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Abstract

As a procedure to present images in appropriate quality and accurate colours, display calibration
was explored since the invention of the electronic display in the nineteenth century. Its aim is to
accurately reproduce colours on the display corresponding to real-world vision or another display.
Overall, the procedure involves two stages: colour characterization and colour specification. The
first stage involves characterizing the colours presented on displays in the International
Commission on Illumination (CIE) colorimetry system based on the input digital count values to
evaluate the colours perceived by the human visual system. Thereafter, the values in the CIE
colorimetry system were specified in a hypothetical display colour space that is independent of the
devices. Thus, the displays were calibrated to produce colours according to the values defined in
the hypothetical colour spaces.

However, the conventional models of colour characterization were developed assuming channel
independence and channel-chromaticity constancy according to the property of the conventional
cathode ray tube (CRT) displays. Those models failed to characterize the newly developed organic
light emitting diode (OLED) display and a component of the liquid crystal display (LCD), which
did not satisfy channel independence. Although various models have been developed to resolve
the issue of channel dependency for these displays, extensive measurements are required to
achieve high accuracy for such models.

Other problems with the display calibration involves colour mismatch, which refer to the
phenomenon that colours with the same values defined in the hypothetical colour spaces appear as
different colours to human observers, or colours observed the same colour appearances but having
different values defined in the hypothetical colour spaces. This phenomenon illustrated that the

CIE colorimetry system may not explain the colour perception of the human visual system in



certain conditions, because the values in the hypothetical colour spaces were calculated based on
those defined in the CIE colorimetry system. Moreover, the variations of densities of optical
pigments in human eyes varied across individuals, which caused the phenomenon of observer
metamerism—a pair of stimuli with a matched colour appearance to one observer exhibits a
different appearance to another observer. Thus, the use of one standard observer to represent the
colour vision of normal observers may cause failure of characterization for certain observers.
Taking considerations of those problems, in Study 1, this dissertation proposed a display colour
characterization model to correct the influences of channel dependency and can be used to
accurately characterize OLED displays. We propose a 3D piecewise model, wherein dividing the
display RGB space into 27 subspaces and characterizes the interactions between two and three
channels based on the measurements of the tristimulus values of 64 RGB combinations of digital
count values. The average colour difference in terms of AEap in the CIELAB colour space (Section
2.2.4) of 41 test colours between the model predictions and the measurements was around 0.92, in
comparison to the average of 10.47 by the widely used model assuming channel independence (i.
e., the GOG model as described in Section 2.5.1), across nine OLED displays. As a result, the
proposed model performed great improvement compared to the conventional model in the
characterization of OLED displays.

In Study 2, two colour matching experiments were reported to explore the performance of the CIE
colorimetry system on the characterization of the colours presented on various displays. In the
experiments, human observers matched the colour appearance of six colour stimuli produced by
four smartphone displays, including one LCD and three OLED displays, to those produced by a
reference smartphone OLED display. The matching and reference stimuli had a field of view (FOV)

around 4.77° for the first part of Study 2 and 20.2° for the second part of Study 2. The performance



of the four CMFs, however, were not significantly changed with the increase of the FOV. The
experimental results indicated the failure of the applicability of the CIE colorimetry system in
characterization of the colours between LCD and OLED displays, corresponding to the colour
perception of the human visual system.

In Study 3, a corrected method of colour mismatch between LCD and OLED displays was
proposed. A colour matching experiment was carried out in Study 3. The experiment results
indicated the similar performance of the CIE colorimetry system in characterization of the colours
between displays, but more serious degrees of colour mismatch and observer metamerism
compared with the results derived in Study 2. The colour matching data collected from the
experiment were used for correcting the colour mismatch. The results indicated the effectiveness
performance of the correction, through which the degree of colour mismatch between LCD and
OLED displays was significantly reduced.

In summary, this dissertation aids in understanding the procedure of display calibration applied to
various display technologies. The present findings will serve as references to achieve accurate
display calibration—both in the processes of the colour characterization and colour specification—

for new types of displays such as OLED displays.



Publications

Journal:

[1] J. Wu, M. Wei, Y. Fu, et al., “Color Mismatch and Observer Metamerism between
Conventional Liquid Crystal Displays and Organic Light Emitting Diode Displays,” Optics
Express, 29(8), pp.12292-12306, 2021.

[2] J. Wu and M. Wei, Y, “Color Mismatch and Observer Metamerism between Conventional
Liquid Crystal Displays and Organic Light Emitting Diode Displays, Part 1I: Adjacent Stimuli
with a Larger Field of View,” Optics Express 29(25), pp.41731-41744, 2021.

[3] J. Wu, M. Wel, Y. Yang, W, et al., “Color Characterization Model for OLED Displays with

Crosstalk Effects,” Color Research & Application, (Under review).

Conference:
[4] J. Wu, J. Yang, M. Wei, et al., “Characterization of Color Differences for Color Palettes,”
Proceeding of 28th IS&T Color and Imaging Conference. Society for Imaging Science and

Technology, pp.232-236, 2020.



Acknowledgments

First of all, 1 would like to give my heartfelt thanks to my supervisor, Professor Minchen Wei. His
profound knowledge and plentiful experience have encouraged me during my period of my Ph.D.
study. Under his guidance, | have developed my capacities of academic researches. He provides
me the opportunity to deeply investigate the science of colour.

I also want to deliver my sincere gratitude to my fellow colleagues for their selfless help and
encouragement in our daily life. They helped me identify the limitations of my work and provided
me many useful suggestions. The experience of working with them is really memorable.

Finally, 1 would be remiss in not mentioning my family, especially my parents, for their
unconditional support. Without their tremendous understanding and encouragement, it would be

impossible for me to complete my study.

\4



Table of Contents

AADSTFACT ...t b et I
PUBTICALIONS. ...ttt \Y
ACKNOWIBAGMENTS. ... ettt e st et e e s e sbeeteeseesneebeaneenreeeeanes Vi
TabIE OF CONENES ...t VI
LISE OF FIQUIES ..ttt ettt b et b et e s e st e be e st e nbeenbeeneenneenbe s XIl
LISE OF TADIES ... bbbttt XXI11
Chapter 1 INTFOQUCTION ......ovieieiie ittt sttt e b e esre e beenaeereenae e 1
1.1 ReSearch BaCKQrOUNG...........coiuiiieiieii ettt nne e e enes 1
1.2 Problem and OBJECHIVE .........eoiiiieciece et 2
1.3 DISSEItAtION STIUCTUIE ......eiuiiiieieeet ettt b bbbt 3
Chapter 2 LItEratUure REVIBW ........cciiiuiiieiieiieeie sttt sttt sb et nbe et sneenne e 4
2.1 Perception OF COIOUT ......oiuiiiiiiiiie ettt ettt nae s nae e 4
2.1.1 Theories Of COlOUI VISION .......coviiiiiiiiisiereee e 4
2.1.2 HUMAN ViSUAI SYSEEIM ..ottt te e sneenne e 7

2.2 CIE Colorimetry System and Standard CMFS ...........cccoviiieieeie e 12
2.2.1 Colour Mixing and Grassmann’s LAW.........ccoueiuriuieirnieenieeiesee e 12
2.2.2 CIE Standard Colour Matching FUNCHIONS ........ccooiiiiiiiiieiesie e 16
2.2.3 ChromatiCity DIAQIaM ........ooieieiieiiieie ettt nneas 22
2.2.4 Evaluation of Colour DIffErenCe .........ccccoeiiiiiiiniieeee e 28



2.3 Categorical and Individual CIMFS .........ccoiiiiiiieie e 31

2.3.1 Variations AmMONG ODSEIVELS ........ccveiiiieiiee et e e aennes 31
2.3.2 Sarkar’s CategoriCal CIMIFS .......c.ooiiiiiiie et 32
2.3.3 Asan0’s INAIVIAUAI CIMFS..........oiiiiiiiieiee e 35
2.3.4 Asan0’s CategoriCal CIMIFS........couiiiiiiiie et 37
2.4 Digital Colours and Display TeChNOIOGIES .........ccviieiieieiie e 38
2.4.1 RGB COlOUI SPACE ....vvevvieiiecieeieciie sttt st te et aa e sreesteeneeaneesneeneenneas 39
2.4.2 DisSplay TeCNNOIOGIES ......c.veivieieciieiie et esre e nnees 40
2.5 DisSplay CaliDration .........ccooiiiiiieiiiie ettt nneas 41
2.5.1 Display Colour CharaCteriZation ............ccooeerueieenieeiiesie e sneas 42
2.5.2 Display Colour SPeCIfICatION.........cccveiiiiiiiec s 45
Chapter 3 Research Gap and QUESLION .........c.ccveiuieieiiiere e seesie e se e sre e se e e sneeaenneas 49
TN A (C - L (o [ o TSSO ORSRRPRI 49
3.2 RESEAICH QUESTION ... vttt st be e e et e e e b e e be e s aa e e beesnreetee e 51

Chapter 4 Study 1: Display Colour Characterization Model for Solving the Problem of Crosstalk

i T TSP T TSP SRR PPPTPN 52
A1 IMIOTIVALIONS. ...ttt bbbttt bbbt bt bt e e n e 52
4.2 Proposed 3D PieCeWiSe MOUEL...........ccoiviiiiiiiiece e 53

4.2.1 Model EStabliSNMENT ..........c.cooiiiiiie e 53
4.2.2 MOdel SIMPETIEA......cciieiicie e enne e 58

Vil



B (0T 1 1T | SR 61

4.3.1 Verification of Channel Independence and Chromaticity Constancy ..........c..cccccueuu.... 62
4.3.2 Performance of the 3D Piecewise MOdEel ..., 65
4.4 Model for a display with breakpoints on the channels.............ccooovviiinini e 67
4.5 Inversion of the proposed 3D Piecewise MOEl ..........ccoeiiiiiiiiiin e 70
4.6 CONCIUSTONS ...ttt et ettt r e r et n e 71

Chapter 5 Study 2-1: Colour Mismatch and Observer Metamerism between LCD and OLED

Displays for SMaller FOV (2 4.8)......cui ittt nne e 73
5.1 IMIOTIVALIONS. ...ttt bbbttt b bbbt bttt r e 73
5.2 MEENOM ..o 73

5.2.1 APPAratus ANG SELUP .....cviiieireieiie e ie et e e te e ra et sre et e e aeeneenreeneenes 73
5.2.2 Displays and Colour SMUIL.........c.oiiiiiiiiice s 74
5.2.3 Display Calibration and Control Program ..........ccocereiieneeneniee e 77
5.2.4 ODSEIVEIS ...ttt bbbt bbb 79
5.2.5 EXperimental PrOCEAUIE ........vcviiie et 79
5.3 RESUILS 8NU DISCUSSION......vitiuiiirireiisie sttt en e ans 80
5.3.1 Verification of Control Program ACCUIACY ........cccoverueiiereeniesieseesieseesieeseesseessnessesnes 80
5.3.2 Intra- and InterobServer Variations...........cccoeoeiereieninisieeee e 81
5.3.3 Characterization of Colour Matching Results using Four CMFS..........ccccocviiiiienienne. 83
5.3.4 Comparisons among FOUr CIMFS........coiiiiiiiiiie e 87



5.4 Quantitative Comparison of Performance of Various CMFS.........c.ccccoccvviiveeveiiieseciennnn 89
5.5 CONCIUSIONS ...ttt bbbt bbbt bbbt bt ettt 95

Chapter 6 Study 2-2: Colour Mismatch and Observer Metamerism between LCD and OLED

Displays for Larger FOV (2 20.2°) ...couiiie ettt st 97
8.1 IMOTIVALIONS. ...ttt n e n e 97
B.2 MEENOM ... 98

0. 2.1 APPAIALUS ...ttt ettt ettt ettt b ettt b e b e b e nae e be e nr e be e naneenes 98

6.2.2 Display, Colour stimuli, Display Calibration, Control Program, and Experimental

PIOCEAUIE ...ttt b bbbttt nb e bbbt 100
B.2.3 ODSEIVEIS ...ttt bbbttt b bbbt 101
6.3 RESUILS AN DISCUSSIONS .....cuveviiireieieite ettt 101
6.3.1 Verification of Control Program ACCUIACY .......cccuerueerieieerieerieseesieeseeseesseeeesseessens 101
6.3.2 Intra- and INterobServer Variations............cccoovriiiiiiiniciccesese e 102
6.3.3 Performance of Four CMFs in Characterizing Colour Matches.............cccocevueniinnnenn. 104
6.3.4 Performance of Four CMFs in Characterizing Observer Metamerism ...................... 109
8.4 CONCIUSIONS ...ttt b et n e 111
Chapter 7 Study 3: Correction of the Colour Mismatch between LCD and OLED displays..... 113
7.1 MIOTIVALIONS. ...ttt b ettt r e n e 113
T2 IMBENOA ...ttt 114
7. 2.0 APPAIALUS ...tttk ettt ekt e et b et e b e Rb e bt et e e b e e et e e beeanneere e 114



7.2.2 Displays and Colour StIMUIT..........ooieiiei e 114

7.2.3 Display Calibration and Control Program ............ccccocveveieeiieiesieseese e e, 117
7.2.4 ODSEIVELS ...ttt bbbttt b bbbt e e 119
7.2.5 EXPerimental PrOCEAUNE ........cooiiiiiieiiee et 119

T3 RESUIES ... 120
7.3.1 Verification of Control Program ACCUIACY .......c.cceerueereeieesieeieseesieeseeseesseeseesseessens 120
7.3.2 Intra- and InterobServer Variations............ccouiieriinineseneeeseseees e 121
7.3.3 Characterization of Colour Matching Results using Four CMFS..........ccccceeeiienenn. 123
7.3.4 Correction of colour mismatches between LCD and OLED displays.........cccccc...... 127

