Fig. 3-9(c). Fig. 3-9(d), for
example, is a snapshot image of pure red demonstrating visible periodic grids and
erroneous colors, magenta-like (top) and yellowish (bottom) ones, due to backlight
leakage. Although many efforts have been made to suppress the unwanted light
penetration and the resultant visible artifacts, the costs are the reduction of output

intensity and the extra design complexity [44].
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Fig. 3-9 Images are formed from the scanning-backlight and the LC array cell
in (a) the ideal case and (c) the practical situation. (b) The light distribution
from single backlight block penetrates.several neighboring blocks. (d) A
snapshot image of a pure.red with-visible periodic grids and enormous colors,

magenta-like (top) and yellowish (bottom) ones, due to backlight leakage [15]

A spatially-modulated backlight, implementing the localized LSF, is also potential
to function as a scanning backlight, simply by simultaneously driving the LSFs in
the same row. The advantage is two-fold. First, concentrated LSF is effective to
prevent light spreading widely. Second, compensation by the front LC module helps
to achieve acceptable image quality. The procedures are introduced to define,
optimize, and realize the desired LSF, which is then implemented in a platform,
called DLCP [41]. Some system parameters are then measured on the platform to

verify the applicability of the proposed design.
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3.2 Light Guide Unit for Super-Gaussian LSF

3.2.1 Design Flow

The applicable super-Gaussian LSFs can be attained via two successive
assessments along a methodical design flow. The design flow, as shown in Fig. 3-10,
commences with a formulated LSF, denoted as LSFsg expressed by EQ. (3-1), which
is then applied to the DLCP system (Section 3.3) to simulate the resultant backlight
distribution. The initial values of the parameters A and p in Eq. (3-1) are deduced
according to the panel dimension and the number of backlight division.

The undesirable grid pattern, detrimental to the implementation of super-Gaussian
LSF, arises from the superposition of the tail intensity beyond the flat-topped region
across the adjacent backlight ‘divisions. The first assessment, therefore, is to
perceptually judge the visibility of the grid lines, as shown in Fig. 3-11(a). A set of
qualified LSFsg, obtained by iteratively adjusting the parameters in Eq. (3-1) to
make grid pattern invisible as illustrated in Fig. 3-11(b), is treated as the target for
designing the optomechanical part, the light guide unit (LGU). The similarity,
calculated by the correlation coefficient (CC), defined by EQ. (3-2) (Section 3.2.3)
between the qualified LSFsg and the emitting light profile of the LGU, denoted as
LSFiu, 1s the second assessment to ensure the acceptability of designed LGU.
Finally, the qualified LGU will be fabricated and pieced together to form a complete

spatially-modulated backlight.
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Fig. 3-11 (a) The photographed image on the left is the intensity distribution of
backlight by virtue of super-Gaussian LSF without compensation of the second
LC panel. Nevertheless, the visible grid lines, shown in the photos on the right,
can be gradually reduced from top to bottom (a to c¢) by modifying the
parameters of the super-Gaussian LSF and the corresponding compensation of
the second LC panel. (b) The corresponding cross-section profiles of central
lines a through c. In the case of c, the adjusted parameters can achieve
variation of 1.4%, which is less than the empirical value of 2% in the current

DLCP system.
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3.2.2 Optomechanical Layout

A novel optomechanical layout, light guide unit (LGU), is proposed whose light
spreading profile, denoted as LSFyyg, is subjected to the qualified LSFsg. The LGU
consists of three major components: a side-emitting LED, a quadratic light guide
(QLG), and a concentric prismatic sheet (CPS), as shown in Fig. 3-12(a). The light
emanating from the LED, following the light path as shown in Fig. 3-12(b), finally
exits the LGU in the normal direction to form a concentrated light distribution,

super-Gaussian LSF.

(a) Concentric Prism Sheet

Quadratic Light Guide

Fig. 3-12 (a) Composition of LGU,; (b) the light path from LED to output

surface of CPS along the arrow direction

LED

About 80% of luminous flux from the side-emitting LED is confined within +20
degrees in the azimuthal direction [45]. The LED is located at the cavity center of a
QLG, which mainly facilitates redirecting the azimuthal flux into the normal
direction of the backlight surface. In current configuration, wide angle of light

emanation in the azimuthal direction is preferred because it is helpful to achieve

uniform distribution inside the flap-topped region.

48



QLG

The function of the QLG is to re-direct azimuthal light from LED to the output of
backlight surface. Each QLG features a set of centric micro prismatic bumps on the
bottom coated with highly reflective material, silver (Ag), underneath. The set of
concentric prismatic bumps locates in parallel with increasing spacing from the
center, LED, to the QLG side walls; the height of the prismatic bumps changes in
corresponding sense as well, while the base angle 60, is fixed, as shown in Fig.
3-13(a) [46]. Light incident on those Ag-coated prismatic bumps can be directly
reflected into the concentric prism film, as shown in Fig. 3-13(b). The amount of
light leaving the CPS increases with the density of micro bumps in a QLG. The
designed configuration of the QLG ‘can also contribute to good uniformity. In
addition, the edge planes of light guide are coated with reflective material as well
not only to enhance the light.efficiency but also to ensure that light can not influence

other adjacent units.

Base angle‘:.-" "’-{]ase angle 0, CPS

., Width 7

Deposed in gradation

(@)

Fig. 3-13 (a) Cross-section of a QLG; (b) a light trace through QLG and CPS

CPS

A concentric prism sheet (CPS) is employed to collimate the divergent light from

QLG toward the surface normal, as shown in Figure Fig. 3-13(b). Light undergoes a
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series of refraction by the CPS, and then results in the narrowed zenith angle of
divergent light in all azimuth direction. The prismatic structure can also increase the
throughput efficiency within the cone of small zenith angle around the normal
direction. Furthermore, the square beam shape is achieved when light transmits a
distance from QLG to panel. The structure of CPS is similar to that of the
conventional brightness enhancement film (BEF) proposed by 3M™ [47], except the
concentric arrangement.

Based on the proposed configuration of LGU, the luminous flux from the
side-emitting LED can be transformed into a nearly square pattern, i.e. the
super-Gaussian LSF. Since each LED module is regarded as an isolated secondary
light source, the luminous pattern can be space-shift invariant and easily modified

by changing the parameters of .¢ach unit.

3.2.3 Correlation

In order to evaluate the similarity between the LSF generated by the LGU
(LSFigu) and the qualified super-Gaussian function (LSFsg), a correlation

coefficient (CC), is introduced as following [48]:

> | LSFy (x,¥) = LSFs6 || LSF gy (%, y)~ LSF 16 |

i \/ZX:Z[LSFSG (x,y)—LS_FSG ]2 -Zx:Z[LSFLGU (X,y)—ﬁLGU T

cC

(3-2)

where LSFs¢ and LSFicu are the mean values of the two LSFs. The CC

provides an important measure for the LGU design. After the qualified LSFsg is
defined via the testing platform, the optical parameters of the LGU can be iteratively
adjusted to ensure that the CC is at least higher than 95%, which empirically ensures

the indistinguishable difference between the two LSFs.
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3.3 Experiment

Testing Platform

A dual-liquid-crystal-panel (DLCP) platform [41] is constructed to attain the
qualified LSFsg as the design target, and then to verify the system performance with
the resultant LSF; gy. The pseudo display system is composed of two commercially
available LCDs, ASUS VW193D [49], as depicted in Fig. 3-14. With a diffusing
sheet on top, the rear LCD is served as a programmable backlight module with
8-by-5 local partition. Each unit is of square shape for the design convenience.
Meanwhile, the front LC panel with resolution 1440-by-900 pixels, after removing
the backlight module, functions as‘the substantial LC panel. The resultant uniformity,
based on the ANSI-thirteen-point specification shown-in Fig. 3-15, of the DLCP
system is of 68% due to placement of the diffuser sheet. The maximum luminance of
the DLCP system is of 10.2cd/m’ while the minimum is of 0.01cd/m*. The contrast

range over 1,000:1 is sufficient for the following tests.

¢. LC Panel

— b. Diffuser

Fig. 3-14 (a) Schematic construction and (b) the practical apparatus of a
DLCP system
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Fig. 3-15 ANSI-thirteen-point uniformity measurement on flat-panel display

Testing Items

The examination is divided into two categories. The first investigates the
parameter adjustment to achieve invisible grids and the similarity between the
LSFsg and the LSFgy. Second, luminance uniformity, contrast ratio, and processing
speed are three key parameters for evaluation of system performance. Those three
comparisons are made based-on the two different LSFs, that is, the general Gaussian
LSF and the resultant super-Gaussian' LSF, 1.SF;gu; both LSFs are offered by the
rear LCD in the DLCP system." The Gaussian LSF kernel is of size 540-by-540
pixels where the standard deviation, o, is 90 pixels, which is half the width, 180
pixels, of the ideal square LSF. Meanwhile, the LSF; gy kernel is of size 220-by-220
pixels, including the tails out of the ideal square area of size 180-by-180 pixels. In
addition to kernel size, the summation of luminance value in both kernels is set

equal in consideration of energy conservation.

