Chapter 1

Introduction and Objective

Preface

Over the 70 years,igplayswere developed fromathode ray tubéCRT) toflat
panel display, such asaditional transmissre-type liquid crystal display (LCD)
plasma display panel (PDP) aadenreflective LCD. The tendency of revolution is
the lower weight andolume, the more colorful image, the higher image saving, and
the more flexiblesubstratehan before.Reflective LCD has been gradually used as
mobile information display «devices in terms . @iExibility, weight and power
consumption[1]. However,the image quality of reflective LCD is highly relevan
upon the lighting, which is widely varied due' to the spectral power distribution (SPD)
atdifferentenvironment.

Unlike the traditional transmisa-type LCD, whose color performance is mainly
determired by the luminance dbacklight and color filter the optical characterissof
reflective displayare highlyrelevantto the surrounding environmenthat is to say,
color rendering performancesf the reflective LCD is acutely affected bythe
spectrum of the ambient light, which exhibits huge variations under different
environmental conditiong.hereforeto comprehend thieindamentatolor theory the
baseterminologyof color will be mentioned in the first sectiofhen,chapter 12 will
refer to thecolor variance of color object under the different light sources with the
same chromaticity but different spectide conceptn chapter 12 will be extended
afterwardsto reflective display, so chapter-3L will discuss the comparison of
transmissivelype and reflective type LCDs. Finally, the main objective will be given

in the last section.



1.1 Color Rendering Performances

Some fundamental expressidosrepresent theolor performance are mentioned
in this section. Before discussing the terminology dhe fundamental color
appearance, color sensasasf human eyes afistly introduced

Optical iformation includes the luminanead color.The luminance sensation of
environment is mainly decided by the photopic vision, and some formulas are used to
predict the luminanceensation of human ey¢8] Chapter 1.2 In addition to the
luminance signalscolor appearances an important issue as wellhe theme of color
appearancés determinedby the relative response from three kindscohe cell in
retinaof human eyesThe three types of cones are referred to as L, M, and S,@ses
shown inFig. 1-1. [2] These names are refedto long, middle, and short wavelength
sensitive cones, respectivelfherefore,. human ‘eyes can be regardesl a
photoreceptor of igual light with fourcolor filtersbased on different luminance and
wavelength([3]

There are countless colors:in.our-daily life. It is hard to distinguish how dark is
called navy blue or how light is referred to sky blliberefore, a precise method to

evaluate cadr performanceof an object is essential for color appearance
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Fig. 1-1 Normalized responsiwtspectra of humn cone cells, S, M, anddones
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characterizationA problem in cobr rendering performance of color chips will occur
under different lighting. When an object is viewed under illuminants of different
spectraldistributions, the perceived color remains approximately constant because of
ficolor constanay However, color appearance differs slightly from one illuminant to
another because of the imperfect color constancy. The effect of different illuminants
(from sun light to indoor illuminants) on the color appearance of object color is called
ficolor rendering, and the color rendering for a light source is cafiedlor rendering
propertyp. Moreover,Commission Internationale déEklairage (CIE) compared the
color appearance of object color under test light (For exanmg@ndescenight) and
reference lightKor example: D65 light sourc&) 1974, and they estimated the level

of appearance identifyom both sourceslhe standard to evaluate the color rendering
propertyis the fiColor Rendering Index (CR3) In this studythe concept of CRI is
used to evaluate the color appearance of diifdighting sourcesBesides, different
lighting sources are used to investigate the relation of the spectrum of light source and

the reflective LCD.

1.2 Definition of AEqual Whitebo

Color rerdering performance of standard color chips will changed under different
lightings even though these light sources have the same white point on chromaticity
diagram. Therefore, the definition of the same white is discussed in this section.

Color attributed by human eyes is determitigcdcombination of the SPDf light
source, the reflectity of the object color, and theolor matching function as shown
in Fig. 1-2. Because color matching functions are fixed untgmal situation, color
perceivedby eyesis determined mainly by the spectrum of light source and
reflectivity of object color. For the same object, spectra of source lightings become a

key issue for color rendering performance. However, color render performance is
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relative to he consequence of product instead of the only spectrum of light source.
Hence,different light source may induce the same color performance for the same
reflectance and color matching function. Two light sources with the same white point
(Which meangichramaticity coordinate or ficorrelated color temperature (C@),)as
shown inFig. 1-3, illuminate to two same sets of color balloof#. It appears hat

two sets of thesamecolor balloons have entirely different color performance under
7
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Fig. 1-2 Color induced from light source to;human eyes
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Fig. 1-3 Two light sources with the same white point (a) Broadband spectrum (b) Two

peaks spectrurft) Two sources seen by human eyes

~4~



Fig. 1-4 Red, green, andrange coloballoors under two different spectra of source

lightings with the same whgoint

Ambient Light

Backlight

Fig. 1-5 The sketch of transmissive.(LefD,and reflective (Right) type LCDs

the two light sources with the same white qunt aé showviAginl-4. Afterwards, two
guestions are derived from the concefptolor shift issue in the previous description.
1. What if these colordlloons aresubstitutednto display, espeaily the reflective
one?
2. Will the color shiftphenomenomecuer to the reflective displays?
To explain why the reflective LCD walected as the test platform in this thesixtn

section will be the comparison of transmissive and reflectivetype LCDs

1.3Transmissiveand Reflective Type Displays

LC based displays can lseparatednto two partsfirst one is the transmissive
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type LCDs, and the other is reflective type LGCess shown irFig. 1-5. Both side
emitting type and directly view type backlight systeai transmissive LCDs come
with built-in backlight. Therefore, color performance of this kind of LCDs is mainly
decided ly the fixed builtin backlightand color filter and it will waste power to turn
on the backlight.