T4 DISCUSSTON ...ttt bbbt bbbt bbbt e s e bbbt bt bt be e 131
7.4.1 Performance Of FOUI CMFS ... 131
7.4.2 Comparison with the experiments in StUAY 2........cccccveveiieiieie s, 132

7.5 CONCIUSIONS ...ttt et n e ene s 134
Chapter 8 CONCIUSIONS ......cviiiiiieiieie ettt bttt esre e sbe e reenne e 137
RETEIENCE ...ttt b bbbt bt 140

Xl



List of Figures

Figure 2-1 “Coterminal response curves” of retina hypothesized by Helmholtz [5]...................... 5
Figure 2-2 Responses of the three opponent signals of red—green, yellow—blue, and white-black
from Hurvich & Jameson (1955) [12]. ..eoiiiiiiiiieiieiieie et 7
Figure 2-3 Illustrations of cross-section of hUMaN eYe..........cccooiiiiieiine s 8
Figure 2-4 Relationships of lens pigment density and wavelength of stimuli for a 32-year-old
observer proposed by Stockman and Sharpe in 2000 [56]. .....cccvereereiiriienienieeee e 8
Figure 2-5 Macular pigment density for 2° and 10° FOV proposed by Stockman and Sharpe in
2000 [56]..-vveveereeeeeeeeeeeeeeeeseeee s eeeeeeseses e es e e s ee s ee s e s es e ee e s e e ee et e et ee e een e 9
Figure 2-6 CIE 1951 scotopic luminosity and CIE 2° 1924 photopic luminosity functions [31]. 11
Figure 2-7 Relative spectral sensitivity of L-, M-, and S-cones for lights in various wavelengths
measured by Stockman and Sharpe in 2000 [56].......cccovriiiiiiiniieienie e 11

Figure 2-8 Relative spectral sensitivity of ipRGCs for lights in various wavelengths measured by

g TCy A T A= TR 10 PSS 12
Figure 2-9 Schematic of Newton’s colour Circle SYSteM. ........ccccveieiieiecie e, 13
Figure 2-10 Schematic of Grassmann’s three-dimensional SyStem. ..........ccccccovvvevvvieiieeresiiennen, 14

Figure 2-11 Mean CIE 1976 u’v’ chromaticity of matched colours (coloured crosses) and their SE

ellipses (n = 54 observers) for various primary sets and multiple CMF sets in the study of Li et al.

[BO]: ettt eee e e et s ettt e e e et e e ettt e e s ettt 16
Figure 2-12 Wright & Guild 1931 2° rgh-CIMFS........cccciiieeeieceee e 18
Figure 2-13 CIE 1931 2° and CIE 1964 10° CMFS. .......coiieiiiiiiieieeee et 19
Figure 2-14 CIE 2006 2° and 10° cone fundamentals. ............ccccoveieiiiieeie s 21
Figure 2-15 CIE 2015 2° and 10° CIMFS. ....coiuiiiiiieiccie ettt 22

Xl



Figure 2-16 Helmholtz’s reconstructed chromaticity diagram based on Newton’s colour circle. 23

Figure 2-17 Helmholtz’s chromaticity diagram combining with trichromatic theory.................. 23
Figure 2-18 Maxwell’s chromatiCity diagram. ........cccooceiieieiieieere e 24
Figure 2-19 Chromaticity diagram plotted through CIE 1931 rgb-CMFS........cccccovvvevveieciennnn, 25
Figure 2-20 CIE 1931 xy chromaticity diagram plotted through CIE 1931 2° CMFs................. 25

Figure 2-21 CIE 1931 xy chromaticity diagram with MacAdam’s ellipses (Note: ellipses are ten
tIMES thEIT ACLUAL SIZE). ..o ettt sre e anes 27

Figure 2-22 CIE 1976 u’v’ chromaticity diagram with MacAdam’s ellipses (Note: ellipses are ten

tIMES thEIr ACLUAL SIZE). ..oveeeieiie ettt sr e e enes 27
Figure 2-23 CIELAB colour SPace diagram. .........ccooviirieeieniesieeniesee et 29
Figure 2-24 Bradford Ellipses (BFD) on a—b plane of CIELAB colour space. ............ccoeereennee. 30
Figure 2-25 Sarkar’s eight categorical CMFs compared with CIE 1964 10° CMFs..................... 34
Figure 2-26 Ten categorical CMFs derived by Asano under (a) 2° and (b) 10° of FOV. ............ 38
Figure 2-27 Illustration of RGB COIOUI SPACE.........coiuiiiiiieieiie st s 39
Figure 2-28 General pipeline of display calibration. ..., 42

Figure 2-29 Comparison of colour gamuts of SRGB, DCI-P3, and BT.2020 standard colour spaces,
together with the spectrum locus, on the CIE 1931 xy chromaticity diagram. .........ccccceeevvennenne 48
Figure 4-1 27 subspaces generated based on two piecewise points M and N on each channel in
diSplay RGB COIOUN SPACE. .......iiuiiiiiie ettt sttt sttt re e be e e b e sbeeneenreas 55
Figure 4-2 (a) 19 subspaces and corresponding training stimuli in first category, and (b) eight
subspaces and corresponding training stimuli in second Category. .......ccocevvveiieiie e e 56
Figure 4-3 27 subplanes generated based on two piecewise points M and N on each channel in

Planes Of R =0, G = 0, OF B = 0..veiiiiiieiiesie ettt nneas 57

X



Figure 4-4 (a) 15 subplanes and corresponding training stimuli in first category, and (b) 12
subplanes and corresponding training stimuli in second Category.........c.cccevvveveeriesieeresieeseeseeenns 57
Figure 4-5 Illustration of (a) RGB colour space segmented into 27 subspaces based on digital
counts values M and N on each channel, and (b) 64 training colours. ...........cccocvvivevviceiecieenn, 60
Figure 4-6 Colour gamuts of the nine OLED displays and the standard P3 gamut, together with the
chromaticities of 41 combinations of the digital count values displayed using Display A in the
standard P3 colour space, in the CIE 1931 2° chromaticity diagram. ..........cccecvevevieerveieesvennenne 62
Figure 4-7 Relationships between relative luminance of neutral colours and sum of relative
luminance Of three CRANNEIS.........cuiiii e 63
Figure 4-8 Histogram of the chromaticity differences Au’v’ between the measured chromaticities
of a series colours whose digital count values of two or three channels were not zero and the
calculated chromaticities of the colours assuming the channel independence. There are 704 and
972 colours for Display A and Displays B to | respectively.........cccooevviieiiiiiciesieee e 64
Figure 4-9 Histogram of the chromaticity differences Au’v’ chromaticities at a series of digital
count values and those at the digital count value of 255 for each channel for the nine displays. 65

Figure 4-10 Relationships the luminance and the digital count values for each of the three channels.

Figure 4-11 lllustration of the 27 subspaces with the revised M and N values based on the

breakpoints for each channel, with the dots showing the 64 combinations of the digital count values.

Figure 4-12 Relationships between predicted tristimulus values and relative digital counts (a) R,

(b) G, and (c) B of three channels; dots represent measured tristimulus values............c...c.cc.c..... 69

XV



Figure 4-13 Histogram of AEa, between the chromaticities of the colors with the P3 standard

specification and those measured on the displays before and after calibrated using the inverse

Figure 5-1 Schematic illustration of experimental setup. Chin rest was mounted immediately
outside the booth such that the viewing distance iS 60 CM. ..........cccooveveiieiiere e 74
Figure 5-2 Colour gamut and white points of five displays derived using CIE 1931 CMFs along
with standard SRGB and P3 colour gamut. Note: white point of reference display is labelled with
a circle and those of other four displays are labelled With CroSSes. .........cccccvevvvieriiereiiieneereenn, 75
Figure 5-3 Relative SPDs of primaries of five displays. .......cccccovveiviiiiiciiesecee e, 76
Figure 5-4 Display colour gamut and white points in MacLeod-Boynton chromaticity diagram for
2° FOV [10] and chromaticities of stimuli exhibited on reference display for colour matching. 77
Figure 5-5 Illustration of using 3D LUT to identify colour gamut at luminance of ~93 cd/m? for
11 0] Y = TSP 79
Figure 5-6 Accuracy of control program, in terms of chromaticities and luminance. (a)
Chromaticities of adjusted stimuli derived from measured SPDs and predictions using control
program in CIE 1976 u’v’ chromaticity diagram; (b) Histogram of luminance of adjusted stimuli
derived from MEASUIEA SPDS.........coiiiiiiieiseiees e 81
Figure 5-7 Chromaticities, together with 95%-confidence error ellipses, of two matches performed
by each observer for Stimulus 2 using four test diSPlays..........cccviverierieriieri e 82
Figure 5-8 Histogram of MCDM values of the intra-observer variations for each display.......... 82
Figure 5-9 Chromaticities with 95%-confidence error ellipses of stimuli adjusted by 50 observers

using four displays to match the colour appearance of the stimuli displayed on reference display

XV



based on four CMFs. (a) CIE 1931 2° CMFs; (b) CIE 1964 10° CMFs; (c) CIE 2006 2° CMFs; (d)
CIE 2006 10° CMFs. (Note: numbers on figures represent stimuli 1 t0 6). .......ccccccevvvvververnnnnnn, 85
Figure 5-10 95%-confidence error ellipses of chromaticities adjusted by observers with relation to
chromaticities of corresponding reference stimuli, plotted using four CMFs. ..........ccccevveiinnen, 86
Figure 5-11 Average chromaticities of stimuli adjusted by observers using four displays and
corresponding stimuli on the reference display calculated using four CMFs. (Note: for illustration,
axis ranges varied, but each gird corresponds to 0.01 unit in U” and V’). ...ccceevveeeveecesieneeneenn, 86
Figure 5-12 Average Au’v’ between chromaticities of stimuli adjusted by 50 observers using four
displays and chromaticities of stimuli on reference display calculated using four CMFs. (a) CIE
1931 2° CMFs; (b) CIE 1964 10° CMFs; (c) CIE 2006 2° CMFs; (d) CIE 2006 10° CMFs. (note:
dash line labels 1 just-noticeable colour difference, IND. However, it was developed based on only
CIE 1931 CMFs and may be inapplicable to other CMFS). ........cccoiiveiiiiieiieie e 88
Figure 5-13 Area of 95%-confidence error ellipses for chromaticities of stimuli adjusted by 50
observers using four displays calculated using four CMFs. (a) CIE 1931 2° CMFs; (b) CIE 1964
10° CMFs; (c) CIE 2006 2° CMFs; (d) CIE 2006 10° CMFS. .....cooviiiiiieienie e, 89
Figure 5-14 Colour differences between adjacent stimuli on blackbody locus based on four
SEANAAIT CIMIFS. ...t b et r et r et bt r e ans 90
Figure 5-15 Chromaticities with 95%-confidence error ellipses of stimuli adjusted by 50 observers
using four displays to match the colour appearance of stimuli on reference display using CIE 1931
2° CMFs, including the chromaticities of the stimuli of simulated adjustments for (a) CIE 1931 2°
CMFs; (b) CIE 1964 10° CMFs; (c) CIE 2006 2° CMFs; (d) CIE 2006 10° CMFs. ........cc........ 92
Figure 5-16 Average Au’v’ between chromaticities of stimuli adjusted by 50 observers using four

displays and the chromaticities of stimuli of simulated adjustments for (a) CIE 1931 2° CMFs; (b)

XVI



CIE 1964 10° CMFs; (c) CIE 2006 2° CMFs; (d) CIE 2006 10° CMFs, calculated using the CIE
1931 2° CMFs. (note: dashed-line labels 1 just-noticeable colour difference, JND). .................. 93
Figure 5-17 Average Au’v’ between chromaticities of stimuli adjusted by 50 observers on four
displays and the chromaticities of stimuli presented on reference display calculated using (a) CIE
1931 2° CMFs; (b) CIE 1964 10° CMFs; (c) CIE 2006 2° CMFs; (d) CIE 2006 10° CMFs (note:
dashed-line labels 1 just-noticeable colour difference, IND). ......ccccovevviieiiein e 94
Figure 5-18 Relationship between average Au’v’ between reference stimuli and stimuli adjusted
by 50 observers calculated using four CMFs, and average Au’v’ of stimuli of simulated adjustments
and stimuli adjusted by 50 observers calculated using CIE 1931 CMFS........cccccceviveieiieineniennns 95
Figure 6-1 Apparatus and experiment setup. (a) Perspective front view of the apparatus; (b)
Perspective back view of the apparatus; (c) Cross section view of the apparatus and the positions
of the two smart phones; (d) Photograph of the two stimuli viewed from the observer’s eye position.
(Note: the mirror is shown in blue in (2) @Nd (C)). ...veveevveriieirerie e 99
Figure 6-2 Accuracy of control program in terms of chromaticities and luminance. (a)
Chromaticities of adjusted stimuli derived from measured SPDs and predictions using control
program in CIE 1976 u’v’ chromaticity diagram. (b) Histogram of luminance of adjusted stimuli
derived from measured SPDs; average: 87.06 CA/MA.............ccoveeveverceeseireeeseeseseseeeesssenenens 102
Figure 6-3 Chromaticities including 95%-confidence error ellipses of the repeated matches
performed by each observer for Stimulus 2 using four test displays. .........cccoevevviieiivereiieennene 103
Figure 6-4 Histogram of MCDM values of intraobserver variations for each test display. ....... 103
Figure 6-5 Chromaticities of stimuli adjusted by 53 observers using four displays to match colour

appearance of reference stimuli on reference display, including fitted 95%-confidence error

XVII



ellipses, calculated using four CMFs. (a) CIE 1931 2° CMFs; (b) CIE 1964 10°; (c) CIE 2006 2°
CMFs; (d) CIE 2006 10° CMFs. (Note: numbers in the figures represent Stimuli 1 to 6)......... 106
Figure 6-6 Average chromaticities of stimuli adjusted by 53 observers using four displays and
corresponding reference stimuli on reference display calculated using four CMFs. (Note: for
illustration purposes, the axis ranges were varied, but each grid corresponds to 0.01 unit in u” and
v’). (Note: blackbody locus exhibited with Stimulus 6 was plotted using CIE 1931 2° CMFs). 104
Figure 6-7 Chromaticity differences Au’v’ between average chromaticities of stimuli adjusted by
53 observers and chromaticities of reference stimuli on reference display calculated using four
CMFs. (a) CIE 1931 2° CMFs; (b) CIE 1964 10° CMFs; (c) CIE 2006 2° CMFs; (d) CIE 2006 10°
CMFs. (Note: dashed-line labels 1 just-noticeable colour difference, 1 JND. However, it was

developed only based on CIE 1931 2° CMFs and may not be applicable to remaining three CMFs).