3.4 Result and Discussion

The visibility of grid lines is varied with the adjustment of equation parameters,
Ay, Ay Py and Py, as Lav is fixed. Certain range of parameter values is summarized

as Fig. 3-16 to explain the situation. The cross-sign region denotes inadequate
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parameter values where the superimposed luminous intensity at the division
boundary is less than the value of central region and thus insufficient for
backlighting requirement. The slash regions indicate where the grid lines, incapable
of being compensated by the front LC panel, are of unacceptable visibility to
degrade the panel uniformity. Subsequently, the rest regions with number represent
the acceptable parameter values; numbers in those regions denote the normalized
uniformity rescaled to the uniformity, 68%, of the DLCP system with full-on
backlighting. The uniformity 68% of the DLCP system arises from precision loss
during manual construction. The normalized uniformity, up to 99.4%, implies that
the localized LSF is potential to achieve the optimal uniformity of the conventional
system with full-on backlight. Furthermore, the uniformity resulted from these
applicable parameter values is perceptually indistinguishable, so any set of these

values can be arbitrarily chosen in view of the fabrication tolerance.

Uniformity (%), rescaled to'DLCP system

XXX
OO
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=N
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VA NNk
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Ax A (pixels)

P By

Fig. 3-16 Parameter values correlated with gird-pattern visibility
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The proposed optomechanical layout, the LGU, is verified in terms of the

correlation coefficient (CC) between the resultant LSF; gy and an example qualified

LSFsg, with L,y = 0.95, A= A, = 102 pixels, and px= py= 10. The intensity profiles

of the two LSFs are shown in Fig. 3-17(a). The ripples at the flat-top region of the

LSFLgu, as shown in Fig. 3-17(b), can be confined within £10% average luminance

Lay. In this case, the CC is of 96.67%. The redundant light, trailing over the gray

slash regions in Fig. 3-17(b) and attributed to the non-optimized design of the QLG

edge, is the main cause to reduce the similarity between the two LSFs. Except for

the slash area, the CC can achieve 98.91% which is more similar to the LSFgg.

Therefore, it is concluded that the proposed optical layout is applicable to create the

nearly square light distribution for a spatially-modulated backlight.
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super-Gaussian LSFs, LSFsg and LSFcu
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According to the ANSI-thirteen-point specification, the normalized uniformity is
only of 60% when the whole screen is illuminated by the conventional Gaussian
LSF (A= Ay= 180 pixels, and px= py= 2.). The normalized uniformity resulted
from the LSFsg with the parameter values A= A, = 102 pixels and py= py= 10 is of
98.2%, whereas the one of the corresponding LSF; gy 93.1%. All the three cases are
measured after the compensation of the front LC panel. Again, the proposed
super-Gaussian LSF and corresponding optomechanical setup are able to render an
adequate backlighting solution for an LCD with a spatially-modulated backlight,
without the expense of uniformity and optical efficiency.

The property of spatial shift-invariance is worth a further investigation on the
proposed super-Gaussian LSF. As shown in Figs 3-18, slight decrease of luminance
occurs at the backlight edge. This fact implies that shift invariance is not hold
around the boundary of backlight boundary. Specifically. speaking, only the LSFs at
the outmost location of the backlight module suffer this issue due to the imperfect
tail of the super-Gaussian LSF: The other inner-LiSFs are still of the property of
spatial shift-invariance. Thus, in comparison with the distribution from general

Gaussian LSF, shown in Fig. 3-3, the uniformity is improved greatly.
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Fig. 3-18 Resultant backlight distribution by means of LSFcu
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As for the examination of contrast ratio (CR), three testing images are displayed

and measured under the illumination by the aforementioned Gaussian LSF and

LSFygu, respectively. The measurement is made at the two-pair test points in each

image, as shown in Fig. 3-19(a) - Fig. 3-19(c). The CR values of the six pairs of test

points are recorded as the bar chart, Fig. 3-19(d). The improvement factor of CR by

using LSF; gy, labeled on top of each pair of bars, ranges between 1.9 and 4.2. In

comparison with the Gaussian LSF, the LSF; gy has the superiority to maintain the

luminance of the white areas and to suppress the luminance of the dark area adjacent

to the white ones. That is, the proposed LSF is in general useful to achieve high CR

for images with abrupt luminance variation.
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Fig. 3-19 (a)-(c) are three test images with abrupt luminance change, and (d)

the bar chart records the contrast ratio (CR) of six pairs of test points, in which

white bars denote CR resulted from general Gaussian (G) LSF while gray ones
from super-Gaussian (SG) LSF.

Finally, the processing time is tested using the same computation procedure and

program. In current situation, speed for the convolution computation with LSFgg is a

factor of 4.82 faster than with current Gaussian LSF. The improvement is roughly in

accordance with the factor of 6.02 of the reduction on the LSF; gy kernel size.
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3.5 Fabrication

A. Process

The CPS can be fabricated by the following procedures. The UV (ultraviolet)-
curable epoxy resin, of refractive index 1.553 close to that of PMMA
(Polymethylmethacrylate), is applied to the surface of the metal mold, as shown in
Fig. 3-20. A PET (Polyethylene Terephthalate) film, which is placed on the top of
the layer of epoxy resin, is then imprinted by the rolling imprint. UV illumination is
then incident on the PET to form the desired optical structure. The designed CPS can
be obtained cutting out the resultant PET film to the appropriate shape. The
photographs of the metal mold and. the resultant film of the CPS are shown in Fig.
3-21(a) and Fig. 3-21(b) respectively, in which the inset shows the structure at point
b of the CPS film, magnified by an optical microscope. The parallel bumps imply

that current process is suitable for the fabrication of CPS film.

UV-curable PET Film
Metal mold epoxy resin Placement

& -~
Y s

PET Film
Separation UV Hlumination Rolling Imprint

Fig. 3-20 Fabrication process of the CPS

57



Fig. 3-21 Photographs of (a) the metal mold of the CPS and (b) a CPS film;

angular light distribution will be measured on points a and b, the inset of point

b is the magnified image by a optical microscope

B. Optical Measurement

The angular light distribution of the CPS is measured to examine the light
concentration property of the CPS. The measurement is done on a conventional,
uniform full-on backlight module with the CPS film on top of it. The angular light
distribution of the backlight module only, as shown in Fig. 3-22(a), is first measured
by ConoScope® [50], as the reference. The results of those with the CPS film
measured at points a and b are shown in Fig. 3-22(b) and Fig. 3-22(c), respectively.
In comparison with Fig. 3-22(a), the angular light distribution shown in Fig. 3-22(b)
is more circular and symmetric that conforms to the collimation function of the CPS.
The modulation is also observed in Fig. 3-22(c) with the variation with respective to

the position. The cross-sectional profile of Fig. 3-22(a) and Fig. 3-22(b) along the
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Fig. 3-22 Angular light distributions of the backlight module (a) without the

CPS, (b) with the CPS at point a, and (c) with the CPS at point b, respectively

58



azimuthal angle 0°~180°, as shown in Fig. 3-23(a), exhibits the energy
concentration of the CPS. More light energy exits the backlight module along the
normal direction. Similar phenomenon is observed in Fig. 3-23(b), in which the
profiles are obtained from Fig. 3-22(a) and Fig. 3-22(c) along the azimuthal angle
156°~180°. The raised tails at both sides of the profile with CPS in Fig. 3-23(b) are

the light energy contributed from the backlight module at large incident angles.
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Fig. 3-23 Cross-sections  of the angular light distribution of the backlight
module (a) with the CPS at point a with. azimuthal angle 0°~180° and (b) with
the CPS at point b azimuthal angle.156°~336° respectively

C. Issues on QLG Fabrication

The fabrication of the QLG is different from that of the CPS. Since the pitch and
the height of the bumps of the QLG vary along the radical direction, difficulty arises
in carving those structures. In addition to the varied micro structures, the QLG is
much thicker than the CPS, the rolling imprint and the UV-curing procedures may
be ineffective. Thus, a fabrication process, called vacuum compression forming, will
be tried to realize the QLG. More details are described in Section 6.2.1. Once the
fabrication of the QLG is finished, the following tasks are the construction and the
optical measurement of the LGU, and then the constitution of a complete backlight

module.
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3.6 Conclusion

The applicability of the proposed methodology, based on two-dimensional
super-Gaussian light spread functions (LSF), is demonstrated via the platform of the
dual-liquid-crystal-panel (DLCP) system. In the experimental setup, luminance
uniformity, contrast ratio and processing speed of the proposed high-dynamic-range
system can be improved by factors of 1.55, 1.95-4.15 and 4.82, respectively. The
enhancement on contrast ratio (CR) shows that such LSF is particularly effective to
improve CR of image contents subjected to the abrupt luminance variance in an
LCD with a spatially- modulated backlight. In addition, the methodology is capable
of scaling the light guide unit (LGU) to meet any panel dimension with moderate
design parameters. Finally, the proposed optomechanical layout is applicable to both

the LCDs with the conventional full-on backlight anda spatially-modulated one.
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Chapter 4

Two-field Driving Scheme and System

4.1 Introduction

The issues, field crosstalk and tradeoff of output backlight intensity, of the FSC
LCD theoretically can be solved by the technique of scanning backlight (Section
3.1.3). Besides, the localized super-Gaussian LSF (Section 3.1.2) can mend another
crosstalk arisen from leakage light between backlight divisions. However, if the
timing chart, shown in Fig. 3-8, is carefully analyzed, the effectiveness of this
configuration of scanning backlight must also be attributed to the short LC response
time. In the example as shown in Fig. 3-8, time for L.C response is of around 2ms
when the adopted optically-compensated bend (OCB) L€ mode has response time of
0.6ms to a couple of milliseconds at.gray-level transitions [15,16].