Nevertheless, color performance of reflective type LCDs rely on the
environmental light, for example, the outdoor sun light or indoald cathode
fluorescentamp (CCFL). For this reason, it is much more sensitive to environmental
light source but at the same time tieracter oheedless backlighwill save more
power compared with transmissive type LC@nlor performance o€orventional
transmissive type LB mainly dependson thebacklight and color filteisubject to
specific spectrumso it.is less sensitive.to the environmental lightings. However,
while thelight source refletive type LCD is unconstangosthe chromaticity diagram
will vary from differentlight sources. Thenput red image of display should be
alteredto orangey reds the input light source changed from high CCT of D65 light
source toyellowish illuminant A:For this reasonwe use tworeflective display
sampla as a platform to test the effect of changed light sources on reflective displays,
one is Cholesteric LQCh-LC) RGB color strips,and theother is themobile

transflective displayrThis relativeinformation will beintroduced in chaptet.

1.4 Objective

In this study, the effect ofariousenvironmental lights on the reflective LCDs is
disaussel. Chapter2 isthe pinciple we of this essay, and chapter &is fundamental
standards of measuremeifib make short of the matter, the evaluation standard of
CCT for lightings may induce some problems on the color rendering property of light

sources. Two light sources with the same CCT dhfferent spectra may cause
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different color rendering performancédat is the main reasonhy CRI is used in
lightings. However,CRI is not adequate enough when the light source are short
bandwidth, such alsght emitting diodes (LEDs) of popular environmental lightings.
A new standard based on concept of CRI is usadlie the problemAfterwards, the
introduction of experimaal setupand the result igiven in chapter 4The used
Ch-LC test color strips and a transflective mobile displayl be introduced in
chapter 4 as well Besides, narrow band and broadbanecsa of lightsources will
be comparedrFinally, chapter 5 ithe discussion and conclusgn

A scheme is offeredt the end of this chaptéw illustrate the whole story of the
thesis as shown inFig. 1-6. High.er color gamut and higher color rendering
performance are the key iSS'Ue.. i.n this stulnlyadditi'o.n, it can be separated into three
parts to discus©ne is the category qtt;he“reflective displayptheris the variety of

the light sources which can be classifiéd according to the spectra, attiehés he

evaluation standarde evaluatehe color endering performance.

# Cholesteristic LCD
@ Transflective LCD

Reflective
Displays

4 Continuous Spectra
+ D65
+ CCFL
4 Discontinuous Spectra
+ LED (B/G/R)
+ LED (B/W/Y)

# Color Difference: CIE DE2000
# CRI (Base on W*U*V")
# CQS (Base on CIE LAB)

High Color Gamut
High Color Rendering Performance

Evaluation
Standards

Fig. 1-6 Schene of the thesibetween images and the light sources for reflective

displaysin this research
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Chapter 2

Principles

2.1Color System

Color plays aressential role in owtaily life. However,there arecountlessolors
in our environment, swe oftenhave difficulties inexpressingolor appearancesor
instancejt is hard todescribethe sky blue or the navy blui@to details toothers and
distinguish how dark is the blue which is called navy bkspecially foracademic
research the qualitative descriptiomo recognize different color samples is very
important.Therefore, theharacterizatiomf color became &ey issue ircolorimetry.
Color specificationneeds,a popularlycaepted way to describe an attribatdor, and

thequalitativevalues are calleficolor specification values

Table 1-1 Comparison between color appearance system and color mixing system

Color Systems Color Appearance Color Mixing
Category Perceived color Psychophysical color
Principle Color appearance of Color mixing of light

standard color chips
Object of expression Color of object Color of light
Typical specification Munsell CIE
SpecificationvValues Color appearance Colorimetric values(e.g.
values(e.g. hue, lightnes tristimulus values)
chroma)
Process for Color Visual color matching | Converting color stimulu
Expression with standard color chips functions into

psychophysical values
color matching function




Color systems compriséicolor appearance and ficolor mixing. [5] Color
appearance system is developed on the base of color perception, but is defined in
terms of standard object col{for example, color chips) under specified condition.
However, color mixing system is based on mixing chromatic light, which is used to
match color to a reference one in a color mixing experiment. Both color appearance
system and color mixing system aremgared intable 11 and will be further

introducing in the following

2.1.1Color Appearance Systen(Munsell Color System)

Color appearance system is based on subjective psychophysical perception, and
the subject color is called perceived color. Perceaadr usually includethe texture
of the surface, the distance between object and detector, anehvirenmental
conditions(For instance, the reflected and the transmitted condjtein) We do not
pay attention to distinguish the surface color oliected light and transmitted colof o
transmission. Color appearance Isthe main topic in this section.

One thousand different color chips are classified by some orders in color
appearance system. These classification” mether@ fiHueo, fiLightnes®, and
AChroma, respectively.Some names of red, green, blue, etc., different kinds of
colors, are called hu®©n the other handhereare different levels of brightness and
shade.For instance, onged hue can be classified intoidit-red or darkred
Therefore, these color chips are categorized by relative baghand darkess
which means lightness. Moreovehe same lightness of red chips can still be
discriminated fom each other. @ne red chips are vivid, and some are dull even
though they havéhe same hue and lightness. Therefore, another classification which
differs from lightnesss calledchroma.