Figure 6-8 Scatter plots of Au’v’ values calculated using four CMFs between this experiment with
an FOV = 20.2° and part | with an FOV = 4.8°. (a) Individual stimuli (6 stimuli x 4 displays x 4
CMFs = 96 data points); (b) Average of six stimuli for each display (4 displays x 4 CMFs = 16
0 Fo U 010 [ 1] ) RSP PSSS 108
Figure 6-9 Average chromaticities of stimuli adjusted by 53 observers in this experiment and 50
observers in part | (ellipse centres) and fitted 95%-confidence error ellipses with respect to
chromaticities of the corresponding reference stimuli on reference display, plotted using four
CMFs. (Note: blackbody loci calculated using four CMFs are plotted with Stimulus 6). ......... 109
Figure 6-10 Areas of fitted 95%-confidence error ellipses of stimuli adjusted by 53 observers
calculated using four CMFs, as depicted in Fig. 10. (a) CIE 1931 2° CMFs; (b) CIE 1964 10°

CMFs; (c) CIE 2006 2° CMFs; (d) CIE 2006 10° CMFS. ......ccviiieiiinieiseniereeese e 110

XVII



Figure 6-11 Scatter plots of areas of fitted 95%-confidence error ellipses of stimuli adjusted by 53
observers using four CMFs between this experiment with an FOV = 20.2° and part | with FOV =
4.8°. (a) Individual stimuli (6 stimuli x 4 displays x 4 CMFs = 96 data points); (b) Average of six
stimuli for each display (4 displays x 4 CMFs = 16 data points). .........ccccceveeviieveeiiieesee e 111
Figure 7-1. Schematic illustration of experimental SEtUP. .......ccooveiiiiiiin i 114
Figure 7-2 Colour gamuts and white points of five displays derived using CIE 1931 CMFs,
including standard SRGB and P3 COlOUr QamuULS. .........ccoouriiiiiiieiiee e e 115
Figure 7-3 Relative SPDs of primaries of four displays. .........cccooeiieiininiieenene e 116
Figure 7-4 Target chromaticities of stimuli selected based on P3 standard gamut in CIE1976 u’v’
ChIrOMALICITY GIAGIAM. ..iieii ettt e st e e e sreesbeeneesreenbe e 117
Figure 7-5 Target stimuli in gamut of displays at luminance of 78.87 cd/m? with a step of 0.0015
1 (0] T VI 1o To A A o 11 £Tox £ o] TSR 119
Figure 7-6 Accuracy of control program in terms of chromaticities and luminance. (a)
Chromaticities of adjusted stimuli derived from measured SPDs and predictions using control
program in CIE 1976 u’v’ chromaticity diagram; (b) Histogram of luminance of adjusted stimuli
derived from MEASUIEA SPDS.........coiiiiieiiiiee e 121
Figure 7-7 Chromaticities along with 95%-confidence error ellipses of two matches performed by
each observer for Stimulus 11 using Display 3. ........cccovveiiiieie e 122
Figure 7-8 Histogram of MCDM values of interobserver variations for each display and each
COIOUN SEIMUIUS. ...ttt 122
Figure 7-9 Chromaticities, including 95%-confidence error ellipses, of stimuli adjusted by 50

observers using four displays to match colour appearance of stimuli on reference display calculated

XIX



using four CMFs. (a) CIE 1931 2° CMFs; (b) CIE 1964 10° CMFs; (c) CIE 2006 2° CMFs; (d)
CIE 2006 10° CIMES. ..ottt sne e n e nn e ne e e e 124
Figure 7-10 Chromaticities adjusted by observers, with relation to chromaticities of corresponding
reference stimuli, plotted using FOUr CIMFS. ......cooiiiieiice e 125
Figure 7-11 Average Au’v’ between chromaticities of stimuli adjusted by eight observers using
four displays and chromaticities of stimuli displayed on reference display calculated based on (a)
CIE 1931 2° CMFs, (b) CIE 1964 10° CMFs, (c) CIE 2006 2° CMFs, and (d) CIE 2006 10° CMFs
(Note: dashed-line labels 1 just-noticeable colour difference, JND. However, this was developed
based on only the CIE 1931 CMFs and may not be applicable for other CMFs)............cc.c....... 126
Figure 7-12 Area of 95%-confidence error ellipses for chromaticities of stimuli adjusted by eight
observers using four displays calculated based on (a) CIE 1931 2° CMFs, (b) CIE 1964 10° CMFs,
(c) CIE 2006 2° CMFs, and (d) CIE 2006 10° CIMFS......cccociiiiiniiiinisieiesie e 127
Figure 7-13 Distance between chromaticity coordinates of colours transformed with colours on
reference display, compared with the distance between measured values and colours on reference
(0117 0] Y2 URRTRRP 129
Figure 7-14 Distance between chromaticity coordinates of colours transformed with colours on
reference display, compared with the distance between measured values on Display B and colours
ON FEFEIENCE AISPIAY. .evviiiie ittt sttt e b e sbeeneesreenbe e 130
Figure 7-15 Distance between chromaticity coordinates of colours transformed with colours on
reference display, compared with the distance between measured values on Display C and colours

ON FEFEIENCE AISPIAY. .neiieie ittt ettt ettt et e bt et e neeereenbe e 130

XX



Figure 7-16 (a) Colour gamuts and white points of two LCDs used in previous studies and current
study derived using CIE 1931 CMFs, including standard sSRGB and P3 colour gamuts. (b) SPDs
of primaries of two LCDs used in previous studies and current Study. .........ccccocvevververesnennnnn, 133
Figure 7-17 Chromaticity coordinates of colour stimuli characterized in CIE 1976 u’v’

chromaticity diagram, adopted in previous studies and current Study.........ccccccevvriervereseennnnn, 134

XXI



List of Tables

Table 2-1 Colour differences for 3, 4, 5, and 6 clustered cone fundamentals..............cccceevenenne, 33
Table 2-2 SDs evaluated from previous studies, scalers of the SDs, and the scaled values adopted
INASAN0O’S MOAEL. ...ttt et be e e ne e e e 37
Table 4-1 Digital count values of the 41 colours used to evaluate the performance of the colour
characterization MOEIS. .......c.o i sreas 61
Table 4-2 Comparisons of the performance between proposed 3D piecewise model and the GOG,
as well as the model before simplified, in terms of the colour differences AEap of the 41
combinations of the digital count values between the chromaticities predicted by the models and
those based on the measurements, in the CIELAB colour space for the nine displays. ............... 66
Table 4-3 Average CIELAB colour difference between the measurements and model predictions
of 41 test stimuli for display with breakpoints on channels.............cccocoveeiieiicccicc e, 69
Table 5-1 Summary of average chromaticity distances and areas of 95%-confidence error ellipses
USING TOUN CIMIFS. ..ottt et e st e taete e s e e seebeeneeere e seeneesneeteeneennens 89
Table 6-1 Average difference Au’v’ between average chromaticities adjusted by observers of six
colour stimuli using each display and chromaticities of reference stimuli on reference display
calculated USING FOUI CIMFS. ......uviiieece ettt et e e e sreeneeeneenneens 106
Table 7-1 Summary of average chromaticity distances and areas of 95%-confidence error ellipses

of three test displays USING FOUr CIMIFS. ......cc.oiiiiieiicie et 126

XXII



Chapter 1 Introduction

1.1 Research Background

Electronic displays are widely used in daily life and industrial applications. Generally, they include
output devices used on television sets, computer monitors, and smartphones to present visual
information transmitted in the format of electrical signals. Display calibration is the process used
to produce accurate colours on a display, which should visually correspond with colours in the real
world as well as those on other devices.

In presenting a colour image, the digital count values stored in the digital image are converted into
electrical signals to drive the optical components in the display structure. The panel design of a
typical display follows the characteristic of the human visual system, through which colour
perception is initially processed according to the responses to light of three distinct wavelengths.
The display panel includes millions of pixels that can emit light in three primary colours—red,
green, and blue—corresponding to the sensitivity responses of the human visual system. In human
eyes, three types of photoreceptors contribute to the visual response in the retina, i.e., cones, rods,
and intrinsically photosensitive retina ganglion cells (ipRGCs). The colour vision is generated
through a mix of responses from three types of cones on the retina, which exhibit peak sensitivities
toward light in the short, middle, and long wavelengths.

Display calibration aims to present accurate colours on a display corresponding to the perception
of the human visual system. The procedure involves two stages: colour characterization and colour
specification. The relationship between the digital count values (Section 2.4.1) and the values
representing the responses of the human visual system was constructed in the display colour
characterization. Those responses were quantified according to the International Commission on

Illumination (CIE) colorimetry system (Section 2.2). Thereafter, the response values were



specified in a standard display colour space that is independent of devices. Following this
procedure and considering the values in the standard colour spaces, the displays can be calibrated
to produce accurate colours.

1.2 Problem and Objective

Since the development of electronic display technology in the late 19" century, several
explorations on display calibration have been conducted to achieve higher accuracy colours on the
displays to improve the image quality for users. However, several researchers reported failures in
display calibration, especially in the calibrations of the newly developed OLED and a component
of the LCD displays. In other words, the colour characterization models developed for
conventional CRT displays cannot accurately predict the colour calibration values for new types
of displays (OLED and LCD displays) based on the CIE colorimetry system. In addition, the
colours with same values in the CIE colorimetry system on various displays exhibited multiple
colour appearances by human observers. This phenomenon illustrated that the CIE colorimetry
system may not represent the colour responses of the human visual system in certain conditions.
The colours on various displays exhibited the same appearances by one human observer were
reported different appearances by another human observer, which was also cannot be explained
through the CIE colorimetry system.

This dissertation aims to explore more accurate models for the calibration of LCD and OLED
displays and explore the performance of the CIE colorimetry system on the representation of
colour perception of the human visual system. The results will aid in achieving accurate display
calibration for new types of displays, both in the processes of colour characterization and colour

specification.



1.3 Dissertation Structure

The dissertation is organized as follows.

The relevant literature on the colour perception of human observers, characterization of colours by
the CIE colorimetry system, and the development of display technologies and calibration are
reviewed in Chapter 2.

The research gaps and questions in the relevant studies performed in this dissertation, are described
in Chapter 3.

Based on the input digital count values, a new model of colour characterization that can accurately
predict the values of colours in the CIE colorimetry system were applied on the OLED displays,
as discussed in Chapter 4.

In Chapter 5 and Chapter 6, two psychophysical experiments were conducted involving human
observers to identify the colour appearances on various displays. The results quantified the
performance of the CIE colorimetry system in characterizing the colour differences between the
LCD and OLED displays or multiple OLED displays. The two studies were conducted for small
(4.8°) and large (20.2°) fields of view (FOV), respectively, to explore and compare the results
under various FOVs with the other experimental variables remaining constant.

In Chapter 7, a psychophysical experiment was conducted to collect the colour matching data to
produce a method for correcting the colour mismatch between LCD and OLED displays when the
displays were characterized using the CIE 1931 2° CMFs.

The present findings of all studies and contributions are summarized in Chapter 8.



Chapter 2 Literature Review

2.1 Perception of Colour

Colour perception is the result of the information processing of the human visual system for
physical light stimuli from the external environment [1]. In principle, physical light is defined as
electromagnetic radiation that can be absorbed by the photopigments in human eyes to generate
electrical signals that can be processed by the brain to generate colour perception. The radiation in
the wavelength range of 300—-800 nm is known as the visible spectrum, within which various

wavelengths of light cause distinct colour perception.
2.1.1 Theories of Colour Vision

The research on colour perception originated in the philosophical studies on subjectivism in
Ancient Greece. Prior to the scientific explanation of colour conception proposed by Newton in
the 17" century [1], the general knowledge considered colour as a property of objects, i.e., a special
subjective experience that depends on the perceivers [2]. In 1672, Newton [1] conducted the
famous prism experiment to explore the physical property of colour. Through refraction in a glass
prism, the incident sunlight dispersed into bands of monochromatic light that formed a spectrum
on a white wall in a dark room. Based on this phenomenon, the wave property of light was
discovered, and concurrently, colours were defined as the intrinsic properties of light according to
its dominant wavelength. Consequently, human observers can perceive the colours of objects
owing to the reflection of light with dominant wavelengths.