It is worth noting that the response time of 2ms has been quite marginal under
three-filed driving scheme. If the same constitution is driven by a multi-filed scheme,
e.g. four fields, either backlight intensity reduces more than 50% or color gamut
shrinkage occurs. Moreover, most commercial LC modes, being of response time
4ms~8ms, are inapplicable to the present configuration. As a result, all those
tradeoffs induce the preference for long field time in the FSC LCD and thus hasten

the emergence of the two-field driving scheme.

4.2 Prior Art

A plausible method, hybrid spatial-temporal color synthesis, has been proposed to

facilitate the FSC LCD driven at only two color fields per frame [51,52,53]. A
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special color filter (CF) film, composed of only two CFs, and the constituent
successive two fields denominate the terms “spatial” and “temporal”, respectively.
Two configurations have demonstrated the feasibility of such color synthesis
mechanism, as shown in Fig. 4-1. The CF film in configuration 1 is composed of
magenta and cyan CFs arranged in a checkerboard pattern. Yellow and blue light
sources successively illuminate the LCD panel to form images based on a red-green
and a full blue patterns, respectively, which then result in a full color image after the
integration by the human visual system. In the similar manner, full color images can
be obtained under configuration 2, in which the color filter film consists of magenta
and green CFs while yellow and cyan light sources are used. The optical throughput
is enhanced by a factor of 1.5 in comparison with the conventional LCD with a
red/green/blue CF film. However, the cost of CE film remains and the optical

throughput is still not as good as that of an LCD without a CF film.

Configuration 1 Configuration 2
i = C
g ¢ P
F | F
L =1 L
OR? B OR?
L
IE ? - E ?
D D
Illumination Source (Y / B) LCD panel Pixel Mosaic (M / C) Illumination Source (Y /C) LCD panel Pixel Mosaic (M / G)
Field [E Field
1 : 1
Illumination Source (Y on / B off) Pixel Mosaic Output (R/ G), Illumination Source (Y on / C off) Pixel Mosaic Output (R/G)
Field = Field
2 2
Illumination Source (Y off / B on) Pixel Mosaic Output (B) Illumination Source (Y off / C on) Pixel Mosaic Output (B / G)

Fig. 4-1 Two feasible configurations for hybrid spatial-temporal color synthesis, wherein Y
denotes yellow, B blue, M magenta, C cyan, R red, and G green, respectively
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4.3 Proposed Two-field Driving Scheme

A novel displaying method, two-field driving scheme, is proposed for FSC LCDs
without a CF film. The challenge of a two-field driving scheme on an LCD without
a CF film is the lack of the third temporal degree of freedom for displaying the third
primary information. That is the reason why a special CF film is still required in the
hybrid spatial-temporal color synthesis. For this, the proposed method incorporates a
spatially-modulated color backlight that can make up for the required third temporal
degree by the spatial degrees of freedom embedded in such system. The system

configuration, concept, algorithm, and color difference formula are declared below.

4.3.1 System Configuration

The system configuration. for the proposed two-field driving scheme consists of
an LC module without a CF film and-a spatially-modulated color backlight, as
shown in Fig. 4-2. Specifically, each pixel is now of single TFT unit, but not of
three-in-one sub-pixel structure as the conventional LCD. The signal derivation and
the corresponding color model are similar to those of the system based on white
LED as the light source and the LC module with a CF film, as shown in Fig. 1-11,
except for moderate modifications. That is, the processes of signal derivation of
LED and LC module are the same as that shown in Fig. 1-12, but now based on each
color backlight. Besides, the corresponding color model, modified from EQs. (2-5)
and (2-7), becomes EQs. (4-1) and (4-2), respectively, where j denotes the field
number and i indexes r, g, and b, each for red, green, and blue light. / and L
represent radio-metric scalar and backlight intensity, individually. For example, 7,;
and L,; represent radio-metric scalar R and red light intensity in the first field,

respectively. The flare term becomes triple to account for three-primary backlight.
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LED Array OPTICS LC Module

Fig. 4-2 The system configuration for the proposed two-field driving scheme
consists of an LC module without color lfilter film and a spatially-modulated
color backlight.

1= LUT,.(dj')
07,51 (4-1)
0<L <l
X Xi,max N Xi,k X;,k
Y= z z Yoo =Yir |[LLi+| Yoy | (4-2)
4 ! l Zi,max - Zi,k Z,',k

4.3.2 Concept

The two-field driving scheme is to sequentially display two field images, which
are produced on a color-filterless LCD with a spatially-modulated backlight, as
shown in Fig. 4-3. This driving scheme begins at primary assignment. The first field
image comprises the first primary and a part of the third primary information while
the other includes the second primary and the remaining part of the third primary

information. Red, green, and blue, as an example shown in Fig. 4-3, are assigned as
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the first, the second, and the third primary, respectively. Blue as the third primary is

beneficial to reduce visual deviation of images reproduced by the two-field method

since the human visual system is less sensitive to blue information. As a result, the

first field represents a magenta-like image while the second field is cyan-like. In this

case, the color model, simplified from EqQ. (4-2), can be explicitly expressed as EQ.

(4-3). Color difference as an evaluation metric of the proposed method will be

calculated with the tri-stimulus values predicted by Eq. (4-3).

X Xr,max - Xr,k Xr,k Xb,max
Y | = Yr,max - Yr,k RlLr,l + Yr,k Lr,l + Yb,max
V4 Zr,max - Zr,k Zr,k N Zb,max
Xg,max - Xg,k Xg,k Xb,max -
Yo = Yeu |GoLyr+| Yoi go | Yoma =
Zg,max 8.k Z gk Z bmax

dBL—R + dBL—Bl

dBL—G + dBL—BZ

I‘BL—R + I‘BL—Bl

I-BL—G + I-BL—BZ

d LC-2

- Xb,k Xb,k

- Yb,k BlLb,l + Yb,k Lb,l +

_Zb,k Zb,k (4-3)
Xy i Xy i
Yb,k Bsz,z + Yb,k L,,
Zb,k Zy,

>

Fig. 4-3 Concept of the proposed two-field driving scheme
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4.3.3 Algorithm Flowchart

The process flow with the previous primary setting is further detailed below.
Similarly, the process starts at transforming the digits (d; d; dp) of an input image
into the corresponding target intensity Igr, lg, Ig of red, green, and blue information,
as show in Fig. 4-4. In the first field, the LED and the LC signals of the red
information, Ig, are derived by the aforementioned “forward” process, defined in
Section 1.5.2. The red backlight distribution, Lg .g, is shown in Fig. 4-4 instead of
red LED signals, dg .r. Besides, the red LC signals are defined as the LC
compensation signals for the first field, di c.1. The blue LED signals, dg| .g1, and the
corresponding backlight distribution; Lgi-g1, ate acquired through the “backward”
process, defined in Section 1.5.2,'based on Igand djc.s. The first field image, thus,
consists of the reproduced red and blue information, I’'g and lIg;, together. As for the
second field, the procedure is.almost the same as that of the first one except that the
blue target intensity is changed to the difference between the original and the

produced blue intensity in the first field, i.e. Ig-Ig1. This difference, in general, arises
from the fact that I , derived from EQ. (1-3) only achieves least-square errors

between L and L. The compensation, lg-lg1, in the second field can improve the

reproduction accuracy of blue information toward Ig.
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Fig. 4-4 Flowchart of the proposed two-field driving scheme

4.3.4 Color Difference Indexes

The performance of the proposed two-field driving scheme is evaluated by the
color difference between the original input image and the reproduced one. Two
formulae of color difference, CIE 2000 color difference (CIEDE2000, denoted as
AEq) [34] and the spatial-extension of CIEDE2000 (S-AEq) [54] are applied to the
evaluation. Briefly speaking, S-AE, features the spatial filtering performed on the

opponent colors, (A C; C;), as shown in Fig. 4-5. This step accounts for the
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phenomenon that visual perception of the field of view is affected by the

neighboring stimuli in a complex image. In the following evaluations, AEq is

applied in the induction of optimal system parameters, the size of LSF and the

number of localized backlight division. In that experiment, the test images will be

the color-patch images, which are close to the sample images of database

formulating AEq. As for the evaluation of simulated complex images, on the other

hand, S-AEg will be implemented.