Munsell color system is thmost commonly used color appearance system, which
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is developed by an American artist, Albert Munsell in 1905, andstae was
improvedby the Colorimetry Committee of the Optical Society of America (OSA) in
1930. Munsell color system uses cylindrical coordinate to configure the color chips.
As shown inFig. 21, Munsell color tree shows the fundamental classification
principles of Munsell color systeni6] Every page stands for different huedled
Munsell hue (H), the radialirection representsaturation oMunsell chroma (C), and
vertical axis shows the lightness of Munsell value @@sides, white, grey, ardack
colors are called achromatic color, and the color having hue is called chromatic color.
Achromatic colos are arranged from V=0 (ideal black) to V=10 (ideal white).

Munsell color system is adopted by the Japanese Industrial Standards (JIS), and
JIS =t up color chips by the method of Muhsmlor system Wo kinds of color
chips are obtainable, one Wlth gloss-?rsurface and the‘other with matte surface. Chips
of both types are made |n the mterval of H*Z 5, ‘V 1, and C=2. The glossy surface
type has 130 chips, and the mattp surface has 1900 ChlpS

e ety

The inconvenience of Munsel,l color system is the limited nusntfechips, and

Fig. 2-1 Munsell color tree
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it will induce the mismatch between the color chip and test color specimen. Therefore,
the Munsell notation of the specimen needs to be evaluated by interpolating between
neighboring chips to infer the Munsell value. However, the accuracy of Munsell value
will be degraded in the interpolating method. Furthermore, to obtain the Munsell
notaton outside the region covered by the chips, the extrapolation will be used, but

theprecision of resulting value will be lowered under the extrapolation.

2.1.Zolor Mixing System (CIE Color System)

We often deal with color withoutconsidering factors suchs surround and
surface texture in a color mixing system. Thus, dimeplestattribute of perception is
involved, and it is called color ‘'sensatigncolor viewed through a dark aperture can
be regarded as color sensation, and this kind. of color is acaled stimulus. Color
mixing system is developed on the base df color stimulus, and it oftsrthuse
values to express the color stimulus, hence aealedtrichromatic systemrhe three
color stimuli are specified by the amount of three referemcrikt usually red, green,
and blue, and the spectral distribution of color stimulus is known as color stimulus
function. Furthermore, tristimulus‘values are combined with color matching function
and psychological spectral response of human eyes. i$haty these values are
thought of psychophysical values.

Random tristimulus values cdme determined with thdéixed color matching
function, but it can still be changed with different color matching function. To solve
the problem, CIEset up standard color matching functions in 1931 based on two

principles.The frst principle is that assigned reference stimuli [R],,[&]d [B] are
monochromatic lights with wavelength /, =700.0nm , /;=546.1nm and

/ 5 =435.8nm, respectively.The secondorinciple is that the basic stimulus is the

white color stimulus of equenergy spectrum, and the amountsaferencestimuli
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[R], [G], and [B] are in the ratio of 1.0000:4.5907:0.0601at is to say, the
equi-energy whitdight of 1.0000+4.5907+0.0601=5.6508 ttan match the reference
stimuli [R], [G], and [B] with the ratio of 1.0000:4.5907:0.0601, and the color
matching functionsr(/),g(/) and b(/) referenced by the avage data of Guild
and Wright are shown isig. 2-2. Thus, the color can be matched by using reference
stimulus.In normal trivial case, monochromatic light is too saturatechédch the
combination of reference tristimuluBor this reason, [R] is addedito [F.] to lower
the saturation, as shownkguation2-1.
[F, 1+ R[R] =GG] +B[B] (2-1)
Grassmani@ Law can transform the equation into the following form
[F,1=-RIR] + GG +BB] (2-2)
The negativé R term is theeasonwhich inducedhe partially negative value in
color matching functionThe color matching equation can be regarded as vector
equaton in 3dimensional space with'vector components [R], [G] and [B], as shown
in Fig. 2-3. However, it isinconvenientto-deseibe color [F] in threedimensional

diagram. Therefore, the intersection point (r, g, b) of vector [F] and unit plane

040 T T T T
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Fig. 2-2 Color matching functios 7(/),g(/) and b(/) of CIE RGB color

specification system
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Fig. 2-4 Color matchingunctionsx(/),y(/) and z(/) of CIE XYZ color

specification system

R+G+B=1 is used to expressed color [F], and (r, g, b) can be calculatedrhya
2-3, and it is noted that r+g+b=1
r=R/(R+G+B)
g=G/(R+G+B) (2-3)
b=B/(R+G+B)

In the time of calculating tristimulus values manuallgt@lly negative value of
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color matching functions in RGB colsystem will make the calculation much more
complicated. To solve the problem mégativematching function, CIE satp a new
reference stimuli [X], [Y] and [Z] in 1931 and thecolor matchingis revised as
shown inFig. 2-4. Owing to the noruniform distribution of cone cell in human eyes,
XYZ color system can be separated #t61 E 2 A Col or iam€CGIE i ¢ Syst
1°Col ori metric Systemo
Tristimulus X, Y and Z of a color stimulug(/) can be derived by calculating
R, G and B firsty and utilizing a transformation to change RGB into XYZ.
Nevertheless, in general, tristimulus values are calculated by color matching

functiors X(/),y(/) and z(/), as shown ifEquation2-4
X =K/ (/) &X(/ )
Y =k G/ Y (2-4)
Z =KD )/

where, k is a constant, and the integral is‘taken in the visible light region. In addition,

color stimulus 7(/) is mainly determined by the spectrum of ligiourceP ( ang
the reflectivity spectrum of reflective color objecteRfTherefore, previous formula

can be changed into the next form
X= kﬁLR(/)CP(/)('X(/ )yd/
Y= kr:LR(/ YAP(/)G(/ )d/ (2-5)
Z= kﬁLR(/)C"P(/)("i(/ )yd/
where the constant k defined as
k =100/ E'LP(/ YQ(/)d/ (2-6)