Expect for the physical property of colour, Newton illustrated his argument regarding colour vision
in Opticks [3]. He claimed that colour perception is produced based on certain types of disposition
of light acting on the sensations of human observers, which is similar to the previous explanation

of subjective experience.



For two centuries thereafter, Newton’s theory on colour vision facilitated the development of
psychological research on the human visual system. In 1802, Young [4] proposed a hypothesis
suggesting that the retina of human eyes is sensitive to three frequency vibrations of light,
corresponding to red, yellow, and blue, which were called principal colours. However, the
principal colours were later revised as red, green, and violet. In 1860, Helmholtz [5] summarized
the trichromatic theory based on the results of the psychophysical experiment conducted by
Maxwell [6] in 1857, which verified Young's hypothesis. Maxwell conducted the world’s first
colour matching experiment by mixing three colour stimuli to match the colour appearance of
achromatic colours. The results suggested that the perception of any colour can be generated by
mixing the three primary colours (originally called principal colours) of light—red, green, and
blue—in a particular ratio. In addition, the concept of “coterminal response curves” was first
proposed by Maxwell, which described the sensitivity of the retina to the three primary colours of
light within the visual spectrum. The hypothesis diagram of the curves plotted by Helmholtz is

presented in Figure 2-1 [5].

Figure 2-1 “Coterminal response curves” of retina hypothesized by Helmholtz [5].

However, another group of researchers objected to the trichromatic theory. Hering [7] proposed a

four-colour opponent theory based on the phenomenon that colour cannot be simultaneously



perceived as yellowish and blueish or greenish and reddish, which cannot be explained by the
trichromatic theory. He suggested three types of receptive visual substances on the retina
responsible for perceiving two pairs of opponent colours (yellow-blue and red—green) and a pair
of achromatism black and white.

After long-term exploration and argument on these two theories, researchers finally achieved
consensus on the colour vision theory in the latter half of the 19" century. The evidence from
physiological studies validated the existence of both mechanisms but in sequential occurrence.
Ultimately, the theory was summarized as “zone theory” [8] that forms the basis of the modern
colour vision theory.

Following the framework of “zone theory,” the responses of the three opponent signals as functions
of wavelength were linearly transformed from those of the trichromatic signals on the human
visual system [9-11], which was consistent with the results measured by Jameson and Hurvich [12]
in 1955 through psychophysical experiments (Figure 2-2). In their experiment, they recorded the
intensities of the pairs of opponent colours that can neutralize each other. The discoveries of
physiological research corroborated the zone theory. In 1967, Tomita et al. [13] uncovered three
types of cones (L-, M-, and S-cones) in the retina of a carp, which were correspondingly sensitive
to the three primary colours in long-, middle-, and short wavelengths. In 1958, DeValois et al. [14]
discovered four types of colour-sensitive cells and two types of achromatic cells in the lateral
geniculate nucleus of monkeys.

Generally, the stage processing based on the framework of “zone theory” is believed by modern
researchers because it explains all phenomena of colour perception that cannot be explained

singularly through trichromatic or opponent-colour theories.
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Figure 2-2 Responses of the three opponent signals of red—green, yellow-blue, and
white-black from Hurvich & Jameson (1955) [12].

2.1.2 Human Visual System

In human eyes, three types of photoreceptors contribute to the visual response in the retina, i.e.,
cones, rods, and ipRGCs. In addition, two types of optical media—Ilens and macula—are present
at the front of the retina and influence the colour perception of human observers, as depicted in
Figure 2-3. According to the principle of photochemical activation [15], light can affect matter
only if it is absorbed by it. Pigments in the photoreceptors and optical media influencing the human
visual system were discovered because of their coloured appearance. Before reaching the retina,
certain wavelengths of the light entering the human eyes from the cornea would be partially
absorbed by the pigments in the lens and macula. Accordingly, colour perception is affected by
the optical density of the lens and macular pigments.

The lens is a nearly transparent structure suspended behind the iris of the eye. Its dominant function

involves accommodation, which is achieved by altering its shape via contraction and diastole of



the ciliary muscles. The alteration of the lens shape creates a range of refractive index that enables
observers to focus on nearby and distant scenes. Initially, the research on lens focused on the
emergence of the yellowish colour at the centre of the lens of aged individuals, even in case of
aged animals. Numerous researchers discovered that the density of the yellowish pigments in the
lens increases with aging [16-20]. The lens pigments primarily absorbed the light in the short-
wavelength range to protect human eyes from the hazard of blue light, as the density as a function

of wavelength illustrated in Figure 2-4.
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Figure 2-3 lllustrations of cross-section of human eye.
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Figure 2-4 Relationships of lens pigment density and wavelength of stimuli for a
32-year-old observer proposed by Stockman and Sharpe in 2000 [56].

Before the absorption by the photopigments in the cones and rods, the focused light reaches the

centre of the retina, where the light is partially absorbed by the pigments in the macula. In
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particular, the macula is the circular region located at the centre of the retina at the rear end of the
eyeball. The researchers in this field discovered that the macular pigments are concentrated on the
front of the retina at approximately 2° of FOV, and their density gradually decreases as the FOV
increases. The peak density of macular pigments was observed at a stimuli wavelength of 460 nm.
Thus, as a function of wavelength, the macular pigment density for 2° and 10° FOV is plotted in

Figure 2-5.
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Figure 2-5 Macular pigment density for 2° and 10° FOV proposed by Stockman
and Sharpe in 2000 [56].

The structures located inside the human eye prior to the retina are called pre-retinal ocular media
that absorbs a significant portion of the radiation incident on the eye. The transmissivity portion is
achieved and absorbed by the photopigments in the rod and cone cells on the retina to form the
perception of brightness and colour. The rod and cone cells were first observed by Schulze [21] in
1866 in an anatomical study of the retina. His observations suggested the more prevalent
distribution of rods exist on the retina than the cones, but notably, only cones were present on the

fovea centralis—the centre of the retina.



In a physiological study in 1878, Kuhne [22] discovered the light sensitivity of the pigments in
rods. A pigment named “rhodopsin” was detected in the rods that are bleached under daylight and
become purple in the dark. Thereafter, Kilhne measured the sensitivity responses of rhodopsin
toward the visible spectrum, the results were consistent with the scotopic light-sensitivity curve
obtained using flicker-photometry [23] as indicated by the dashed curve in Figure 2-6. However,
the peak wavelength of the sensitivity response curve measured under daylight shifted toward a
longer wavelength direction, as denoted by the solid curve in Figure 2-6. Based on certain studies
on the behaviour of animals with only rods or cones and the phenomenon that colours can be
perceived only under daylight, scientists theorized that cones are responsible for colour vision as
well as photopic vision [24].

Until 1964, the photopigments in the three types of cones sensitive to light in short-, middle-, and
long-wavelength ranges could not be observed under the microscope, and Brown and Wald used
microspectrophotometry to report its discovery [25]. The absorption spectra of various
photopigments in the three cones are presented in Figure 2-7. As the receptors of the three
dominant wavelengths of visible light, cones absorb the light transmitted through the pre-retinal
ocular media and convert them into electric signals. This is described by the first stage of the model
of colour vision theory based on the framework of zone theory. After being received by the visual
cortex of the brain, the signals were processed into three pairs of opposite signals recognized by

human observers.
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Figure 2-7 Relative spectral sensitivity of L-, M-, and S-cones for lights in various
wavelengths measured by Stockman and Sharpe in 2000 [56].

In addition to rods and cones, ipRGCs form a type of light-sensitive cell in the retina of human
eyes, which was initially regarded as the controller of circadian rhythms [26] and pupillary light
reflex [27]. However, certain recent studies reported its contribution to colour vision [28,29]. The

sensitivity response curve of ipRGC is plotted in Figure 2-8 [30].
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measured by Enezi et al. [30].

2.2 CIE Colorimetry System and Standard CMFs

2.2.1 Colour Mixing and Grassmann’s Law

The colorimetry system was first developed by Newton based on his discovery in the prism
experiment. Upon mixing a red and yellow monochromatic light in a particular ratio, an orange
colour with the same colour appearance as one of the bands of monochromatic light was observed.
He presented all the colours in a circular system, as illustrated in Figure 2-9. The monochromatic
light bands are located at the circumference of the circle, and white is located at the centre. Any
colour on the circle is perceived to correspond to a mixture of two monochromatic lights in a
certain ratio.

Inspired by Newton’s colorimetry system, in 1853, Grassmann [31] quantized colours in a three-
dimensional system with three attributes: brightness, hue, and saturation, as depicted in Figure
2-10. Any colour can be presented as a vector in the coordinate system constructed by these three
attributes.

12



According to the method for calculating vectors, Grassmann deduced his laws regarding colour
theory, among which the additive colour mixture law formed the theoretical basis of the
trichromatic colour theory in the CIE colorimetry system described in the following section. The
law of additive colour mixture can be mathematically explained using Equations (1)-(3). In a
three-dimensional system, a colour generated by mixing two colours Cy and C» characterized by

the vector [a,b,c] and [d,e,f] exhibit the same colour appearance as the colour Cz characterized by

the vector [a+d,b+e,c+f].

Cl = aA1 + bAz + CA3 (l)
Cz = dAl + eAz + fA3 (2)

U22.15)

Figure 2-9 Schematic of Newton’s colour circle system.
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Figure 2-10 Schematic of Grassmann’s three-dimensional system.

Limitations of Grassmann's law

The applicability of Grassmann’s laws were verified only for the macular regions of the retina
(FOV < 4°) [32,33] and a luminance < 23 cd/m? [33]. In Maxwell’s [6] colour matching
experiments, all the observers detected the colour mismatch when viewing the two matched fields
through a red filter. Furthermore, Grassmann’s law failed in similar experiments [34,35].
Thereafter, Thornton [36,38] systematically and comprehensively demonstrated the colour
mismatch between two stimuli for the same chromaticities reported by observers. He conducted
colour matching experiments under a FOV of 10° using three sets of primaries to match the
monochromatic lights. Upon characterizing the results using CIE 1964 10° colour matching
functions (CMFs; Section 2.2.2), the usage of multiple primaries caused several degrees of
variations in chromaticities between the visually matched colours. The minimum colour difference
was obtained from the experiment using primaries in “prime-colour” (PC) regions (with dominant
wavelengths of 452, 533, and 607 nm), which correspond to the primaries experimentally adopted
by the CIE to propose the CIE 1931 2° and 10° CMFs. The remaining two sets of primaries used

in the Thornton’s experiments were referred to as “anti-prime” (AP) regions (with dominant
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wavelengths of 497, 579, and 653 nm), which produced the maximum error, and “non-prime” (NP)
regions (dominant wavelengths of 477, 558, and 638 nm).

In addition, the colour mismatch was reported by observers when viewing the stimuli with the
same chromaticity characterized using the individual CMFs of this observer. The largest error
occurred in the experiments using the primaries in the AP regions, and the chromaticities of stimuli
displayed higher consistency between the visually matched colours generated using the primaries
in the PC region. This result further suggested that the colour mismatch was caused not only by
the variations between the individual observers and the CIE standard observer, but also by the
failure of Grassmann’s law of additive colour mixture.

Recently, Li et al. [39,40] performed colour matching experiments by selecting eight sets of
primaries according to the PC and AP regions proposed by Thornton. As characterized in the CIE
1976 u’v’ chromaticity diagram based on the CIE 1931 2° CMFs, the chromaticities of the colours
matched by human observers are presented in Figure 2-11. Large degree of chromaticities
variations were also observed between the colours with matched appearances. The smallest
chromaticities variations are presented in the results of the experiment conducted using the
primaries with dominant wavelengths in Thornton’s PC regions.

Although the laws were not valid for the typical viewing condition in case of observing displays
in daily life, the model colorimetry theory is formed based on them and widely applied to practical

production.
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crosses) and their SE ellipses (n = 54 observers) for various primary sets and
multiple CMF sets in the study of Li et al. [39].

2.2.2 CIE Standard Colour Matching Functions

CIE 1931 and CIE 1964

After the development of the trichromatic theory, the contents of the three primaries (red, green,
and blue) were adopted as three attributes [r,g,b] to quantify a colour. This system is still used in
the model colorimetry system. According to the definition by CIE, any colour can be
mathematically represented by the integral of the contents of the three primaries of monochromatic
light forming the spectra in the visible wavelength range, as described in Equations (4)-
(6). (1), g(4),and b(1) denote the contents of the three primaries for monochromatic light in the
wavelength 4; S(4) represents the spectral power distribution (SPD) of the colour stimulus; R, G,
and B are evaluated as the primary contents of the colour. This definition was developed based on
Grassmann’s law of additive colour mixture. In the system adopted by CIE, r(4), g(4), and b(A)

are defined as CMFs in terms of wavelength. The first set of CMFs was measured by Maxwell [6]
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through the colour matching experiments using an experimental apparatus of his invention. In
particular, two primaries and the monochromatic light to be characterized were mixed in specific

ratios to match the appearance of white light for human observers.

R=[ S(A)-7(1) dA (4)
G=[S) g da (5)
B= [ S(A)-b(A)dA (6)

In the last hundred years, CIE recommended four sets of standard CMFs for the average observer,
among which the earliest standard developed in 1931 [41] is still widely used in several fields such
as the calibration of electronic displays.

In 1931 [41], CIE recommended a set of CMFs for 2° FOV, which is based on the original data
collected by Wright’s [42] and Guild’s [43] colour matching experiments with ten and seven
observers, respectively. In their experiments, the intensities of three primaries mixing in half of a
2° FOV were adjusted to match the colour appearance of the monochromatic lights to be
characterized in the other half. Although the dominant wavelengths of the three primaries in the
two experiments varied from each other, the CMFs collected by Guild were transformed into the
primaries employed by Wright (dominant wavelengths of primaries are 460, 530, and 650 nm)
using Guild’s method [44].