Original and

Reproduced Images

Device-independent

Representation

Opponent Color Space

Representation

Spatial Filtering

Device-independent
Representation
(inversed)

Color Difference
Image

Original

Reproduced

XY 2)

(AC,C)

Spatial Filtering

XY Z)

AEy

Fig. 4-5 Flowchart illustrating the spatial-extension of CIEDE2000 [54]



4.4 Experiment, Optimization, and Visual Difference

A. Experiment

The feature of spatial degrees of freedom embedded in an LCD with a
spatially-modulated color backlight is crucial for facilitating the proposed method.
The influences of system characteristics on the colorimetric reproduction are thus
worth a further investigation. This examination is performed on the same platform
introduced in Section 2.3, that is, an LC module of resolution 1920-by-1080 pixels
and a backlight module with 8-by-8 divisions, wherein three-in-one LEDs are the
light source. The composed red, green, and blue LEDs in a package are now
controlled independently, but not simultaneously .as in the experiment described in
Section 2.3.

The current platform, however, is not specifically designed for the proposed
driving scheme so some considerations must be put on the experiment. The platform
functions in two ways, either as'a conventional HDR LCD at frame rate 60Hz or a
two-field LCD at frame rate 30Hz. The differentiation between these two modes is
the control of three sub-pixels. Three sub-pixels of a pixel are manipulated
independently in the conventional one while those in the other one are controlled by
the same driving signal to simulate a color filterless LC panel. In order to precisely
estimate the backlight distribution L, all the 8-by-8-by-3 LSFs, from different
divisions and of three primaries, are recorded faithfully and implemented in the
computation. For example, the recorded LSFs, from left to right as shown in Fig. 4-6,
belong to three single backlight divisions located at the backlight edge, near center,
and bottom corner, respectively. Thus, linear superposition, Eq. (1-2), is applied
instead of commonly-used convolution. It is worth noting that each LSF covers quite

a large area, leading to a heavy computation loading.
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Fig. 4-6 LSFs, from left to right, belong to three backlight divisions located at
the backlight edge, near center, and bottom corner, respectively. From top to

bottom rows are arranged in the sequence of red, green, and blue.

A series of random color-patch images are designed as the testing inputs. The
variation of patch number is to examine the dependency of color reproduction
accuracy on the spatial frequency of images, as shown in Fig. 4-7(a). For energy
conservation, the magnitude of image digits 1n the first mode is scaled by a factor of
one-half since the tri-stimulus values measured on each patch by a colorimeter are
the time-average results. Color difference, AEq, is calculated between the same
images separately displayed by the two modes. As a result, the average AEq, as
shown in Fig. 4-7(b), increases with the spatial frequency, i.e. the patch number. In
view of Fourier analysis, large LSF area can only contribute to the components of
low spatial frequency. In other words, wide-spreading LSFs, like those shown in Fig.
4-6 of the current platform, are detrimental to manipulate complex images accurately.
A postulation is induced that color reproduction accuracy of the proposed driving
scheme depends on the correlation between the image content and both the backlight
division and LSF property. The following discussion is to derive adequate

specifications of the backlight module for the proposed method.
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Fig. 4-7 (a) A series of random color-patch images are designed as the testing

inputs; (b) The average color difference, AEy, against the color-patch number

B. Optimization on Backlight Parameters

The number of backlight division and.the size of LSF are the two backlight
parameters to be optimized. Currently, the optimization can only be done by
simulation on two pseudo systems because the present platform lacks modulation
flexibility on the backlight parameters. Firstly, an LCD with a spatially-modulated
color backlight is expressed mathematically by EQs. (4-4) and (4-5), which are
modified from EQs. (2-5) and (2-7)/[55]. In short, the variables in EQs. (2-5) and
(2-7) must be threefold for the red/green/blue color backlight, denoted by the suffix .
As for the two-field LCD, EQs. (4-1) and (4-3) are implemented. The numeric
values of these two models are adopted from the current platform. Color difference,
AE, is then calculated between the tri-stimulus values predicted by the two sets of
equations. Besides, Gaussian profile, as the ideal LSF, is applied to the simulation
for mathematic simplicity [4,56]; in addition, the shift-invariance is assumed so
convolution is utilized to estimate backlight distribution. The LSF is represented by
a square matrix with width of 6o, where ¢ denotes the standard deviation of a
Gaussian profile. The amplitude of the Gaussian LSF is carefully adjusted with the

number of backlight division to maintain constant maximum panel luminance.
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R, = LUT(d,)

G, = LUT(d,)
B, = LUT, (d , ') , where i denotes red/green/blue light ~ (4-4)
0<R,.G, B <1
0<L <1
X Xi,r,max - Xi,k Xi,g,max - Xi,k Xi,b,max - Xi,k Ri Xi,k
Y |= z Yi,r,max - Yi,k igmax Yi,k ibmax Yi,k G, |L + Yi,k L (4-5)
z l Zi,r,max - Zi,k Zi,g,max - Zi,k Zi,b,max - Zi,k Bi Zi,k

The variation of backlight division is tested at first. As a result, the average AE

is reduced along with the increasing backlight division, shown in Fig. 4-8(a). Fig.

4-8(b) implies that narrow LSF generally adapts to represent complex images with

less color difference. The results can be explained by the increment of spatial

degrees of freedom for complex images. Mor¢ backlight division and narrow LSF

are, thus, the design rules of the hardware for the proposed driving scheme.
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Fig. 4-8 The optimization on (a) backlight division and (b) LSF size to reduce

average AEy

If without additional notification, 80-by-45 backlight divisions and 17-pixel ¢ will
be implemented in the following examination of image reproduction. Those
optimized values are selected for the practical feasibility and the minimal color
difference. Color difference is compared between the target and the reproduced
images, which correspond to the simulated images from the LCD with a

spatially-modulated backlight and the two-field LCD, respectively.
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C. Visual Difference

A debate easily falls on the situation that the proposed driving scheme achieves
color reproduction accuracy of less than 100%, in general. Theoretically, this
argument is true since it is inefficient to implement the same amount of LEDs as the
LC panel resolution to provide equal spatial degrees of freedom to the pixel numbers.
However, our viewpoint is that acceptable accuracy of visual experience is more
significant than the exact accuracy of pixel-to-pixel colorimetric reproduction. Some
natures of the human visual system (HVS), e.g. band-pass or low-pass filtering on
the opponent visual signals [57], can dramatically reduce the necessary bandwidth of
spatial frequency in reproducing indistinguishable perception.

The standpoint in the evaluation ‘of image reproduction accuracy, therefore,
suggests that the spatial-filtering effect be taken into account [54,57]. Two simulated
images, corresponding to the conventional HDR LCD and the two-field LCD, are
shown in Fig. 4-9(a) and Fig. 4-9(b), respectively. While the color difference map,
Fig. 4-9(c), is directly computed by AEq, the other one, Fig. 4-9(d), results from
computing S-AE. At first glance, Fig. 4-9(C) implies that the reproduced image by
the two-field driving scheme exhibits apparent color difference, including average
AEg = 1.39 and maximum AEg > 30. However, the implication is contrary to the
observers’ response, which is much similar to that shown in Fig. 4-9(d) where
average S-AEq, is 0.16 and maximum S-AE less than 4.3. Specifically, current
blurring masks, i.e. the low- and band-pass filters, are designed for the viewing
distance of one diagonal size with viewing angle of 2°. When the viewing distance
increases, say, more than 2 times in watching TV, the visual difference decreases
generally. Therefore, the image reproduction accuracy can be promoted effectively
with the spatial filtering nature of the HVS. S-AE, henceforth, is recommended to

be the index evaluating the proposed two-field driving scheme.
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Fig. 4-9 Color difference between (a) the target image and (b) the one

produced by the two-field driving scheme is exhibited by the color difference
maps of (c) AEy and (d) S-AE, respectively.