The constant is selected such that the tristimulus value Y equals to 100 for a
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perfect reflecting object.
As described in RGB system, the chromaticitggram (X, y) are established
by the intersectionfacolor vector (X, Y, Z) andinit plane X+Y+Z=1 as follows
X=X/(X+Y+2Z)
y=Y/(X+Y+2Z) (2-7)
Many color systems based on XYZ color system were developed on different
purpose. For instae¢CIE U" V' W' color space in 1964, U v’ andL"d b’

color spaces in 1976, and many others systems badeédidnl color space[7]

2.2 Color Difference

To quantify the variation of two stimuli, color difference formula is defined to
express Euclideadistance between the coordinates for the two stimgitording to
different color spaces,.color differences have various fernwilfisthe similarform.
Color difference correlates closely with lightness, ehroma, hue angle, and hue
difference, and the correlates 'of “certain-perceived attributes of color and color

difference can be calculated in. CIELAB or CIELUV color spad@, 5] The
expression in tens of a CIELAB DE,,, which can be calculated by usifguation
2-8.

DE,, =[(DL")* +(Da’)* +(Db")*]"* (2-8)

wherethree terms in the equation is defined as

DL =L,- L,
Da’ =3 - a, (2-9)
Db’ =b; - b

Color difference can still be expressed in the viewpoint of lightness, chroma, and

hue difference as illuminated Bquation2-10 by using the combination @quation
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2-8 and2-11
DE,, =[(DL')* +(DC;,)* +(DH ,)*T"* (2-10)
DH ., =[(DE;,)* - (DL')* - (DC,,)*1"* (2-11)
To improve the uniformity of color difference measurements, modifications to
CIELAB DE,, equation have been made upon various empirical @@ CIE has

evaluated such equations, and the avalaidual data, recommending a new color
difference equation for industrial use. This systencolor difference measurement is

called CIE 1994 DL DC;, DH_,) color difference model with the symbd@E;, and

abbreviation CIE94. In addition, CIE 94 hastandard form of color differencas

shown inEquation 214, and the standard viewing conditions are defineBastion

2-15.
8 SRS DH e ]
DEQ“—\/(kLSL) +(chc) +(kHSH) (2-12)
S =1
S. =1+0.04E;, (2-13)

S, =1+0.015C,,
Numerous color difference systenwith different coefficient k and S are
developed under the foundation Bfjuation 214. The parametei factors, k, , k.,

and k,, are used to adjust the relative weighting of the lightness, chroma, and hue
components, respectively, of color difference for various viewing conditions and

application that depart from the CIE 94 reference conditiwwhi&h defines all k

valuesequalto 1 On the other hand, theeighting functionsS ,S., and S, are
usedto improve the perceptual uniformity of CIELAB
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Except for the CIE94CIE has established the CIE DE2000 color difference
equatia that extends the concept of CIE 94 with further complek#iyWhile the
CIE DE2000 equation certainly performs better than CIE94 for some data, its added

complexity is probably not justified for most practical applications.

CIEDE2000 color differencesdqo) is modified from CIE94DE,, as introduced

in chapter 2.2, but an extra ter@R is added to correct the nonuniformity of the
discrimination ellipses in"&" diagram.[8, 9] The aEq formula is expressed as
Equation 214, and the calculation method of constant is expressed in the range of
Equation2-15 to Equation 229.

. | DL, .DC . ,DH
DEOO—J(kﬁ) e s lnR

| | . | | (2-14)

_ |, DL {5 DC ., ,.DH |, DC DH

R e Elne e
DL =Sl L, SLEETTT (2-15)
DC =C;- G, (2-16)
DH =2C sin(%l) (2-17)
S =1+ 0.015L - 50)® (2-18)

J20+(L - 502

S. =1+0.045C (2-19)

S, =1+0.015C T (2-20)
R =- sin(2Dg)R. (2-21)
C =+a®+b? (2-22)
a=(01+G)a (2-23)
b'=b' (2-24)
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cy
G=0.5(1- _*—ab 2-25
0\ @29

Dh =h - h, =tari*(/a)- tan*(b,/a,) ¢180 (2-26)

T =1- 0.17cosh - 30)+0.24cosgh)

A ~ (2-27)
+0.32cosBh +6 )- 0.20coséh - 63)
Dg =30exp{-[(h - 275 )/25]%}

(2-28)

R.=2 L (2-29)
\C7+25

where k., k., and k,, areparametric factors kThese prametric factorsccount

for the influence of specific experimental conditions.on perceived colfaretice
and they areadjusted .according to different viewing parameters suctexsires,

backgrounds, separationsc.gbenerally; these values are;assumed to 1 to simplify the

condition. S, S., and'S; areweighting functions SThese weighting functions

can mprove the percépal uniformity of a* b* diagram In addition,the R: function
play an essential role tanprove the performance of coldifference equation for
fitting chromatic differences in blue region
Whole story should be stated from the origirel b* diagram Luo and

Riggprepared over 600 pairs asamples close to the colocentersto do
psychophysical experiment$hen, the color discrimination ellipses are gated as
Fig. 2-5. Threeevident trends can be obtained from g 2-5:

(1)Ellipsesclose to eutral colos are the smallest

(2)Ellipses are largeand longer when chromsiincreased

(3)Most ellipses pointowards the neutral point except for thase¢he blue region

as the blue square ig. 2-5.
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Fig. 2-5 Luo and Rigg exerimental color discriminatioallipses plotted im* b*

diagram

Afterwards,weighting functions &ire usedto make the discrimination ellipses to
have the constant color difference, and the Rotation functiofurittion is used to

rotate the ellipses in the blue region point toward to the center.