The rgb-CMFs for the CIE 1931 standard observer based on the colour matching data are presented
in Figure 2-12, wherein the negative values represent the intensities of primaries added to certain

monochromatic lights that were excessively saturated to be matched by mixing three primaries.
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Figure 2-12 Wright & Guild 1931 2° rgh-CMFs.

Considering Judd’s proposal that one of the three functions should correspond to the luminous
efficiency function of photopic vision V(A) (i.e., function represented as solid lines in Figure 2-6),
the rgb-CMFs was transformed into an imaginary set of primary colours, as depicted in Figure
2-13. In the CIE 1931 system, any colour can be represented by a vector of tristimulus values
[X,Y,Z], which are the integrals of the set of CMFs ( x(4), y(4), and z(1)) adopting imaginary
primary colours and the SPD of the colour, as expressed in Equations (7)—(9). In particular, y(1)
corresponds to the luminous efficiency function of V(1), defined by CIE in 1924 [45] based on the
measurements recorded by Coblenz and Emerson [46] and Gibson and Tyndall [47]. Thus, the
tristimulus value Y in Equation (8) represents the luminance of the colour stimulus. The calculation
of luminance value is defined according to the Abney’s additivity law of luminance, a restatement

of Grassmann’s additive law, whose validity was verified in his experiment [48].

X =[S()-%(A) dA @)

Y =[Sy di (®)
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Z=[S(A)-z(2) dA (9)

In 1964, the CIE recommended a new set of CMFs for the extramacular vision in 10° FOV, denoted
by the dashed line in Figure 2-13, based on the data acquired by Stiles and Burch [49] for a viewing
field occupying a 14° FOV and including that collected by Speranskaya [50]. In Stiles and Burch’s
study, 53 sets of CMFs were acquired from 49 human observers using various primary colour sets,
with four observers repeated twice. The recorded CMFs were the arithmetic mean of the 49 CMFs
transformed using the primary colours in the wavelength of 645.2, 526.3, and 444.4 nm. Owing to
the rod intrusion initiated in Speranskaya’s experiments, the CMFs calculated in that study were
assigned an extremely low weightage in the constitution of CIE 1964 standard CMFs. Similar to
the definition of the CIE 1931 standard observer, the experimental results were transformed into
the system with y10(4) corresponding to the luminance efficiency function Vio(2) for the 10° FOV,

which was acquired by Stiles and Burch [49].
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Figure 2-13 CIE 1931 2° and CIE 1964 10° CMFs.
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CIE 2015 2° and 10° CMFs (based on CIE 2006 2° and 10° cone fundamentals)

Since the establishment of the trichromatic theory in the 19" century, several scientists have
explored the sensitivity of cones to spectral lights. The pioneers of the trichromatic theory believed
that the colour deficiencies were caused by the absence of the cones sensitized toward spectra light
at certain wavelengths [51-53]. Based on this hypothesis, Konig and Dieterici [54] first recorded
three hypothesis sensitivity curves for the three cones (i.e., cone fundamentals) from their
experimental measurements on the protanopia and deuteranopia observers, who were considered
exhibiting pure responses of L- or M-cones without intrusion from other cones on the
monochromatic light in the range of middle to long wavelength.

Although the research on cone fundamentals started before the studies on CMFs, the CIE did not
attend to it until the report of technical committee TC 1-36 published in 2006 [55], which defined
two sets of cone fundamentals with 2° and 10° FOVs for the standard 32-year-old observer [55,56].
The curves are presented in Figure 2-14. The CIE 2006 10° cone fundamentals were transformed
from the 10° CMFs compiled by Stiles and Burch [49], as expressed in Equation (10). r(1), g(A),
and b(1) denote the 10° CMFs reported by Stiles and Burch; (1), m(A), and s(1) were the cone
fundamentals of three cones. The coefficients in the three-by-three matrix were derived based on
the experimental results obtained by Stockman and Sharpe [56] on the colour deficiency observers

with the FOV of 10° using heterochromatic flicker photometry [55].

R I; LT (D)
mp mg mp||ID| = [mQ) (10)
0 5; 55||lb) s
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The CIE 2006 system considered the function of age on the optical density of lens pigment and
the function of FOV on the optical density of macular pigment, according to which the 2° standard
cone fundamentals were deduced. In addition, the functions of cone fundamentals for observers

aged between 20 and 60 years and for the FOV of 1° to 10° were stated in the report.
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Figure 2-14 CIE 2006 2° and 10° cone fundamentals.

To introduce the system of cone fundamentals into the CIE system of tristimulus values, CIE TC
1-36 continued their investigation on deducing the CMFs that can characterize the colour matching
of the CIE 2006 standard observers for FOV of 2° and 10° in 2015 [57]. The concluded CMFs
were specified as CIE 2015 CMFs, as indicated in Figure 2-15. Moreover, y2(4) and yio(A)
corresponds to the luminous sensitivity functions V(1) and Vio(4), which are similar to the
definitions in the CIE 1931 and 1964 CMFs. As S-cones contribute negligibly toward luminance

[57], the luminous sensitivity functions were evaluated through (1) and m(A).
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Figure 2-15 CIE 2015 2° and 10° CMFs.

2.2.3 Chromaticity Diagram

The chromaticity diagrams defined by CIE are widely used in the research of model colour science,
such as the CIE 1931 xy and CIE 1976 u’v’ chromaticity diagrams. Since Newton’s dispersion of
light experiment, scientists have attempted to diagrammatically represent spectral lights and their
mixtures. The earliest example is the circle diagram developed by Newton (Figure 2-9) based on
which Grassmann established a three-dimensional system of coordinate to characterize the colours
using three-dimensional vectors, as described in Section 2.2.1. Thereafter, Helmholtz [58]
reconstructed Newton’s colour circle based on the complementary colours observed from his
psychophysical experiment using monochromatic lights, as depicted in Figure 2-16. His study
suggested that white cannot be positioned at the centre of the diagram and the yellow-to-green
region of the spectrum cannot be achromatized by the colours from green to blue, and it worked
in reverse. Therefore, in the modified diagram, the lines connecting the colours in these regions of
the spectrum did not intersect the spectral locus. In his later study, Helmholtz [59] combined the
chromaticity diagram with the trichromatic theory according to his hypothetical coterminal
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response curves (Figure 2-1, prototype of cone fundamentals). This triangle chromaticity diagram
is illustrated in Figure 2-17, wherein the any colour was characterized by the three primary colours
located at the vertices of an equilateral triangle. As depicted in Figure 2-18, the prototype of the
CIE chromaticity diagram was developed by Maxwell [52], who characterized the colours of
monochromatic lights in terms of the projections of vectors in a three-dimensional colour space
defined by three the primary colours on a unit plane. Maxwell characterized the colours as three-
dimensional vectors [r,g,b] representing the contents of the three mixed primary colours (red,
green, and blue). The spectral locus in his chromaticity diagram represented the projections of the
monochromatic lights on the plane of r + g + b = 1. Thus, the colours on the plane exhibited equal

luminance.
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Figure 2-16 Schematic of Helmholtz’s reconstructed chromaticity diagram based
on Newton’s colour circle [58].

A

Figure 2-17 Schematic of Helmholtz’s chromaticity diagram combining with
trichromatic theory [59].
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Figure 2-18 Schematic of Maxwell’s chromaticity diagram [52].

The establishment of the CIE 1931 chromaticity diagram confirmed the same principle as the
Maxwell chromaticity diagram. In case of using the rgb-CMFs observed from the colour matching
experiments, the negative coordinates are presented in the chromaticity diagram in Figure 2-19.
To correct this problem and reasonably modify the chromaticity diagram, CIE selected a set of
imaginary primary colours to characterize the colours on the chromaticity diagram. The CIE 1931
2° CMFs described in Section 2.2.2 were established according to this set of primary colours. The
CIE 1931 xy chromaticity diagram is presented in Figure 2-20, wherein the abscissa represents the
line with “zero luminance” defined by Schrodinger [60]. The coordinates of colours (x,y) in the
chromaticity diagram can be evaluated using Equations (11)—(12), with the X, Y, and Z tristimulus
values calculated through Equations (7)—(9) described in Section 2.2.2. The CIE chromaticity
diagram for 1964 10° CMFs was defined similar to the CIE 1931 system, with (x10,y10) representing

the coordinates of colours.

X = X vez (11)
X
Y = Xtv+z (12)
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Figure 2-20 CIE 1931 xy chromaticity diagram plotted through CIE 1931 2° CMFs
[64].

In 1960, a chromaticity diagram was proposed by CIE to specify the colours on uniform perceived
scales based on MacAdam’s work [61] in 1937. The chromaticity diagram was established to have
equal Euclidean distances between the colours of the same perceived colour differences.

MacAdam [62] conducted a psychophysical experiment to measure the perceived threshold of
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colour difference for 25 colour centres in the CIE 1931 xy chromaticity diagram. In Figure 2-21,
the distance between the perimeter of the circles to the colour centres represents the perceived
colour difference threshold, which indicates nonuniformity in the perceptual scales of the CIE
1931 xy chromaticity diagram. Through projective transformation, chromaticity diagrams with
more uniform scales were derived by CIE in 1960, which was referred to as the CIE 1960 uv
uniform colour scale (UCS) chromaticity diagram. The coordinates (u,v) of colours can be
evaluated from the tristimulus values X, Y, and Z in the CIE 1931 system through Equations (13)

and (14).

4X

u ::X+15Y+3Z (13)
v=— (14)
X+15Y+3Z

In 1976 [63], the uniformity of scale of the chromaticity diagram was improved by CIE, and new
projection relationships were established by rescaling coordinate v by a factor of 1.5. The revised
chromaticity diagram was referred to as the CIE 1976 u’v’ UCS chromaticity diagram, which can
be characterized through Equations (15) and (16). The concluded chromaticity diagram is
presented in Figure 2-22, with more uniform scales of MacAdam’s circles. This chromaticity

diagram was recommended for use for both CIE 1931 2° and 1964 10° CMFs.

, 4x

W= v =
V= — (16)
X+15Y+3Z

26



0.0 A H— - - . - .
o0 01 02 03 04 05 06 07 08

Figure 2-21 CIE 1931 xy chromaticity diagram with MacAdam’s ellipses (Note:
ellipses are ten times their actual size) [64].
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Figure 2-22 CIE 1976 u’v’ chromaticity diagram with MacAdam’s ellipses (Note:
ellipses are ten times their actual size) [64].
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2.2.4 Evaluation of Colour Difference

Based on the CIE 1960 uv chromaticity diagrams, a uniform colour space—~CIEUVW colour space
was developed in 1964 [64] based on the study of Wyszecki [65] to characterize the colour
differences. In this colour space, a colour is specified using a three-dimensional vector involving
lightness components W and two chromaticity components U and V. The Euclidean distance of the
vectors of two colours was specified as the colour difference AEcieuvw between them. In 1976 [63],
two uniform colour spaces CIELUV and CIELAB were developed by CIE based on the CIE 1976
u’v’ chromaticity diagrams. Similar to the CIEUVW colour space, they comprised a lightness
component L, two chromaticity components u* and v* in the CIELUV colour space, and a* and
b* in the CIELAB colour space. The colour differences specified in the two colour spaces were
based on the Euclidean distance of the colours in each colour space, as described in Equation (17)
for the CIELAB colour space. A schematic of the CIELAB colour space is illustrated in Figure
2-23, wherein the chroma and hue can be calculated through the two chromaticity components a*

and b* using Equations (18) and (19).

AE.,, =+ AL + Aa*® + Ab*> 17
ab

hqp = arctan (Z—:) (18)

Co, =Va? +b*? (19)
ab
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Figure 2-23 Schematic of CIELAB colour space.

Furthermore, CIE recommended a colour difference formula based on the CIELAB colour space,
whose effectiveness can be supported by the 132 chromaticity discrimination ellipses reported by
Luo and Rigg [66], the so-called Bradford Ellipses (BFD), expressed in Equation (20). The
transformed results of these ellipses on the a—b plane of the CIELAB colour space are portrayed
in Figure 2-24, wherein the long axes of the ellipses corresponds to the directions of chroma and

the short axes corresponds to the directions of hue angles.

AE:, = JAL*Z +AC:,% + AH,? (20)
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Figure 2-24 Bradford Ellipses (BFD) on a-b plane of CIELAB colour space.

Although the CIELAB colour space poses certain limitations such as the inconstancy of blue hue
[67-69] and the conformity of perceptive colour difference threshold with the Euclidean distance
in the colour space [70,71], the colour difference formula developed on it and the Euclidean
distance of pair stimuli have been widely used since the CIE’s recommendation. To date, several
suggested corrections of the colour difference formula have been developed to improve the
correlation between the colour measurement and visual perception, such as CMC [72], CIE1994
[73], and CIE2000 [74], but it did not substitute the Euclidean distance in CIELAB colour space

or the CIELAB colour difference formula as the most widely used evaluations.
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2.3 Categorical and Individual CMFs

2.3.1 Variations Among Observers

In the CIE colorimetry system, two colour stimuli with the same chromaticities but distinct SPDs
are called metameric colours that would appear as the same colour for human observers. Standard
observers were recommended to represent the colour matching of metameric colours by human
observers with normal vision. However, researchers reported that pairs of metameric colours
matched by a human observer appeared as large colour difference to another human observer [75].
This phenomenon is defined as observer metamerism by the CIE [76]. Thus, the standard observers
were defined by CIE for various FOVs and did not account for observer variations; thus, they may
not represent the colour matching by a normal observer group. Although certain researchers
remarked that observer metamerism is not a significant problem and would not cause a large degree
of colour mismatch [77], it was deemed as critical for applications of modern LCD and OLED
displays with narrowband SPDs of primaries.