4.5 Demonstration

A. Image Reproduction

A further comparison is made by.simulation, using the proposed driving scheme,
between the current platform and the pseudo-platform with the optimized backlight
parameters. Four images, Butterfly, Color Balls, Lily, and Parrot, as shown in the
middle of Fig. 4-10(a) through Fig. 4-10(d), are the testing images representing
natural scene, global color variation, high contrast, and detailed color, accordingly.
The reproduced image and the S-AE( color difference map, resulted from 8-by-8
backlight division, are in the left side while those, resulted form 80-by-45 backlight
division, are in the right. Generally, both the average and the standard deviation of
S-AE of the reproduced images, as shown in Fig. 4-10(e), are all below 1.0, which
confirms the applicability of the proposed method. Moreover, the optimized
backlight parameters, more backlight division and localized LSF, are indeed

effective to improve color reproduction accuracy.
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Fig. 4-10 Target images, Butterfly (B), Lily (L), Parrot (P), and Color Balls
(CB), are reproduced and compared in terms of in (a)-(d). (e) Comparison of

the average S-AEy, from the two color difference maps of each image
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According to the proposed method, the reproduced first and the second primary
information are basically the same as those of the targets. That is, color difference in
principle arises from the inexact reproduction of the third primary information. This
deduction is observed easily in the reproduced images based on 8-by-8 backlight
division. Those images are de-saturated and blurred in comparison with the other
reproduced images because more blue information than necessary is introduced to
achieve global target luminance. On the contrary, the stamens of the flowers in
Butterfly and Lily resulted from 80-by-45 backlight division, for example, become
saturated towards the targets because of rather accurate blue information involved.
This observation conforms that the proposed method works well for large backlight
division amount and narrow LSF.

Some strategies can further.improve.the color reproduction accuracy. The global
analysis, firstly, is to compile primary information statistically to decide the least
significant one, which is chosen as the third primary redistributed into the two fields.
Fig. 4-11, with 51% of blue information greater than the other two primaries, is an
example illustrating that blue is improper to be the third primary. Errors from
reproducing blue information easily occur when the LC signals, based on red
information, tend to be minimized in Fig. 4-11. The local analysis, furthermore,
decides the third primary dependent on the image detail. Take for example the
reproduced images of Color Balls and Parrot based on 80-by-45 backlight division,
as shown in Fig. 4-10(b) and Fig. 4-10(d). In color difference maps of these
reproduced images, larger color deviation occurs at the cyan-like areas, such as the
cyan balls and parrot head around the eye. It is difficult to manipulate blue
information in those areas since the LC signals here approach zeros because of less
red and green information to be displayed. In such case, three combinations of two

primary LEDs, R-G, G-B, or B-R, may be turned on at different location in each of
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the two fields. The least significant primary selected by either the global or the local

analyses is expected to achieve minimum color reproduction errors.

Target image Reproduced image

Color Difference Map (S-AE,)

S

Fig. 4-11 An image in which blue is inadequate to be the third primary

B. Color Break-up (CBU) Examination

CBU visibility is compared between two images formed by the conventional
three-field (R/G/B) and the” proposed two-field methods. A high-speed camera
moves horizontally in front of an LCD, with refreshing rate 120Hz, to simulate eye
movement to capture CBU images, as shown in Fig. 4-12(a). The capturing time of
the camera in both cases is well-arranged to ensure equal CBU width. The CBU
images arise from the R/G/B three-field and the proposed two-field methods are
shown in Fig. 4-12(b) and Fig. 4-12(c), respectively. The extracted pink ball in Fig.
4-12(b) displays clear reddish and bluish bands; that in Fig. 4-12(c) shows
de-saturated magenta bands which are perceived less color separation. Similarly, the
extracted white ball in Fig. 4-12(b) incurs more apparent contrast of color bands
than that in Fig. 4-12(c). The result agrees with the innate feature of the two-field
driving scheme in reducing CBU visibility [58]. Namely, the contrast sensitivity
between the magenta-like and cyan-like fields is generally lower than that between

the opponent color, red and green, fields [59,60,61].
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Fig. 4-12 (a) The apparatus of capturing CBU image by a high-speed camera moving
horizontally. The CBU images arise from (b) the R/G/B three-field and (c) the proposed
two-field methods, respectively. (An example video of synthesizing the image, Color Balls,

can be browsed via the hyperlink: http://adolab.ieomctu.edu.tw/app/news.php?Sn=32.)

Some derivative issues are worth review on the examination of CBU visibility.
First, the capture of CBU image is dependent on the viewing condition. Fig. 4-12(b)
and Fig. 4-12(c) are photographed under specific conditions, at a position close to
the LCD and with rather fast speed of the camera movement, which are suitable for
capturing apparent CBU fringes but are not the real ones. The discrimination of
CBU fringes is the second debatable point. The visibility of CBU fringes, e.g. Fig.
4-12(b) and Fig. 4-12(c), varies with observers because the judgment relates to
psychophysical response rather than simple colorimetric tri-stimulus difference.
Those considerations induce the demand for a metric, based on psychophysical

nature of the HVS, introduced in Chapter 5.
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4.6 Conclusion

A two-field driving scheme is proposed to facilitate the field-sequential-color
LCD. The color reproduction achieves average CIEDE2000 color difference of less
than 3. Moreover, the average CIEDE2000 values are well-below 1.0 by simulation
when the low- and band-pass features of the human visual system are taken into
account. In addition, the color breakup visibility is suppressed by reducing the
contrast sensitivity between the two color fields. Some comparisons on the system
properties with the other driving schemes are summarized in Table 4-1. The
promoted optical efficiency and the reduced material cost can be realized by
removing the CF film. Power consumption is. also reduced since a spatially-
modulated backlight is utilized. Particularly, some commercial LC modes, e.g. MVA
(Multi-domain Vertical Alignment) mode, can be utilized without extra cost to
perform two fields sequentially in displaying color images on LCDs. Therefore, the
proposed driving scheme, accompanied by the corrésponding system configuration,
is an applicable candidate to large-size, green display.

Table 4-1 Comparisons between the proposed two-field and the other driving schemes

Prior NCTU
Full-on B/L | RGB-field
Two-field 53| Two-field ©4

Color Filters

Field / Frame 1 3 2 2
Refresh Rate (Hz) 60 180 120 120
Light Source 1x CCFL 3x LED 3x LED 3x LED
BL System Global Global Global Local
Optical Throughput 100% 300% 150% 300%
Resolution 100% 300% 150% 300%
LC Response Time (ms) <8 <2 <5 <5
Color Breakup & None High Medium Medium
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Chapter 5

Relative Contrast Sensitivity as CBU Index

5.1 Introduction

Although many driving schemes for color break-up (CBU) suppression have been
proposed [62,63,64], no concrete evaluation metric can assert the effectiveness of
those methods. Amongst the prior works, the device-dependent method, fitting
empirical formula based on the display parameters, is commonly applied to the
evaluation of CBU effect [65,66,67,68]. The advantage is that the fitted formulae are
useful to predict the width of .CBU fringe or to derive the cut-off frequency of the
field rate, etc. However, the utility is limited due to-the lack of generality and
efficiency. That is, the formula deduced from one display under certain viewing
condition may not be effective in other displays under different viewing conditions.

As for the device-independent method, the well-developed CIE color differences,
CIEDE2000 (AEg) for instance, are the candidates. Nevertheless, the applicability
of CIE color difference to CBU phenomenon must be reviewed carefully. The CIE
color difference formulae are developed to measure the color difference between
uniform color patches with small color difference, e.g. Fig. 5-1(a), after moderate
chromatic adaptation [69,70]. CBU phenomenon, on the contrary, occurs at any
image contents, simple or complex, with large color difference, red-green as shown
Fig. 5-1(b), for example. Although color differences of the opponent colors, e.g.
red-green and yellow-blue, still can be calculated by formulae, the real perception is
generally non-linear to large color difference values. Moreover, CBU stimuli are

always glanced in a short period, which is insufficient for chromatic adaptation [71].
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Fig. 5-1 Pairs of color patches with (a) small and (b) large color differences

An example is given to further exemplify the disagreement between the visual
response of CBU and the calculated AEy value. A series of synthesized CBU images,
as shown in Fig. 5-2, are the simulated results of a white bar moving horizontally
from left to right in black background at speeds of 200mm/s, 400mm/s, 600mm/s
and 800mm/s, respectively. Observers report unanimously that the awareness of
CBU effect increases along with increasing moving speed. However, the averaged
AE values, calculated by EQ. (5-1), of the four CBU images are the same, 68.03, in
the experiment platform. The . disagreement Tresults from the fact that the
accumulated average AE(, value of CBU fringe is proportional to the moving speed,

thus the fringe width, so the common factor is cancelled by the division.