2.3Color Rendering Index (CRI)

As mentions in Chapter-3, the effect of various lightings on threflective
displaysis the key issue in this study. Therefore, the standard of estimation for light
sources is signifiant. In the past, the chromaticitgordinate or the CCTT.), which
is derived fromthe corresponding absolute temperatarethe Plandlan locus, is
used tocharacterizea quantified color property. Nevertheless, the imperfect effect of
color constancy is hard to describe by using the chromaticity coordinate Ty. the
solve the problem, color rendering index (CRI) is used to evalinstelevel of
keeping the color constancy between two light soul€Bs.is recommended by CIE

to expresswumericallythe degree of matching of color appearance under a test light
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source with the color appearance under a reference illuminanthariollowing will
be descriptions ahe reference illminant and color sample.
In principle, T; of test source should be equal to theflreference illuminant. To
do into detailswhen the T of test source is lower than 5000 K, a bkaddy radiator
is used,on the other handyhen the T of test source is 5000 K or higher, a CIE
daylight illuminant is used. In general, in either case, the reference illuminant used in
the evaluation is one whosg i§ equal to that of the test source. For special purpose,
a sandard CIE illuminant or any other illuminant can still be adopted in the CRI
measurement. Therefore, D65 of standard CIE illuminant is used in our experiment.
Except for the reference iIIL.Jmi.nant,., these color samples used in the CRI
measurement are desiged a's‘. Wéll. In normal éifﬁation, 14 color chips, as shown in
Fig. 2-6, are chosen to dompute CIE.:C:tQI,‘ai]d,'théy éan be separated into two groups.
. o o I %
Test colors 18 are cor_réSponding to thié ;y{C'in tﬁe raﬁge of 6/4 to 6/8 for Munsell
notations. These color"s'tlvimed.iqm ’Iightﬁess and saturaiion represent average object
colors, so they are used: .t_o-.obtlaiﬁ,:s;n-a—\'/;;e;g;olor_‘r?ﬁdering index, known as General
Color Rendering Index, for 6rd_[nary lightings: Teﬁét"(;olors numberéd 8re used to

C

obtain special color remding indices and representative of important object colors.

Fig. 2-6 14 test color samples used in computation of CRI
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Reference colors-22 are representations of high saturation colors, such as red,
yellow, green, and blue colors, respectively. Initaoid, reference colors 13 and 14
standardgor the skin color of white Caucasian people and the color of a typical green
leaf, respectively.Sometimes, another color samples can be seldotedpeific
purpose, such as the 13#st sample adopted Bapanese Industrial Standards (JIS)
standards for the average face color of Japanese women.

For the computation of color difference, the following colorimetric valugsvU
and W according to the CIE 1964 uniform color space are.used

W' =25v"3-17

U" =13W (u-.u,) (2-30)
V' =13W (V- v)

where, u and v represent tleromaticity 'coordinatesin the CIE 1960 UCS
chromaticity diagram, and can be calculated from the tristimulus values X,Y and Z
the chromaticity coordinates x and 'y accordirtgiation 231.
u=4X/(X+15Y+32)
=AX/(-2x+12y+3) (2-31)
v=6Y/(X+15Y+3Z)
=6Yy/(-2x+12y+3)

In general, the chromaticity coordinates of reference illuminant and test light
source aredifferent, but the color shift induced by the variance of chromaticity
coordinates can be compensated by color adapticgrefidre, a series of correcting
formulas are used to revise the color difference formula. The corrected formulas can

express the chmaticity valuedU”, V' and W separately as shown ifguation 232.

W, =25, )"*- 17
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U, =13V (U, - u,)
" =13N (v, - V) (2-32)
W, =25Y, )" 17
U,; =13\ (U, - u,)
Vi =130 (Vy; - Vi)

where thesubscript rand krepresent the reference illumination and test lighting,
respectively, angubscript i standards for differet@st color samples. In addition, the
tristimulus values ¥, Y,:and Z;, as well as X, Yk:and 4, can be computed from

the speatl distributions g2 ).and (&), where i=1,2 ,15. The color difference

aE; (i=1,2¢ ,15) according to_the CIE1964 uniform color space are obtained from

these values in accordance withuation 233. |
DE ={(U;; - U\ )2+ (V= Vi) + (W, W) (2-33)
The special colorendering indices Ror each-test colorare obtained by
R =100- 4.6DE; (2-34)
The coefficient 4.6 in Equation20 was introduced by CIE so that the general color
render index B which is an average value of special cotordering indices for test

colors 18, of warm white fluorescent lamp would bg=B0 and is obtained by the

following formula.
8
R.=(@R)/8 (2-)
i=1

From a theoretical point of view, there are several improvements thatroaitel

a progress on calculating the CIE color rendering index. For instance, a better

chromaticadaption transform could be incorporated. However, such progress would

cause changes in ratings that have become well established in practice so, to data, the
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CIE has notecommended any changes.