The variation in colour matching among observers was caused by the variations in their human
visual system. As described in Section 2.1.2, three types of pigments exist in human eyes with
functions on colour vision, lens pigments, macular pigments, and photopigments in the cones.
Their optical densities varied among individuals and were influenced by multiple factors, which
were not limited to the functions of age on the lens pigments [16-20]. Specifically, age can explain
only 47% of the variations in the optical density of the lens, and additional factors such as
oculopathy [78], smoking [79], and diabetes [80] have influences on the optical density of the lens.
For the macular pigment, race [81,82], dietary habits [83,84], obesity [85], and gender [79] affects

its density in addition to the FOV. In addition, variations were also detected on the photopigments
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in the cones from various observers. The various gene sequences allow the differences either in
the densities or in the peak sensitivities of the photopigments [86].

Thus, alternative methods have been developed to resolve the problem of observer metamerism
with a group of CMFs to summarize the colour matching of normal observers in certain categories

or develop a model to characterize the colour matching for individual observers.

2.3.2 Sarkar’s Categorical CMFs

In 2011, Sarkar [87] reported a group of 10° CMFs based on which normal observers were
classified into eight categories. The categorical CMFs were generated based on 61 sets of CIE
2006 10° cone fundamentals for observers aged between 20 and 80 (step = 1), and 47 sets of cone
fundamentals transformed from the CMFs with completed data in the range of spectrum from the
49 CMFs required by Stiles and Burch [49].

The procedure can be separated into two steps. First, cluster analysis was applied to 108 I-cone,
m-cone, and s-cone functions of the cone fundamentals, following which three, four, five, or six
functions were ultimately selected. Each cone function was combined with two functions of the
remaining two types of cones to generate a new set of cone fundamentals. For instance, one of the
I-cone functions was combined with an m-cone and s-cone functions obtained from the cluster
analysis. Thus, 33, 43, 5%, or 6° sets of cone fundamentals were generated. The least number of cone
fundamentals that can cover the variabilities of the normal observers were confirmed based on the
CMFs transformed back from the derived combinations of cone fundamentals. The CIE2000
colour differences were evaluated between the chromaticities of colours characterized using each
of the 47 CMFs collected by Stiles and Burch and each of the transformed CMFs described in

Equation (21). The SPDs of the 240 colours of ColorChecker were adopted under the D65 standard
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illuminance. The CMFsegn denotes the n-th Stiles and Burch’s CMFs; CMF; indicates the i-th

CMFs transformed back from the combinations.

AE; , = mean AEOO(SPD24O color, illD65 X

CMFsgp, n, SPD24g cotor,itipes % CMFi) (21)

The average and maximum colour differences calculated based on the 32, 43, 5%, or 6° combinations
are summarized in Table 2-1. According to the results, 5% sets of cone fundamentals could
adequately cover the colour matching of normal observers, because the maximum colour
difference was approximately equal to one unit of AEq, which was generally considered the

discrimination threshold of colour difference experienced by human observers.

Table 2-1 Colour differences for 3, 4, 5, and 6 clustered cone fundamentals.

Number of cluster centroids Mean AEqo Max AEoo
3 0.7 15
4 0.6 15
5 0.5 1.1
6 0.4 0.7

In the second step, 125 (5°) combinations of the cones fundamentals representing the colour
matching of normal observers were classified into seven or eight categories to cover the properties
of Stiles and Burch’s 47 observers. The colour differences between the chromaticities of the 240
colours characterized using each of the Stiles and Burch’s 47 CMFs and the 125 CMFs were
evaluated. Instead of the average value, the 90 percentile among the set of test colours was
collected for each of the Stiles and Burch’s observers, and subsequently, an observer-dependent

threshold was selected as the 10" or 5™ percentile of the 125 colour differences (90" percentile
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among the test colours). This threshold was employed to assign Stiles and Burch’s observers into
seven categories, which were characterized using seven sets of CMFs selected from the 125 CMFs
based on their discrimination threshold. For each of the 125 CMFs, the average colour differences
among the test colours were evaluated for Stiles and Burch’s 47 observers, and the number of
colour differences smaller than the threshold for the 47 observers was recorded. The set of CMFs
with the highest number of recordings was regarded as the first categorical CMFs, and the
observers with calculated colour differences smaller than the threshold were assigned to this
category. Thereafter, the first set of categorical CMFs was removed from the 125 CMFs and the
observers assigned to the first category were excluded from the group of 47 observers; to select
the second categorical CMFs, the same procedure was applied to the remaining 124 CMFs. The
procedure was repeated until all 47 observers were assigned, which yielded seven categories for
the usage of the 240 colour stimuli and eight categories for the usage of the 5832 colour stimuli
developed by Sarkar [87]. The eight categorical CMFs recommended by Sarkar are depicted in

Figure 2-25.
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Figure 2-25 Sarkar’s eight categorical CMFs compared with CIE 1964 10° CMFs.
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2.3.3 Asano’s Individual CMFs

Although CIE proposed functions to model the variations among observers of various ages in 2006
[55], the variations between the observers of the same age were not included.

In 2015, Asano [88] developed an individual cone-fundamentals model based on the model of CIE
2006 cone fundamentals. In addition to age (a) and FOV (f), the model added eight physiological
parameters as the input variables of the model to generate the cone fundamentals for individual
observers, as expressed in Equation (22). The Diens and Dmacuiar denote the optical densities of the
lens and macular, as described in Section 2.1.2. Dimax, Dmmax, and Dsmax indicate the peak
photopigment densities of the L-, M-, and S-cone. Si,max, Smmax, @nd Ss max denote the variations in
the peak wavelength of the absorption spectra of the three photopigments.

LMS = f(a, f, Dienss Dmacuatr» Drmax» Dvmax> Dsmaxr SLmax» SMmax» Ss;max) (22)

The eight parameters were assumed to follow the normal distribution, and their mean values were
adopted from the CIE 2006 standard cone fundamentals. Following a two-step algorithm, the
standard deviations (SDs) of the normal distributions were calculated. In the first step, the SDs for
the eight physiological parameters were evaluated from data sourced from all relevant previous
studies. For each parameter, the adopted SD noted in the second row of Table 2-2 was calculated
using Equation (23), wherein the subscript n represents the eight parameters, and m denotes the

number of SDs obtained from the previous studies for the parameter n.

SD2 . +SD2 ,+---+SD2
SDn =\/ n,1 n,2 nm (23)

m

In the second step, the adopted SDs were scaled using scalers c1 for the optical densities of
pigments of the pre-retinal ocular media (Diens and Dmacular) and c2 for the remaining parameters.
In particular, ¢1 and c2 were evaluated through the optimization based on the results of a colour
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matching experiment conducted by Asano. The objective was to minimize the mean CIELAB
colour difference between the colours characterized based on the CIE 1964 10° CMFs as well as
the 1000 CMFs transformed from the model-evaluated cone fundamentals, as expressed in
Equation (24). XYZ1964t and XYZ1964s denote the tristimulus values of colours adjusted by true
observers and 1000 simulated observers following the CIE 1964 10° CMFs to match the colour
appearances of the reference colours in the colour matching experiment, evaluated using Equations
(25) and (26). SPDt and SPDp represent the SPDs of the colours adjusted by the true observers and
those of the primary colours in the matching field, respectively. R denotes a vector incorporating
the simulated intensities of the three primary colours evaluated using Equation (27), wherein CMF;
represents the individual CMFs of the simulated observer transformed from the model-evaluated
cone fundamentals. SPDy represents the SPDs of the reference colours. The optimized scalers c1

and c2 including the scaled SDs adopted in Asano’s model are presented in Table 2-2.

min CIELAB (XYZ 9646, XYZ1964.5) (24)
XYZ1964,t = CMFi964 X SPD; (25)
XYZy9645 = CMFy96, X SPD, X R (26)
e )

Table 2-2 SDs evaluated from previous studies, scalers of the SDs, and the scaled values adopted in Asano’s

model.
Parameters Diens Dmacular DL max Dm max  Ds, max SL, max SM, max Ss, max
Step 1 19.1 37.2 17.9 17.9 14.7 4.0 3.0 2.5
Scalers 0.98 0.5

36



Step 2 18.7 36.5 9.0 9.0 7.4 2.0 1.5 1.3

Based on the results of a simple colour matching experiment, this model can generate a set of
individual cone fundamentals for a human observer. Following the procedure described in
Equations (24)—(27), the eight parameters can be calculated through optimization instead of

evaluating only two scalers.
2.3.4 Asano’s Categorical CMFs

Inspired by Sarkar’s study, Asano [88] proposed his categorical CMFs model based on his
individual cone-fundamentals model. A cluster analysis was performed on 1000 sets of CMFs
transformed from the cone fundamentals generated through the model using Monte Carlo
simulation. To confirm the number of categories required to cover the variations of normal
observers, Asano evaluated the colour differences between the colours characterized using the
clustered CMFs and another set of 1000 model-generated CMFs. The minimum colour differences
were recorded for the 1000 CMFs among the clustered CMFs. The average colour difference
among the 1000 recorded data was evaluated to determine the performance of the clustered CMFs
group. The results revealed that if the CMFs were clustered into sets of ten, i.e., ten categorical
CMFs were adopted, the performance did not increase with the numbers of the clustered sets. Thus,

Asano recommended ten categorical CMFs for both 2° and 10° of FOV, as depicted in Figure 2-26.
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Figure 2-26 Ten categorical CMFs derived by Asano under (a) 2° and (b) 10° of
FOV.

2.4 Digital Colours and Display Technologies

As the explanation for the human visual system (Section 2.1.2), colour vision was generated
through the responses of the three cones with peak sensitivities of the lights in the long-, middle-,
and short-wavelengths. Therefore, additive mixing of three primary colours corresponding to the
sensitivities of cones is used to reproduce maximum numbers of colours on the electronic displays.
In display technology, additive mixing occurs in “pixels,” which is the smallest unit that forms

displays.
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The relative intensities of the three primary colours (i.e., digital count values: R, G, and B) were
intended to be independently controlled for each pixel to generate a colour image. Thus, the digital
images used for the reproduction of colour images on the displays were stored in the electronic

devices as multiple sets of three digital count values, corresponding to the resolution of the displays.
2.4.1 RGB Colour Space

In digital images, colours are represented using three numbers R, G, and B, the so-called digital
count values, referring to the relative intensities of the three primary colours: red, green, and blue.
In the procedure of reproducing the colours of objects in real world, the preliminary step involves
capturing colours by measuring the contents of the three primaries required for their generation.
The typically used devices include cameras, scanners, etc. Overall, the resultant values are scaled
from 0 to 1. Upon application to display devices, the digital count values RGB were generated
through the processes of display calibration, as described in Section 2.5, on the raw values captured
by the measurement devices.

As depicted in Figure 2-27, the RGB colour space can be represented as a cube in a three-
dimensional system of coordinates, wherein the origin represents the colour black and the three

primary colours are specified on the axes.

Blue [001] Magenta [101]
White [111]
-
L
Cyan [011]
Black [000]
ﬁd [100]
Green [010] Yellow [110]

Figure 2-27 lllustration of RGB colour space.
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2.4.2 Display Technologies

Based on the trichromatic theory of colour vision, display technologies have been developed based
on the theoretical framework of additive mixing of three primary colours. Since invention of the
first electronic display technology—cathode ray tube (CRT)—in the 19" century, numerous
studies have focused on the developments of optical modulations. Further reformation of materials
science improved the experiences to users through the invention of LCD and OLED displays.

In general, the invention of CRT is attributed to Karl Ferdinand Braun [89] in 1896. The CRT
display was achieved through electron beam tubes, wherein the electron beams can be focused and
emitted on the fluorescent screen in the tubes to generate colour lights. In principle, the colours of
the lights were determined by the admixtures on the fluorescent screen, whereas the intensities of
lights can be controlled by the number of electrons.

In the 20" century, electronic display users desired a display that can be viewed as a picture with
a flat panel shape. Following the discovery of visible light emission from a diode in 1962 [90], the
first flat-panel display was invented in 1968 [91] using the LED for optical modulation. However,
it was replaced because of the large size of the modulations and high power consumption. In 1968
[92], the first LCD was invented and initially used on the displays of pocket calculators and digital
watches [93]. Remarkably, LCD could solve the problems of the early LED display and rapidly
became the most popular display technology of the latter half of the 20" century.

The technology of OLED was discovered in 1987 [94] and was demonstrated to be not limited by
the size of LED modulations. After resolving certain technical limitations, the first OLED display
with improved image quantity was invented in 1996 [94]. Since the first commercial release of an
OLED device in 2013, the use of this technology became widespread in several industries,

particularly in the smartphone industry owing to its low thickness and foldability.
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2.5 Display Calibration

Owing to the use of various types of optical modulations on several display technologies, the
primary colours of displays varied from each other, either in terms of shape or the peak wavelength
of their SPDs. The colours specified in the RGB colour space relies on their primary set.

Display calibration involves the processing of raw data from digital images captured by certain
measurement devices, e.g., cameras and scanners, in an RGB colour space that is used to drive the
three primary colours in the displays. The processing aims to accurately reproduce the colours
observed in the real world as well as those viewed on another display.