Z CIEDE2000 value of each pixel of CBU fringe
total pixel number of CBU fringe

AE (ave.) = (5-1)

400 800

Fig. 5-2 Synthesized CBU images of a white block moving horizontally;

numbers at the bottom-left corner are the moving speeds in unit of mm/s.
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The objective of this study is to establish a robust method, which can closely
reflect the real response of the human visual system to evaluate the CBU effect
effectively. An overview of the procedures of the proposed method and the
verification by psychometric experiments are described. An application of this

proposed index will be given as well.

5.2 Evaluation Method and the Index

Visual sensitivity based on the pattern-color-separable appearance pathways [61]
is proposed to correlate with the sensibility of CBU. In our hypothesis, CBU
stimulus is presumed to be strongly related to the neural signals, just leaving the
lateral geniculate nucleus (LGN) cells, as shown.in Fig. 5-3 [72], with incomplete
chromatic adaptation because.of very short existing time period. According to the
theory of pattern-color separability, the raw neural signals are proportional to the
product of three terms: the stimulus strength, the pathway’s sensitivity to the pattern
color, and the pathway’s sensitivity-to the spatial pattern [59,60]. The procedures of
reckoning sensitivity, as shown in Fig. 5-4, are modified from S-CIELAB [54,57]

and described below.

Optic
" chiasam

A Optic
o b tract

LGN cell

Optic
radiations

Primary visual cortex

Fig. 5-3 Visual pathway from the eye ball to the visual cortex, in which the
LGN cell is the intermediate node [72]
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Fig. 5-4 The computation flowchart of relative contrast sensitivity: (a) from

input digits (d, d, dy) to spatially-blurred opponent signals (A’ C,;” C5’), and (b)
weighting sum performed on the subtracted CBU fringe signals, where K is the

C,’

scale ratio between the luminance and the chrominance channels.

The procedures of the proposed method start at tri-stimulus conversion, from the

device-dependent input digits to the device-independent tri-stimulus values, CIE
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1931 XYZ. Tri-stimulus values XYZ are then transformed into opponent-color space,
AC,C,, where A denotes the Iluminance-related channel and C;, C, the
chrominance-related ones. Sometimes, AC;C, representation is referred to as
luminance, red-green, and blue-yellow channel signals, respectively. Each channel
of opponent-color signals is then spatially filtered by the corresponding spatial
contrast sensitivity function (CSF) to simulate the spatial blurring by the human
visual system. Finally, subtraction is performed to extract the filtered signals of CBU
fringe, followed by the weighting sum between the opponent channels pixel by pixel.

The outcome is termed as relative contrast sensitivity, RCS.

A. Tri-stimulus Conversion

Since CBU effect is studied on LCDs, a mapping rule of LCDs is required for the
tri-stimulus conversion. In cutrent situation, all the CBU images, based on different
driving schemes, are processed, synthesized, and then displayed on an FSC LCD.
The color model expressed by Egs. (2-3) and (2-4), except for some modifications
[73], can be applied to the conversion of tri-stimulus value from the input digits. The
color model has to be implemented correspondingly once if other type of LCD is the

testing platform.

B. XYZtoAC:C;

The opponent-color sensitivity signals, AC;C,, are determined through
psychophysical experiments for pattern-color separability [61]. Mathematically, A
set of AC,C; is linearly transformed from a set of XYZ by EQ. (5-2) [54,57] since

the application is focused on transformation of XYZ tri-stimulus values on LCDs.

A 0297 0.72 -0.107| | X
C, |=1-0449 029 -0077(-|Y (5-2)
C, 0.086 —0.59 0.501 VA
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C. Spatial Filtering

The spatial filtering on the opponent-color signals can be operated in the
frequency domain. A, C;, and C, signals are transformed into frequency domain by
Fourier transformation. Multiplications are then performed channel by channel
between the opponent signals and the corresponding CSFs. The frequency version of
CSFs is expressed by EQs. (5-3) and (5-4) [54], where csfiyn and csfohom
respectively denote CSFs of luminance and chrominance channels, f the spatial
frequency in unit of cycle per degree. The numerical values of the fitted parameters
are summarized in Table 5-1 [54], and the normalized one-dimensional CSFs are
depicted in Fig. 5-5. Fig. 5-5(a) represents the 1-D cross-section profile while Fig.
5-5(b) corresponds to the blurring masks as-shown in Fig. 5-4(a). The CSF of

channel A exhibits band-pass nature, while the other two are low-pass filters.

esfunlf)=a- f e/ (5-3)

— . C - . C
(&) chrom(f)=a1'eblfl+a2.e b S (5_4)

Table 5-1 Numerical values of the coefficients of Egs. (5-3) and (5-4) [54]

Parameters Values Parameters Values Values
(Channel A) (Channel C)) | (Channel C;)

a 75 aj 109.1413 7.0328
b 0.2 b, 0.00038 0.000004

c 0.5 Ci 3.4244 4.2582

a 93.5971 40.6910

b, 0.00367 0.10391

C2 2.1677 1.6487
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Fig. 5-5 Normalized frequency filters in (a) 1-D cross-section and (b) 2-D distribution to

approximate the spatial contrast sensitivity functions in unit of cycle per degree

D. Single-valued Index: Subtraction and Weighting Sum

CBU fringe is the object for the RCS computation.  As shown in Fig. 5-2 for
example, the separate color fields form the colored bands at both sides of the white
bar in the horizontal direction. These two color bands in both sides are the CBU
fringe here. The filtered A, C;, and C; signals are extracted by subtracting the signals
at the white area channel by channel, followed by weighting sum of the difference
values among three channels, as shown in Fig. 5-4(b). The scale ratio, K, is an
empirical value deduced from the psychophysical experiments.

Before finishing the summation, two more considerations must be dealt with. First,
the values of opponent signals, C; (red-green) and C, (blue-yellow) must use the
absolute values. The positive and the negative signs in the representation of
opponent signals just show the concept of opposite polarity. Second, the summation
between the luminance channel and the chrominance channels requires a suitable
scale ratio to account for the fact that the human visual system has different

modulation responses to the two kinds of channels [59].
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5.3 Experiment

The experiments are divided into three steps. The first is aimed at retrieving the
scale ratio between the luminance and the chrominance channels. The second is to

evaluate the proposed RCS index. Finally, a useful application is demonstrated.

Apparatus
A 327, optically-compensated-mode (OCB) FSC LCD is constructed as the testing
platform. Three-in-one light emitting diodes (LEDs) are the light sources, supporting

the red, green, and blue field rate at 180Hz, as shown in Fig. 5-6.

FSC Display

Dark/room

A
1
1
i
i
1
i
i
i

__© Observer

Fig. 5-6 Apparatus of the psychophysical experiments viewed in a dark room,

where D denotes the viewing distance

Observers

There are undergraduate and graduate observers (three females and eight males)
of ages ranging from 23 to 36 years old. All observers, some wearing their
correcting lenses, perform normally on Snellen acuity pattern test for visual acuity
and on Ishihara test for color blindness. All the experiments are performed in a dark

room.
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Test Images

A series of CBU images are synthesized as the testing images. The original
images are square, uniform blocks of different colors in the center of the black
ground. The width of the blocks is 2cm, subtending around 2-degree viewing angle
at viewing distance of three-fifths the diagonal size. Color fringes appear in the
horizontal direction to simulate the bar moving horizontally, like the case of white
bar shown in Fig. 5-2. Color fringe width is above 0.1 degree, depending on the

velocity applied to the synthesis.
Experiment (I): Mean Opinion Score and Absolute Threshold

Experiments of mean opinion score (MOS) and absolute threshold are performed
to retrieve the scale ratio between the luminance and the chrominance channels and
to examine the proposed index. In this experiment, color fringes are synthesized,
based on three-field scheme, onto a white block; the color fringe width extends
along with simulating velocity, ranging from 200mm/s to 800mm/s, separated by
every 100mm/s. The blocks are of four-luminance levels, 18, 28, 42, and 56¢d/m’.