2.4 Interaction of Reflectance and llluminaion in Generating Color Return

Interaction between the spectra of light source and reflectance is the key point of
discussion Hence, the interactiowhich would result instimulus of illumination,
reflectance, and transmittance is discussed in this sefti@n.

The spectral stimulugshat confront human observers under most natural
conditions are products of the reflectance of surface, the spectrum of the illuminant,
and the transmittance of the intervening medium, as illustrateéiin 2-6. The
spectral distribution of light in any st!mulus necessasoyflatesthe contribution of
these three factors as in the perception luminanceigla-7, a surface with a given
reflectance efficiencyfunction, Which"is.i.llqstrated as a simple sine wave, is
illuminated by equiluminant spectra whose configuration is the same(1), the
opposite(2), shifted toward long(3), and shifted toward short(4) wavelength

comparative to the surfa@ereflectance-For comparison, the dashed line in the

vA g

[llumination

Transmittance

Reflectance Stimulus

Fig. 2-6 Inevitable conflation of illumination, reflectance, and transmittance in

the generation of spectral returns that elicit color sensations
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diagram of illumination represents a white illuminant comprising a uniform
distribution of wavelengths; for the sake of simplicity, the transmittance is assumed to
be uniform. Note that the spectral returns given by the product of reflectance and the
illuminants vary systematically relative to the return generated by the surface under
the white light with uniform spectrum. The ruleskig. 27 can besummarizedas
followings, and the effect is considered relative to the same surface under equally
intense luminant whose power is uniformly distributed:

1. A surface islluminatedby a spectrum which isimilarto the reflectance of surface

(as in graph 1 ofFig. 2-7): The intensity of the return from the surface is increased,

. N 1
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Fig. 2-7 The typical result of the interaction of reflectance, illumination, and

transmittance in four cases
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whereas the width of the distribution narrows. However, the locatitregieak of
the distribution is not much changed.

2. A surface is illuminated by a spectrum which is opposite to the reflectance of
surface (as in graph 2 &fig. 27): The intensity of return from the surface is
decreased, whereas the width of the distribution broadens and flattens. Again, the
location of the peak of the distribution is not much changed.

3. A surface is illuminated by a spectrum which is neither the same nor oppdbi¢e
reflectance of surface (as in graph 3 and &igf 2-7): the power and width of the
return are affected to amtermediatedegree. Neverthelesshet location of the
peaks of the power distribution in the spectral return bectessselative to réurn
from the same surface under white light illumination compared with graph 1 and 2.
In other words, the spectral return shifts along tkexig in the direction of te
spectral profile of the illuminant.

In brief, all these effects are influenced by width of the spectral distribution of
the illuminant and the reflectance ‘of the surface. In other words, the narrower the
distributions of power in the illuminant relative to the reflectance efficiency function
of the surface, the greater are all the eftlxscribed above.

Because these several rules describe the way spectral returns from surfaces must
always be affected by different illuminants, they define the universal experience of
observers with the relationship between reflectance, illuminants hargpectra they
generate. If spectral stimuli elicit percepts as a result of visual experience with the
typical provenance of spectral returns, then when observer is presented with any
stimulus, the colors that are perceived should accord with the poedictetermined

by theseempiricalrelationships.
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Chapter 3

Evaluation Standards

3.1Why Choose Lab ColorSpace
As the statement in Chapterl2, two essential color spaces coexist in the area

r r r

of colorimetry. They aré"d b" andL’ u v' color spaces, respectivel¢hy L' d b
color space was chosen in this théssteadof theL" u” v’ color space?

CIE recommended." a' b’ and L' u" v" color spaces to calculate color
performance. Furthermore, both.of them have. their own advantages, for example,
"b" has the comparatively uniform color space and it is capable of expressing the
character of color constancy regardless-of illuminatiowl, straight lines irL" u V'
chromaticity diagram can readily express additive color mixture. Thereford, GIE
b is widely used in most caloanalysesbut CIEL" uv' is commonly used in
industrial fields that depends on'the additive mixing of lighthsag in color TVs,
video monitors, etc.

In this study,L"d b" color spacevas chosen athe chief color systenin this
study In addition, the experiment confronted some problems when Wsidd

color space, so an improved method brought upendy Davis and Yoshi Ohno

which will be discussed in the next chapter in dei].

To complete the contents of Chapter 2.2, color differeB&g, , which is based

on CIELUV color space,between two stimuli of(L;,u;,v;)and (L,,u,,V,) is
introduced a&quation 31.

DE,, =[(DL')* + (Du’)* + (Dv')*]"* (3-1)
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where

DU =L - L,
Du =u, - U, (3-2)
DV =V, -V,

CIELAB and CIELUV have been widely used, mairdgcause it igelatively
easy to relate colos as seen with posi tEivauessareon t he
calculations of the distance between the standardsamgble in these spaces. They
are used for industries concerned with subtractive mixture (surfaloeant) and
additive mixture of caired light (TV), respectively{.12] While CIELAB color space

was designed with a goal of having color differences be perceptually uniform

throughout the space, which meansD&,, of 1.0 .for a pair of red stimuli is

perceived to be equalin magnitude toD&,, -~ of 1.0 for a pair of gray stimuli.

However, this goal was not strictly achievétence, colerdifference CIEDE2000

(edEop) was developed to solve the probleas introduced in the previous chapter.