The general pipeline of display calibration is illustrated in Figure 2-28. The first stage involves
characterizing the colours presented on the displays specified by the digital count values (RGBuispiay)
in the CIE colorimetry system, typically CIEXYZ or CIELAB colour space, according to the CIE
standard observer. Thereafter, the colours are specified in a standard RGB colour space specified
using a set of primary stimuli with predefined chromaticity coordinates. Following this pipeline,
the digital count values in the display RGB colour space are mapped into a standard RGB colour
space that is independent of the devices. The colours from the real world or that displayed on
another device would be consequently reproduced on the display if specified in the standard RGB

colour space.
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Figure 2-28 General pipeline of display calibration.

2.5.1 Display Colour Characterization

For the first stage of display calibration, the colour characterization models were generated for
various display technologies. Generally, the models were used to predict the tristimulus values
XYZ—specified using the CIE 1931 2° CMFs—of colours presented on the display based on its
digital count values.

In 1980, Farley and Gutmann [95] first attempted to characterize the colour presented on the
displays in terms of the CIE colorimetry system. According to the principle of additive mixing for
electronic displays, they proposed a piecewise linear model assuming variations in chromaticity
(PLVC model), which is representative of the CRT display at that time. The relative intensity
responses (scaled in the range of 0-1) of the tristimulus values Ix, Iy, and 1z were characterized as
functions of the digital count values R, G, and B of primary colours for each channel, which were
referred to as linearization. As the characteristic of the intensity responses of CRT displays was
unclarified during that period, the linearization was achieved through one-dimensional linear
interpolations. Subsequently, a colorimetric transform was performed from the intensity responses

to the tristimulus values X, Y, and Z, typically using the three-by-three matrix with tristimulus
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values of primary colours in their maximum output. In 1989 [96], a simplified model referred to
piecewise linear interpolation assuming constant chromaticity coordinates (PLCC) model, was
proposed after the demonstration of constant chromaticity of CRT displays with varying luminance
[96,97], in which the linearization was characterized to model only the intensity responses of
luminance ly instead of the tristimulus values.

In 1983 [98], the characteristic of the intensity response for CRT displays was initially explored
to derive a mathematical function for linearization. The response was determined according to the
gamma law for CRT displays [98-100], which facilitated the development of the most widely used
Gain—-Offset-Gamma (GOG) model [101]. The linearization in the GOG model is described in
Equation (28), wherein Ic denotes the relative intensity responses for channel C, representing the
red, green, or blue channel, calculated through the gamma function with gammac. Additionally, a
gain value gainc and an offset value offsetc were applied to the equation. The colorimetric
transformation from the relative intensity responses to the tristimulus values was completed using
a three-by-three matrix containing the tristimulus values of three channels in their maximum output,
as expressed in Equation (29). Note that this model is established assuming channel independence

and constant chromaticity of displays.

I = (gain.C + of fset,)94mmac (28)
X XR,Max XG,Max XB,Max IR
Y| = YR,Max YG,Max YB,Max X [IG] (29)
Z ZR,Max ZG,Max ZB,Max IB

However, the assumption of chromaticity constancy is found invalid for LCD technology [102-

104,106], and even a part of CRT displays [105]. To correct the chromaticity inconstancy coming

43



from the black level of those displays, the colorimetric transform was modified using the
measurement tristimulus values at zero digital count values [Xk,Yk,Zk], as shown in Equation (30).

The modified version was referred to as Gain-Offset-Gamma-Offset (GOGO) model [106].

X Xpmax — Xk Xomax — Xk Xpmax — Xk In Xk
Y[=|Yamax =Y«  Yomax — Y& VYemax — Ye | X |Ig|+ | Yk (30)
Z ZR,Max - ZK ZG,Max - ZK ZB,Max - ZK IB ZK

In addition to chromaticity inconstancy, another difference was observed between the LCDs and
CRT displays in terms of the intensity response. The gamma function was developed particularly
for the CRT displays, which could not be reasonably used in LCDs with responses consistent with
the S-shaped curve [107,108]. For LCDs, two S-curve models were proposed for linearization
[109]. Moreover, several researchers adopted polynomial regression and 3-D LUT to characterize
the colours on the CRT [110] displays or LCDs [111-116], including the newly developed OLED
displays [129].

Although the gamma function did not perfectly fit the intensity responses of LCDs, the GOG model,
or the modified version, was widely used in the characterization of LCDs owing to its high
efficiency and acceptable accuracy. However, a high level of channel dependency was observed
on the newly developed OLED displays and components of LCDs, which caused the failure of the
GOG model. Previous studies [117-124] proposed several models to consider the crosstalk effect,
which can be described using Equation (31). In these models, the tristimulus values X*Y’Z’ derived
assuming channel independence were modified using a component P(R,G,B) that characterizes the

crosstalk effect.
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X1 [x’
v|=|y'| + P(R,G,B) (31)
zl Lz

The crosstalk component P can be modelled in various manner. In the piecewise partition (PP)
model [117], polynomial compensation (PC) model [118], compensation error (PCE) model [122],
two-primary crosstalk (TPC) model [124], partition subspace compensation (SC) model [119], and
two LCD characterization models [118,121], polynomial functions with various orders and terms
are used to model the crosstalk effect. To further improve the accuracy, a 3D look-up-table (LUT)
or multiple 2D LUTs are used with interpolation [121,123,125], which was verified to yield greater
accuracy than the polynomial-based models [117,120,124].

In contrast, certain models directly developed the relationship between the digital count and
tristimulus values, e.g., masking model [126], 3D LUT [127-129], and polynomial models [130].
Their performances were inferior compared with the models conforming to the format described
in Equation (31) [119,122,123].

2.5.2 Display Colour Specification

To reproduce the colours on a display with respect to those on another display, the characterized
colours were specified in a standard RGB colour space independent of the devices. This is a colour
specification process achieved through the colour management system, wherein the chromaticity
coordinates of primary colours and the white point defined by the CIE system were provided to
develop the specification, typically the white point is set as D65 to scale the maximum light-
emittance from the three colours. Consequently, accurate colours can be presented on the displays

according to standard RGB colour spaces.
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The colour specification was completed through a linear conversion from the tristimulus values
XYZ to the RGB values in the standard colour space, as expressed in Equation (32), wherein M
denotes a three-by-three transformation matrix that can be evaluated using Equations (33) and (34),
given the chromaticity coordinates of primaries [Xc,Ye,zc]" (C representing R, G, or B) and white
[Xw,yw,zw]". In Equation (33), the relative contents of three primaries pr, pc, and ps mixed to match
the defined white point were calculated. The matrix M included the relative tristimulus values of
primary colours with yr = yc = yg = 1 scaled by the relative contents of primaries pr, ps, and ps,
as expressed in Equation (34). After the linear conversion, a gamma transformation was applied

to the RGB colour space to adjust the contrast of images and achieve a high image quality on the

display.
[ X R
Y|=MX|G (32)
| 7 B
14z Xp Xg xg]7?! Xw
Pe|=|Yr Ye¢ Y| X|[Yw (33)
DB Zr Zg Zp Zy
pg 0 O Xr YR ZRr
M=|0 p; O0|X|X Ye Zg (34)
0 0 pg Xg Y Zp
sSRGB

In 1996 [131], HP and Microsoft created a set of standard RGB colour space (SRGB), which
defined a colour gamut and white point on the CIE 1931 xy chromaticity diagram according to the
capability of the most CRT displays during that period, as depicted in Figure 2-29. Although it
was developed following the properties of CRT displays, it is still widely used in the display
management system for LCDs, OLEDs, and other advanced displays. The HDTV standards for

production and international program exchange recommended in 2015 also follow the
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specifications of SRGB colour space [132]. A gamma of 2.2 was applied with an intention to be
similar to the gamma response of CRT displays, which corresponds to the sensitivity responses of
the human visual system on the luminance of lights explained in Stevens’ power law [133].
DCI-P3

In 2005 [134], digital cinema initiatives (DCI) initially recommended a standard RGB colour space
for the cinema industry, which was modified by the society of motion picture and television
engineers (SMPTE) [135] in the definition of white point in 2011. The new version with the
chromaticity coordinate of the white point in D65 is referred to as the DCI-P3 standard. The gamut
of the DCI-P3 standard specified in the CIE 1931 xy chromaticity diagram is presented in Figure
2-29, which is 25% larger than the gamut of SRGB. To specify the intensity response, a gamma of
2.6 was used in DCI-P3, but it was later adjusted in certain documents published by other
manufacturers, e.g., 2.2 used by Apple Inc. [136]. In the display industry, this standard is widely
used to guide the production of large gamut OLED displays or certain types of LCDs.

Larger gamut colour spaces

Certain RGB colour spaces with larger colour gamut in the CIE chromaticity diagram have been
recently recommended, such as the ITU-R Recommendation BT.2020, which covers an area of
75.8% on the CIE 1931 xy chromaticity diagram, as depicted in Figure 2-29. This standard was
first published in 2012 [137] on the International Telecommunication Union (ITU) website, and
further editions have been published in 2014 [138]. The definitions of primary colours were
equivalent to the chromaticity coordinates of monochromatic light on the CIE 1931 spectral locus.
For the limitation of the current display technologies, BT.2020 has not been widely adopted for
the specification of most displays. Recently, a manufacturer reported that one of their new

products—the RGB laser backlight system—achieved the BT.2020 standard [139].
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Figure 2-29 Comparison of colour gamuts of SRGB, DCI-P3, and BT.2020
standard colour spaces, together with the spectrum locus, on the CIE 1931 xy
chromaticity diagram.
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Chapter 3 Research Gap and Question

3.1 Research Gap

Since the invention of electronic displays, several explorations have been conducted on display
calibration to achieve higher accuracy of colours on the displays. Accordingly, various models of
colour characterization have been developed to build the relationship between the input digital
count values and the tristimulus values, or values specified in other colour spaces, of the colours
on the displays. In addition, a number of standard RGB colour spaces have been published to
specify the tristimulus values of colours as the corresponding values in those colour spaces and
achieve consistent colour reproduction among various devices.

The conventional colour characterization models were developed assuming channel independence
and constant chromaticity according to the property of the CRT displays, as described in Section
2.5.1. As one of the conventional models, the GOG model is still widely used for the colour
characterization of LCDs and OLED displays owing to its high efficiency. Only 17 (or less than
17) primary colours for each channel, black, and white are required to be measured to achieve an
accurate prediction on the CRT displays or certain LCDs. However, it failed to characterize the
newly developed OLED displays and a portion of the LCDs suffered from the issue of “crosstalk
effect,” as described in Section 2.5.1. Although certain models can characterize these displays,
most of them require an extensive number of measurements to achieve high accuracy. For instance,
the PP model requires 91 colours, PCE model requires 729 colours, CS model requires 191 colours,
and the LUT-based models require at least 125 colours [121,123]. Although the use of the TPC
model only requires 49 measurements of colour stimuli as the training data, this model is effective
only for the LCDs with the crosstalk arising from the interactions between two channels instead

of three channels, which is invalid for the OLED displays. Although a model involves only 24
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training stimuli to characterize the crosstalk effect [118], the same 24 stimuli are used for
verification, and thus, the accuracy of the model prediction is implausible.

Another problem with the display calibration is that the colours with the same tristimulus values
on varying displays were found to have different colour appearances by human observers. This
phenomenon illustrated that the CIE colorimetry system may not represent the colour perception
of the human visual system in certain conditions. As described in Section 2.2.1, the CIE
colorimetry system was developed based on Grassmann’s law, in which the law of additive colour
mixture failed under certain conditions. In addition, psychophysical experiments reported
mismatches between colour stimuli with the same chromaticities specified in the CIE system but
with varying SPDs [140,141], or stimuli with matched colour appearance were determine to yield
various chromaticities [39,40,142-144]. Moreover, the variations of densities of optical pigments
in human eyes varied across individuals, which caused the phenomenon of observer metamerism—
a pair of stimuli with a matched colour appearance to one observer exhibits a different appearance
to another observer, as described in Section 2.3.1. Although the issues of colour mismatch and
observer metamerism have not been recently detected, they become critically important to the
display community owing to the wider usage of OLED displays. A study reported a colour
mismatch between LCD and OLED displays in case of using the CIE 1931 2° CMFs for colour
characterization [140]. However, their simulation results were not verified through psychophysical
experiments, and no study has experimentally investigated the degrees of colour mismatch and
observer metamerism between LCD and OLED displays. Furthermore, the characterization of the
colour matches between these two display types based on the standard CIE CMFs (i.e., CIE 1931

2° CMFs) have not been verified.
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3.2 Research Question

According to the reviewed literature and the discussed research gaps, this dissertation reports three
studies investigating the following questions.

Study 1 investigates the efficient correction of the errors caused by the crosstalk effect during the
characterization of OLED displays and a portion of LCDs in case of using conventional models,
e.g., GOG model.

Study 2 experimentally investigated the degrees of colour mismatch and observer metamerism
between the colours presented on the LCD and OLED displays in case of using the CIE standard
CMFs for calibration. Moreover, the studies further investigated the performance of the CMFs on
colour calibration under a smaller FOV (~ 4.8°) and a larger FOV (~ 20.2° with the other
experimental variables remaining constant.