MOS is one of the ordinal scales, category scaling [74]. Synthesized CBU images
are rated by assigning a score, summarized in Table 5-2. The sensibility of CBU
fringe increases from “Imperceptible” to “Vary annoying” of the CBU fringe along
with the decrease of MOS from 1 to 5. Particularly, an anchoring CBU image, with
the widest color fringe arising from the velocity 800mm/s, is scored 5 since it is
regarded most annoying. Each CBU image pops up on the LCD and vanishes after
three seconds to imitate closely to the real situation. A full dark image is inserted
between any two succeeding CBU images to reduce after-image effect. Each test
round for an observer, the CBU images are shown in random sequence. The

comparison will be made between the MOS and the computed RCS.
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Table 5-2 Mean opinion score definition

Score Evaluation result
1 Imperceptible
2 Perceptible, but not annoying
3 Slight annoying
4 Annoying
5 Very annoying

The absolute threshold is determined manually based on method of adjustment
[74]. The same series of CBU images, as those in MOS experiment, are displayed on
the LCD. Observers are asked to adjust the viewing distance till the CBU fringe is
imperceptible; this distance is termed as indistinguishable viewing distance, denoted
as Dpp. The resultant indistinguishable. CBUA (CBU angle), as shown in Fig. 5-7,
denoted as InD-CBUA can be obtained by substituting Dy,p into EQ. (5-5), where D
denotes the viewing distance, T the target width, V the moving speed, and F the field
rate, respectively [75]. Cross comparisons are then made between InD-CBUA and

the computed RCS.
T v T
CBUA=tan"'(—+——)—tan"'(— 5-5
Gyt Ep) T Gp) (5-3

T VIF

Fig. 5-7 lllustration of the geometric relation of CBUA with other parameters
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Experiment (I1): Optimization

The RCS index is applied to the comparison between various CBU suppression
driving schemes: RGB, RYGB, RGBWmin, and RGBCY [76,77], as shown in Fig.
5-8. For those multi-primary methods being tested, the CBU images are synthesized
according to the method and then are decomposed to the signals that can be used in
the testing platform. Specific colors are used for comparison: White (255, 255, 255),
Asia Skin (213, 139, 112), Light Skin (205, 163, 144), Strong Red (186, 70, 73), and
Sky Blue (65, 75, 163), as shown in Table 5-3. The input digits, White (255, 255,
255) for example, follow the definition of that shown in Eq. (2-3). The color fringes
for all color blocks are synthesized based on velocity 800mm/s because of the
widest color fringe width. The way to decide the MOS here is the same as that
performed in the MOS decision of Experiment (I). The anchoring CBU image,
scored 5, here becomes the white block with color fringes resulted from RGB
driving scheme because all observers agree that it is most annoying. The luminance
of the white block is 56cd/m*. MOS values will be compared with RCS values and

CIEDE2000 values, respectively.

1 frame (1/60 sec)

Fig. 5-8 Different driving schemes: RGB, RYGB, RGBWmin, and RGBCY in
top-down direction. R denotes red, G green, B blue, Y yellow, W white, and C cyan
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Table 5-3 Comparison between different driving schemes by means of relative

contrast sensitivity (RCS). CC denotes the correlation coefficient.

Driving Scheme | RGBWmin | RGBCY RYGB RGB C.C.(%)
White
(255, 255, 255)
MOS 1 2.7 3.7 4.8
RCS 0.215 0.408 0.807 1 97.2
CIEDE2000 0 45.859 58.662 68.587 96.8
Asia Skin
(213, 139, 112)
MOS 2.9 2.4 4.1 4.7
RCS 0.299 0.312 0.840 1 97.7
CIEDE2000 23.67 27.277 33.594 38.417 91.0
Light Skin
(205, 163, 144)
MOS 3.1 2.2 3.7 4.8
RCS 0.394 0.337 0.827 1 93.8
CIEDE2000 23.518 29.108 37.257 42.647 80.2
Strong Red
(186, 70, 73)
MOS
RCS 0.254 0.255 0.849 1 94.0
CIEDE2000 16.276 24.648 26.392 27.329 46.2
Sky Blue
(65,75, 163)
MOS
RCS 0.271 0.475 0.887 1 98.1
CIEDE2000 5.6316 12.745 18.055 20.34 98.9
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5.4 Result and discussion

The scale ratio between the luminance and the chrominance channels is obtained
by analyzing the correlation coefficient in Experiment (I). The data set of white
CBU images is used, because of the largest response to the CBU fringe in
comparison with the other color bars. The correlation coefficient is examined as a
function of the scale ratio, as shown in Fig. 5-9. Number 10 is selected as the scale
ratio because the average correlation coefficient is as high as 98.9% and is around
the turning point reaching the maximum. In addition, this value is close to that from

the prior research [59].

0.991

099 e 71,.-"’""
0.989

0.988
0.987
0.986

Correlation Coefficient

0.985

0.984j /10

0.983““““‘I“““““““““‘

1 3 5 7 9 11131517 19 21 23 25 27 29
Scale Ratio

Fig. 5-9 Correlation coefficient against the scale ratio between the luminance

channel and the chrominance channels

Both MOS and InD-CBUA are subjective judgments, which are meaningful to
verify the proposed RCS index. The correlation coefficients between MOS and RCS,
and between InD-CBUA and RCS are up to 96.8% and 94.1%, respectively, as
shown in Fig. 5-10(a) and Fig. 5-10(b), while the lowest is still of as high as 83.6%.
Therefore, RCS, as presumed, is capable of reflecting the sensitivity of CBU fringe

moderately. In general, the correlation coefficients between MOS and RCS are
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higher than those between InD-CBUA and RCS. It is believed that this result arises

from the different time for chromatic adaptation, since MOS is given within three

seconds while the adjustment to achieve indistinguishable CBUA lasts several tens

seconds [75]. Hence, time constraint is important in CBU evaluation experiment.
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Fig. 5-10 xy scattering plots of (a) Mean Opinion Score, and (b) Indistinguishable
CBUA as a function of Relative Contrast Sensitivity. Lt in the inset is the target
luminance (cd/m’), and C.C. the correlation coefficient (%).

As for Experiment (II), the mean, normalized RCS values of RGBWmin, RGBCY,
RYGB, and RGB methods of the five colors, as summarized in Table 5-3, are 0.27,
0.37, 0.82, and 1, respectively, which are well correlated with the mean MOS values,
2.4, 2.5, 3.9, and 4.7, accordingly. Therefore, the results demonstrates the RCS is
useful to sort different driving schemes dependent on perceived CBU effect;

RGBWmin is the preferred one in current situation. It is worth noting that only one
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sequence of color field of each driving scheme is examined. The result may vary
when the color-field sequence of the driving scheme is exchanged due to spatial
modulation, i.e. contrast sensitivity functions.

The CIEDE2000 as the evaluation index of CBU is further examined in
Experiment (II). Compared with the RCS values, the CIEDE2000 values are
compatible in colors White and Sky Blue, worse in colors Asian Skin and Light Skin,
and the worst in color Strong Red. In average, the CIEDE2000 values exhibit less
correspondence with the psychophysical response to CBU fringe than that of the
RCS index. Specifically, the correlation coefficient between the CIEDE2000 values
and the MOS values is less than one-half of that between the RCS values and the
MOS values. This result conforms to: the hypothesis that CBU stimuli are perceived
without complete chromatic adaptation, so the CIEDE2000 is inadequate for CBU
evaluation.

The application of current spatial ‘CSFs, rather than temporal CSFs, is worth
further discussion. The relative retinal motion is. known to alter the curve shape of
CSFs on the modulation of contrast sensitivity and the shift alone with frequency
[78,79]. Generally, the modulation is more significant than the shift, especially in the
case of smooth eye-tracking movement [79]. Since the RCS index is a relative
number, the difference between the obtained RCS indexes from the spatial and the
temporal CSFs is roughly a constant, which is accounted for in the normalization
computation. In summary, the adaptation of the spatial CSFs is a trial. Although
current results reveal the coincidence between the observation and the index,
temporal CSFs should be considered when the experiment of CBU evaluation is
improved to be in-situ operation, instead of static CBU images captured by a camera

or by synthesis.

94



5.5 Two-field Driving Scheme Evaluated by RCS

The CBU suppression of the proposed two-field driving scheme, described in
Chapter 4, can now be examined be means of RCS. A series of CBU images, as
shown in Fig. 5-11(a), are synthesized based on the proposed two-field method
following the same way as described in Experiment (II). In comparison with the
aforementioned driving schemes, the RCS values of the CBU images from the
proposed method are almost less than all the others. However, it cannot carelessly
conclude that the proposed method is better than others in CBU suppression. What is
true is that the optimization introduced in Chapter 4 is effective to achieve current

results when the other driving schemes are not optimized.

White Asian Skin Light Skin Strong Red Sky Blue Grass Green

@)

1.2 —

B RGB

B RGBCY

0 RGBWmin
ORYGB

M 2-field

RCS

White Asian Light  Strong Sky Blue Grass
Skin Skin Red Green

(b)

Fig. 5-11 (a) A series of CBU images synthesized based on the proposed two-field

driving scheme; (b) comparison with other driving schemes by means of RCS
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5.6 Conclusion

The single-valued index, relative contrast sensitivity (RCS), is proposed to
evaluate color break-up (CBU) in field-sequential-color (FSC) LCDs. The
vision-based methodology is verified in accordance with the visual responses of
CBU fringes, in that the absolute correlation coefficients, between the computed
RCS values and the psychophysical judgments in mean opinion score (MOS), are of
well-above 80% and up to 98.9% in certain cases. The comparison between four
driving schemes is performed based on the criterion of minimum of RCS values.
The results demonstrate that the RCS is more adequate to evaluate CBU effect than
the CIEDE2000. The simplicity and ‘'the robustness of the RCS computation are
beneficial for facilitating the practical applications to FSC LCDs.