3.2Problems of CRI

Even though CRI is a comparatively commonly used index on evaluating the
color appearance before, it still confronts by some problems on facing the more and
more popularlight source oflight emitting diodes (LEDs) especially for the
wavelength of redband[13].

Two 3in-1 RGB LED models having the sarRg value of 80and CCTvalue of
3300K but different spectraas shown inFig. 31. The dominant wavelengtf

3-LED-1 are 457/540/605 nm, and the dominant wavelength dfED-2 are
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Fig. 3-1 The SPDs of the two-8hip LED models both havinga=80 at 3300 K
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Fig. 3-2 Special CRIR; to Ry4) of the two.3chip white LEDmodels with the spectra
of Fig. 31

474/545/616 nm. laddition, the shift of blue waveband is the largest, and the green
waveband is the smallest. The special CRItdRR.4, of these hip LED modelsare
shown inFig. 3-2. Both models have the sarg value of 80, buB-LED-1 exhibits
very poor rendering of red (appearing brown) &id, only 27, whereas, 3. ED-2
exhibits goodrendering of all the four saturated colors as well as the medium
saturated colorsThis is a case where the sourbasing the samBa can exhilt very
different color rendering performance. This demonstratesRha&t not trustableto

judge the colorendering of 3chip white LEDs and possibly alsor conventional

~28~



light sourceswith a fewnarrowband peaks.

Then, isRg12 a good indicator? Since saturated colors have sharp changes in
spectral reflectance curvegq.1> may causesome irregular results with SPDs having
large valleys between peaks in thedpal distribution curve. As simple test, all the
sample spectraleflectance data are shifted frard0 nm to +20 nm t@xamine the
sensitivity of theresults to small changes of color samp@ssshown irFig. 3-3. As
expected Rg.12 IS very sensitive to the wavelength shift of the samples wRyes
fairly stable. Thismeans that, even Rg.12 IS good, color rendering of some other
saturated colorsFor instanceprange, purple, et) may not beaccurately rendered
(hue will shift).

There isalwaysa contradiction between any kinds of CRI (For instangeari®
Re12) values and color. rendering performancéserefore,National Institute of
Standards and Technology (NISTlamed another evaluation standard which is
namedof fiColor Quality Scale (CQ$®) The principle of ealculation is similar to the

CRI, so CQS isdenominatedo. differentiate - from the CRIExcept for the CRI,

{a) 3-LED-1 (b) 3-LED-2 (c) 3-LED-3
100 . 100 -|
g B0 ke s L E IEEEEEEEEE
=]
> 40 F------ - - 40 |--------- O, T R R
20 F------ot ----- - 20 f-----] —&—Ra 20 f----e- —&——FRa
—k—Ra R(9-12) R({9-12)
0k L RI:Q—] 2:' 0L 1 | 1 1 0! L |
-20 -10 0 1 20 =20 -10 0 10 20 -20 -10 0 10 20
Wavelength shift (nm) Wavelength shift (nm) Wavelength shift (nm)

Fig. 3-3 The changes dR; andRg.12 of 3-chip white LED modks when the

wavelengtls of the sample spectral reflectance datashifted
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fundamental concept of color difference isemsential element in this study as well,
so CIEDE2000&kEy), which will be introduced in chapter 3.3,clsoserto judge the

color difference

3.3 Color Quality Scale (CQS)

Rather than an entirely ‘iavention, CQS is developed from the fundamental
method of CRI, which is maintained antdified The most significant change is to
involve a deviation away from definition of aml rendering. Rather thaavaluateonly
color fidelity, this impraed methodis intendedto evaluateoverall color quaty of
light sources and isappropriatelynamed Color Quality Scale (CQS)o avoid

confusion with the CR[.ll]{TAh-e"alterﬁed contents of'CQS are itemized as following.

1. New Test Color Chiﬁs: _ o 2 -

One of the most serious 5 p'roblémﬂ CRI is Ihét some color rendering
performances of saturatéd 5co|6ré_c;;;1r.1'.-b;_\;e_|r'y~poor' g()en thoyghdeod. For this
reason, 15 higlechromatic saiurationolorsspanni_né 'tﬁe entire hue circdee chosen
to replace the 8 color chips in Cl7é~il are cu‘r)réntly available Munsell samples of the
following hue value/chroma: 7.5 P 4/ 1M PB4 /10,5PB4/12,75B5/10, 10
BG6/8,25BG6/10,25G6/12,75GY 10,25 GY 8/10,5Y 842,10

YR7/12,5YR7/12,10R 6 R15 R 4/ 14, and 7.5 RP 4 /.ITPhese color chips

i

are exhibited in irFig. 3-4.

Fig. 3-4 15 Color chips used in Color Quality Scale (CQS)
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2. Different Color System:

The WU'V" color system used in CRI is obsolete because of the nonuniform
color spaceColor differencesvould beextremely exaggerated in the red region and
suppressed in yellow arglue regions. CIE 1976 L*a*h*which is abbreviated to
CIELAB, is currently recommended by CIE and is widely used in many applications
In the CQS, the W*U*V* color spacis replaced by the CIELAB for evaluating the

color difference under the test arederencdight sources.

3. Use ofRootMeanSquare (RMS)

Color difference is calculated larithmetic averagen CRI. However arithmetic
averagamay induce the good CQS score for a lamp, even when it renders one or two
samples poorly. This kind of situation.would be serious especially for the SPDs with
narrowband spectra, for instance, the LEDs. The-medasquare (RMS) is useid
emphasize the influence of hue shift. The RMS formula of color difference for the 15

samples is shown as following.

Jard2
a DE’ (3-3)

DERMS 1 1_5
i=1

4. New CCT factor

In CRI methodthe CCT of reference source is matched to that of the test source.
Hence, the CRI score is perfect for any CCT. In actual case, color rendering is
degraded aextremelyhigh or low CCTs. A set ofemporay correct factors, which
are based on the color gamaf 15 samples under the reference source for various
CCTs, is developed because of the incomplete understanding on chromatic adaption
as shown inrable 31. Color rendering performance of reference source is assumed

that it will degrade as the gamut aris decreased. The multiplication factors are the
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Table 3-1 The colorgamutof the 15 samples under reference sources with various
CCT and the multiplication factors for each CCT.

CCT(K) | Multiplication Factor

1000
1500

2000
2500
2856
3000
3500
4000
5000
6000
6500
7000
8000
9000
10000
15000
20000

relative gamut areaormalized at 6500K" In addition, certain CCT ranges are given
the multiplication factors, which are lower than 1, to keep the CQS score lower

than 100.

5. NewScaling Factors:

Currently a new scaling factorequals t03.01) is choserto make tle average
score ofCQSfor the CIE standard lamps (F1 through F12) be equal to the average

score of the current CRI;R=75.1)as shown irEquation 24.

Reos =100- 3.01DE; (3-4)
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6. Conversiorio transformCRI into therange of 8100

Negative CRI values for some lamps are always confuBiegause the rangd o
0-100 would be better comprehendadusers, keeping in the range 6100 is much
more significant than the linearity for a color rendering scale. equation of
transformation is introduced to make sure the CQS values would be hold in the scope
of 0-100, as shown iquation 35.

R, =10* In[exp(R, /10) +1] (3-5)

Where the R is the input value and the,Ris the output value of the conversion.

The function(dashline) can transform theriginal CQS valuegsolid line)lower than

20 into therangeof 0-100, as shown ifig. 35.
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Fig. 3-5 The 0100 scale faction ¢ -) used to convenxriginal scores'q )
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Chapter 4

Experiment & Discussions

4.1 From Luminance to llluminance

Luminance is the density of luminous intensity igigen direction and given
solid angle.Therefore, i is measured itthe unit of cd/nf. In addition, Uminance is
often used tacharacterize themission from a diffuséght source It indicaes how
much luminous poweshould be receivedby a detectorwhen viewing the surface
from a particular anglewhich means the luminous power illuminated by the source
per area and solid angle

llluminancemeansthe photons-which fall within anit.area of ajiven surfacelt
is measured irthe unit oflux, or lumens/m llluminance. isoften used in lighting
applications to measure the amount of light reaching an object such as @& wall
detector The illuminance will decreasasthe total area‘illuminated is increaseeken
with the constant luminance intensity of the light source.

In brief, luminance is used to characterize the light source itself, and illuminance
is used to specify the olgereflected from the ambient lightlence this concept was
used in this study to differentiate the color performance ofigine source and the
perceivedcolor of reflective LCD. To evaluate the color performance of the light
source, the evaluation stand#éod a reflective LCDis an esential issue especially for
the LED.

LED became more and more populathathe time ofenergy saving because of
the character of merit of thin body arndw power consumptianNevertheless,he

narrowbanespectrumcharacteiof LED will easily lead to the mismatch between the
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spectra of the light source and the reflectivity of the displéne key issue in this
thesis isinduced by the description abovievo main targets ar@Bring an evaluation
standard into the area of the reflective LCD for the light sauace fiVerify that the
spectrum of light source has the essential impact on the reflective LCD and find a
proper spctral recipe for the display@fter the clarification of the topic, the next

section is the introduction of the test platferm

4.2 Two test platforms

Two displays were used as the test platform of the relation between the spectrum of
the light sourceand the reflective display. They are the Cholesterid C&LC) color
strips and thecommercially available transflective display, respectively. The
following is the introduction of these two platforms.
4.2.1Ch-LC Color Strips

The firsttest platform ishe CRLC color strips made by the inkjet printifP)

process. Various colors can be formed by changed pitch of the LC, which means the
reflective waveband is determined by the refractive index and pitch of O@.the
other hand, the reflective wavebaoblthe CRLC can be varied by different chiral

doping recipe of LC. The formula of reflective waveband is expresgeduation 41

andFig. 41.
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Fig. 4-1 Color formation diagram of Cholesteric LC
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| =Py Nic (4-1)

There arethree main color shift issues in the topic of-Ch as following: (1)
Incident angle; (2) Viewing angle; (3) Spectrum. The previous two issues, which are
expressed ifFig. 42, can be interpreted byquation 41, but the spectrum problem
had never been coerned beforeHence, the impact of the various spectra of light
sources became a key issue in this study.

Different color perceived in the color strips of thesisavas manufactured by the
IJP process without any color filtein addition, his sample w& made including the
rubbing process instead of the scattering form as the large area billboard diagkay
by Magink [14]. Hence, the color shift induced by various viewing anglbich
exhibitedhighly color shiftphenomenomspecially for red color bas shown irfFig.
4-3, is much more serious than the Magmnkeflective CALCD. To eliminate the
color shift induced by.viewing angle, perpendicular measuring angle was adopted
This ChLC color stips: sample was used to verithat.different spectra of light

sources would lead to coelor various levels of-color shift under thégmbg.

Fig. 4-2 Color shift issues of GhC: The left hand side is thdifferentincident angle

of light source; the right hand side is the various viewing
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