Several tasks remain to be dealt with to improve the RCS. First, while the RCS is
potentially applicable to two-dimensional complex image, the separation of CBU
fringe from complex CBU images is.a challenge. Second, more psychophysical data
are required from various FSC LCDs (different multi-primary driving schemes, wide
luminance range, different panel size, etc.) under different viewing conditions (from
dark, through dim, to bright environment, etc.). Third, capturing CBU images by
high-speed camera for RCS computation is recommended to replace current

synthesized CBU images, but the viewing conditions must be carefully defined.
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Chapter 6

Conclusion and Future Work

6.1 Conclusion

A novel two-field driving scheme and the associated system have been proposed
to facilitate the FSC LCD without color filter. A spatially-modulated color backlight
is implemented to provide degrees of freedom in spatial domain in addition to the
two temporal ones for conveying full-color information. This configuration of FSC
LCD specifically features the feasibility -of ‘commercial LC modes, e.g. MVA,
without colorimetric issues such as-color gamut shrinkage, color crosstalk between
successive fields, and insufficient backlight intensity.- The corresponding color
model and the localized light guide unit (LGU) are developed to achieve precise
colorimetric reproduction and to improve _system manipulation efficiency,
respectively. Additionally, the innate nature of reduced contrast sensitivity between
two primary-mixed fields suppresses the CBU to be less sensitive than that appears
in the fundamental three-field FSC LCD. Finally, the psychophysical index, relative
contrast sensitivity (RCS), has demonstrated the applicability to evaluate CBU
among various driving schemes, which can be a useful feedback for system
optimization. The related research topics are illustrated in Fig. 6-1, and more
detailed summaries are described as follows.

In summary, the contributions of this dissertation are the following: (1) a feasible
configuration for the FSC LCD, to which commercial LC modes are applicable; (2)
the first color model and the efficient light guide unit for LCDs with a spatially-

modulated backlight; (3) the first psychophysical index for CBU evaluation.
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Fig. 6-1 Research topics in this. thesis

6.1.1 Colorimetric Characterization of an LCD with a Spatially-
modulated Backlight

The color model, expressed by EQs. (2-5) and (2-7), has been developed to ensure
accurate colorimetric reproduction on an LCD with a spatially-modulated white
backlight. The crucial parameter, backlight intensity distribution, is incorporated into
the model for the first time. This model achieves the accuracy of CIEDE2000 value
around or less than 1.0 with the measured backlight intensity distribution.
Significantly, the color models for an LCD with a spatially-modulated color
backlight, expressed by Egs. (4-4) and (4-5), and for the proposed two-field LCD,
expressed by EQs. (4-1) and (4-2), are derived from the aforementioned one with

moderate modifications.



6.1.2 Super-Gaussian Light Spread Function with Localized Light
Guide Unit

A localized super-Gaussian light spread function (LSF) has been proposed to
resolve several issues in an LCD with a spatially-modulated backlight. A
dual-liquid-crystal-panel system is constructed as a pseudo high-dynamic-range
(HDR) LCD to evaluate the super-Gaussian profile. The proposed solution is
verified via the current platform: overall luminance uniformity, contrast ratio and
processing speed can be improved by factors of 1.55, 1.95-4.15 and 4.82,
respectively. An associated LED-based optomechanical configuration is also
proposed to realize the desirable luminous pattern. The design flexibility makes the
methodology applicable to any panel dimension and backlight division of LCDs
with a spatially-modulated backlight, and to the conventional full-on backlighting

LCDs as well.

6.1.3 Two-field Driving Scheme and System

The two-field driving scheme is proposed to facilitate an FSC LCD without color
filters. With some modifications, the aforementioned color model and the
spatially-modulated color backlight are integrated in the proposed method to achieve
adequate colorimetric properties. The simulation results show that the proposed
method achieves acceptable color reproduction accuracy, average CIEDE2000 color
difference (AEy) < 3. The least number of fields particularly alleviates the demand
for fast-response LC modes in sequential-type LCDs. Furthermore, color break-up
suppression is observed due to less chrominance difference between the two fields.
Finally, the proposed method with the optimized manipulation, in average, exhibits
minimal relative contrast sensitivity (RCS) values in comparison with the other four

driving schemes.
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6.1.4 Relative Contrast Sensitivity as Color Break-up Index

A single-valued index, relative contrast sensitivity (RCS), is developed to
quantitatively evaluate color break-up (CBU) phenomenon. The sensibility of CBU
fringe is hypothesized to strongly correlate with RCS, which is defined as the
integrated difference of the opponent-color signals filtered by spatial contrast
sensitivity functions. Psychometric experiments, based on methods of category
scaling and adjustment respectively, are conducted to examine the proposed
numerical metric. The results show that the maximal correlation coefficient is of as
high as 98.9% between the subjective judgments and the computed numerical values
of the experimental results. A useful application of RCS index is demonstrated by
the evaluation of five driving schemes, including the proposed two-field one, for

CBU visibility.

6.2 Future Works

6.2.1 Fabrication of Localized Light Guide Unit

The quadratic light guide (QLG) is being fabricated. In comparison with the
concentric prism sheet (CPS), the fabrication process, introduced in Section 3.5A, is
not suitable for the QLG because of the thickness and the non-identical pitch and
height of the bumps, as shown in Fig. 6-2. The vacuum compression forming, as
shown in Fig. 6-3, will be utilized to fabricate the QLG. Briefly, the metal mold
compresses the heated PMMA substrate. After removing the metal mold, silver (Ag)
is then coated onto the surface of the micro structure. The Ag-coated PMMA
substrate is cut to obtain the designed shape to form a unit of QLG. Once the
fabrication of the QLG is finished, the following tasks are the construction and the
optical measurement of the LGU, and then the constitution of a complete backlight

module.

100



,0 0 High Reflective
AlIR Material

X y 0, I Bump widtr!

< Bump pitch

Fig. 6-2 Schematic illustration of a quadratic light guide
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Fig. 6-3 Vacuum compression forming process for the QLG

6.2.2 Global and Local Analyses:for-the Two-field Driving Scheme
The color reproduction accuracy can be further improved by some means. Blue
information, currently selected as the third primary because of the least luminance
sensitivity, may be not the optimal choice. The global analysis, firstly, is to compile
primary information statistically to decide the least significant one, which is chosen
as the third primary redistributed into the two fields. The weight of red primary of
the example image, as shown in Fig. 6-4, is the least significant so red information is
suitable to be divided into the two fields. The local analysis, furthermore, can be
regarded as the advanced modification from the global one. The area of statistical

analysis is based on that of each backlight division, instead.
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Fig. 6-4 Example of global analysis for improving color reproduction accuracy

6.2.3 Database for Optimization of RCS Index

The application of the RCS index, at current stage, is restricted in certain
conditions because of the limited:database till now. In view of psychometric scaling
[74], current RCS index is regarded as an ordinal scale which is useful to rate the
sequence of samples. However, when the conditions change, the results may be
different correspondingly. Mote psychophysical data are required from various FSC
LCDs (wide luminance range, different-multi-primary driving schemes, different
panel size, etc.) under different viewing conditions (from dark, through dim, to
bright environment, etc.). With the additional parameters of the viewing conditions,
modifications on some color appearance models, such as CIECAMO2 [21], may be

necessary to calculate RCS value.
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Appendix: Acronym

BEF
CAM
CBU
CBUA
CC
CCFL
CRT
CF
CIE

CIECAMO02

CIEDE2000

CPS
CR
CSF
DLCP

DLP®

DMD

FSC

HDR

brightness enhancement
film

color appearance model
color break-up

CBU angle

correlation coefficient
cold cathode fluorescent
lamp

cathode-ray tube

color filter
Commission
Internationale de
L’Eclairage

CAM proposed by CIE
in 2002

color difference
calculated by the CIE
2000 color difference
formula

concentric prismatic
sheet

contrast ratio

contrast sensitivity

function

dual-liquid-crystal-panel
Digital Light
Processing”

Digital Micro-mirror

Device
field-sequential-color

high-dynamic-range

111

HVS
InD-CBUA

LCD
LED
LGU
LGN

LSF
LUT

MOS
MVA

OCB

OETF

PET

PMMA

QLG

RCS

human visual system
indistinguishable CBUA

liquid crystal display
light-emitting-diode
light guide unit
lateral geniculate
nucleus

light spread function
look-up table

mean opinion score
Multi-domain Vertical
Alignment

optically-compensated
bend
opto-electronic transfer

function

Polyethylene
Terephthalate
Polymethylmethacrylate

quadratic light guide

relative contrast

sensitivity

S-CIEDE2000 spatial-extension of

TN
TFT

Uv

CIEDE2000

Twisted Nematic

thin-film-transistor

ultraviolet
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