Study 3 investigated a method for correcting the colour mismatch between LCD and OLED

displays using the colour matching data collected through the colour matching experiments.
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Chapter 4 Study 1: Display Colour Characterization Model

for Solving the Problem of Crosstalk Effect

4.1 Motivations

The problem of crosstalk effects on displays creates channel dependency, which occurs in OLED
displays and a portion of LCDs, but this effect is more concerning in OLED displays. The
conventional display colour characterization models, such as the GOG model that is widely used
for CRT displays and the portion of the LCDs displaying channel independence, failed to
accurately predict the chromaticities of colours presented on the types of displays with channel
dependence. Consequently, highly accurate display colour characterization models are required
for those displays. Although certain models involving the correction of the crosstalk effect have
been reported in existing studies, they are either inapplicable for the OLED displays or require
complex measurements (more than 90 training colours; Section 3.1).

This study proposed a colour characterization model and verified the accuracy of the model using
nine test OLED displays. Only 64 colour stimuli are required for developing the model and
achieving an accurate prediction of tristimulus values of colours from the digital count values. The
measurements required for the model and computational complexity are similar to that of the GOG
model, which requires less than a minute to construct.

CIELAB colour differences, between the predicted tristimulus values using the model and the
measured values, were adopted to evaluate the accuracy of the proposed model. Thereafter, the
results were compared with the colour differences evaluated using the conventional GOG model.
The tristimulus values and the colour differences reported in this study were calculated based on
the CIE 1931 2° CMFs. The verification results indicated the high accuracy of the proposed model

and a considerable improvement in comparison with the conventional GOG model.
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4.2 Proposed 3D Piecewise Model

4.2.1 Model Establishment

The proposed 3D piecewise model is described in Equation (35), wherein [Xres,YrcB,ZrcB] "
denotes the tristimulus values derived assuming channel independence and is described in
Equation (36); [Px,Pv,Pz]" indicates the crosstalk effect on the tristimulus values; [Xreg.cT, YroB.CT,

Zrae,cT] " represents the final tristimulus values with the input digital count values of (R,G,B).

[ XreB,cT XreB Py

Yeeper | = | Yroe | + | Py (35)
| ZreB,cT ZRGB Py
[ XrcE X X Xp

Yeee | = | Y|+ | Yo | + Y5 (36)
| ZRreB ZR Zg Zp

Equation (37) can be used to model the relationship between the tristimulus values and the digital
count values for each channel, as described in Equation (36), with T representing the tristimulus
values X, Y, or Z derived based on the digital count values R, G, and B using n-th-order polynomials.
For the three channels, the coefficients of the terms in the polynomials were crj, Cgj, and Cpj (j = 1
~n), which were constructed for all three tristimulus values. In particular, the digital count values
were segmented into three ranges (i.e., 0 to M, M to N, and N to 255 for 8-bit displays), with a set
of coefficients crj, Cgj, and cvj derived for each range that increased the model accuracy. For instance,
if M is specified as 64 and N as 128, the tristimulus values measured at (16,0,0), (32,0,0), (48,0,0),
and (64,0,0) can be utilized to derive the relationship in case the red channel includes an input
digital count value between 0 and M. The tristimulus values measured at (64,0,0), (80,0,0), (96,0,0),

(112,0,0), and (128,0,0) were used to derive the relationship if the red channel includes an input
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digital count value between M and N, and those at (128,0,0), (144,0,0), (160,0,0), (176,0,0),
(192,0,0), (208,0,0), (224,0,0), (240,0,0) and (255,0,0) are used to derive the relationship if the red
channel possesses an input digital count value between N and 255. In total, 27 relationships were

derived (i.e., 3 channels x 3 digital count ranges x 3 tristimulus values).

TR =Co+Cy XR+Cry XR2+ 4 -y X RML
Ts = Cgo+ Cg1 X G + Cgp X G% + + F ++ gy X G (37)
TR = Cpo + Cp1 X B+ Cp2 X BZ + -4+ “ Chn X Bn—l

Equation (38) was employed to model the crosstalk effect on the tristimulus values [Px, Py, Pz]"
in Equation (35), wherein R, G, and B represent the digital count values. The polynomials with
coefficients axi, avi, and azi (i =0, 1, 2, 3) foritems 1, R x G,R x B, G x B, and R x G x B were
used for modelling. The items were adopted to simulate the crosstalk effect between the
corresponding channels. Based on past studies [121] and our measurements, it is obvious that the
crosstalk effects cannot be modelled globally (i.e., to be applied to any combination of the digital
count values). To achieve a higher accuracy of the model, the display RGB colour space specified
by the three channels was separated into 27 subspaces from the digital count values at M and N,
including a set of coefficients axi, avi, and az; (i = 1, 2, 3) optimized for each subspace, as depicted
in Figure 4-1. In particular, the 27 subspaces were segmented into two categories to select the
training stimuli used in optimization. As depicted in Figure 4-2, the combinations of the digital
count values at M/2, M, and 255 were selected to generate eight training stimuli for each subspace
in the first category. Furthermore, M, N, N+(255 — N)/2, and 255 were selected to generate the

eight training stimuli for each subspace in the second category.
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Specifically, the tristimulus values at (M/2, by, d1), (M, by, d1), (b1, M/2, d1), (b1, M, d1), (b1, ds,
M/2), and (bs, d1, M), where by and d; equal to M, N, or 255, were used to derive the relationship
if the colour contained the input digital count values in the subspaces of the first category, whereas
those at (b2,d2,f2), with by, d2, and f2equal to M, N, N + (255 — N)/2, or 255, were utilized to derive
the relationship if the colour contained the input digital count values in the subspaces of the second
category. The selection of the digital count values at M/2 instead of 0 used for the subspaces of the
first category aimed to distinguish the modelling of crosstalk effect occurring between two and
three channels. In case of modelling the secondary colours (e.g., colour with digital count values
at (0,50,100)) only affected by the crosstalk effect between two channels, the new relationships

were constructed using the training stimuli with one of the digital count values at 0.

PX:aX()+aX1XRXG+aX2XRXB+ax3XGXB+ax4XRXGXB
Py=ay0+aYlXRXG+aszRXB+ay3XGXB+ay4_XRXGXB (38)
PZ=azo+a21XRXG+a22XRXB+az3XGXB+az4_XRXGXB

Figure 4-1 27 subspaces generated based on two piecewise points M and N on each
channel in display RGB colour space.
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Figure 4-2 (a) 19 subspaces and corresponding training stimuli in first category,
and (b) eight subspaces and corresponding training stimuli in second category.

For the secondary colours, [Px,Py,Pz]" in Equation (35) was modelled based on Equation (39),
with Cy and C; representing the two nonzero digital count values of colours. The polynomials with

coefficients axi, avi, and azi (i = 0, 1) for item 1 and C1 x C; were used for modelling.

PX'=axo+aXl><C1><Cz
Py, = Qyg + Ayq X Cl X Cz (39)
PZ,=a20+a21XC1XC2

The digital count values at M and N were applied to divided the three coordinate planes ROG, ROB,
and GOB into 27 subplanes, as depicted in Figure 4-3. Specifically, the subplanes were separated
into two categories for selecting the training stimuli used for optimization. As illustrated in Figure
4-4, the combinations of digital count values at M/2, M, and 255 were selected to generate three or
four training stimuli for each subplan in the first category, and those at M, N, and 255 were selected
to generate four training stimuli for each subplane in the second category. Specifically, the

tristimulus values at (0,M/2,b1’), (0,b1',M/2), (bs',0,M/2), (M/2,0,b1"), (bs',M/2,0), and (M/2,b1',0),
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with b:' equal to M, N, or 255 were used to derive the relationship if the colour contained input
digital count values in the subplanes of the first category, and those at (0,b2",d2"), (b2', 0,d2"), and
(b2',d2', 0) with by" and d2' equal to M, N, or 255 were used to derive the relationship if the colour
contained input digital count values in the subplanes of the second category.

According to Equations (35) to (39), the proposed model can predict the tristimulus values of any

colour based on its digital count values.

Figure 4-3 27 subplanes generated based on two piecewise points M and N on each
channel in planes of R =0, G =0, or B =0.
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Figure 4-4 (a) 15 subplanes and corresponding training stimuli in first category,
and (b) 12 subplanes and corresponding training stimuli in second category.
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4.2.2 Model Simplified

Given its framework, the model was simplified to achieve an equivalent accuracy using less

number of measurements.

Equation (40) can be used to model the relationship between the tristimulus values and the digital
count values for each channel, as described in Equation (35), where T and C represent the
tristimulus and digital count values, respectively. The coefficient a and the gramma value y were
derived using the digital count values at C; and C. as well as the corresponding measured
tristimulus values Ty and T (Equations (41) and (42), respectively). In particular, the digital count
values were segmented into two ranges (i.e., 0 to N and N to 255 for 8-bit displays), with a set of
a and vy values derived for each range that increased the accuracy of the model. For instance, the
tristimulus values measured at (M,0,0) and (N,0,0) were used to derive the relationship if the red
channel included an input digital count value between 0 and N, and those at (N,0,0) and (255,0,0)
were used to derive the relationship if the red channel contained an input digital count value
between N and 255. In total, 18 relationships were derived (i.e., 3 channels x 2 digital count ranges
x 3 tristimulus values). Therefore, the measurements of three colours, with the digital count values

of 64, 128, and 255, are needed for each channel, with a total of nine colours.

T =ax (C/255)" (40)
y = log(Ty/T) /log (C1/C,) (41)
a= T1/CI (42)

The crosstalk effect on the tristimulus values [Px, Py, Pz]" in Equation (35) were modelled using

Equation (43), with R, G, and B representing the digital count values. Ms denotes a three-by-five
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matrix, as expressed in Equation (44). The tristimulus values Xi, Yi, and Zi (i = 0-4) in each row
of Ms were multiplied by the vector coefficients [1,R x G, R x B, G x B, R x G x B]" and the sum
of these products were calculated as Px, Pv, and Pz. The tristimulus values Xi, Yi, and Z; in Ms were
evaluated through the Least-squares method expressed in Equation (45), which denotes the matrix
multiplication product of the variations between the measured tristimulus values [Xres,cT, YrGB,CT,
Zree.cT]" and [Xree, Yres, Zres] " (Equation (35)) calculated using Equation (36), and the pseudo-

inverse of the vector [1, R x G,Rx B, G xB, R x G x B]".

1
Py R XG
Py|=M;x| RxXB (43)
P, G xB
RXGXB
Xo X1 Xo X3 X,
Mg=1Y, Y1 ¥, Y3 T, (44)
Zo Zy Zp Zz Z,
1 -1
XreBcT XreB RXG
Mg =< |Yreper | — | Yree | X| R XB (45)
ZRrGB,cT ZRrGB G XB
RXGXB

The display RGB colour space was categorized into 27 subspaces according to the digital count
values at M and N on the three channels. In order to reduce the number of measurements, M and
N are set to be the same as C1 and C> (i.e., 64 and 128). For each subspace, the tristimulus values
in Equation (44) were calculated. The digital count values required to generate eight training
stimuli for each subspace were simply set at (r,g,b), with r, g, and b equal to M, N, or 255, thereby

yielding the total number of training stimuli as 64, which were all possible combinations of four
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digital count values (i.e., 0, 64, 128, and 255) for the three channels. According to the calculation
of Equations (35), (40) and (43), the tristimulus values of any colour can be predicted based on its

digital count values.

Figure 4-5 lllustration of (a) RGB colour space segmented into 27 subspaces based
on digital counts values M and N on each channel, and (b) 64 training colours.

The segmentation of the display RGB colour space into subspaces considers that the relationship
of the crosstalk effect with digital count values is not constant. The crosstalk effect for the colours
can be more accurately predicted in their corresponding subspaces. According to the findings that
the crosstalk effect is more crucial and challenging to be modelled on low emitting levels for
OLED displays, the segmentation of the display RGB colour space should conform to the principle
that higher precision is allocated to the characterization of the colours with lower digital count
values. Therefore, M is defined as 128 for 8-bit displays because it is located at the centre of the
range of digital count values, and N is defined as 64, because it is the centre of the front part of the

range of digital count values.
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4.3 Experiment

Nine smartphones (A to 1) with OLED displays were used as test devices to explore the channel
independence and chromaticity constancy, and verify the accuracy of the proposed colour
characterization model. These displays were provided by different suppliers and had obvious
perceived colour differences with the same input digital count values. As depicted in Figure 4-6,
the gamut of these displays, together with the DCI-P3 gamut, were shown in the CIE 1931 2°
chromaticity diagram. It is obvious that the colour gamuts of the displays were all similar to the
DCI-P3 gamut, and the chromaticities of the primaries, especially for the blue and green, had very
obvious differences. Each display was characterized by showing the 64 colours having the digital
count values described above, with the tristimulus values measured using a PhotoResearch PR-
655 spectroradiometer, using the proposed 3D piecewise model. The model accuracy was
evaluated based on the average colour difference in terms of AEap in the CIELAB colour space,
between the measured tristimulus values and the model predictions of 41 test colours. Thereafter,
calculated colour differences were compared with the results obtained from the model before
simplified and the GOG model. The digital count values of these 41 combinations are listed in
Table 4-1, and the chromaticity coordinates of those colours on Display A are depicted in Figure

4-6 as an example.

Table 4-1 Digital count values of the 41 colours used to evaluate the performance of the colour
characterization models.

No. R G B No. R G B No. R G B

1 255 255 255 15 110 255 110 29 186 132 255
2 255 0 0 16 125 255 255 30 255 149 255
3 255 126 0 17 93 150 255 31 255 128 180
4 255 255 0 18 77 77 255 32 255 164 164
5 0 255 0 19 170 86 255 33 255 202 185
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Table 4-1 (continued)
0 255 255 20 255 100 255 34 255 255 216

0 130 255 21 255 83 163 35 206 255 206
255 22 255 114 114 36 218 255 255

158 0 255 23 255 169 134 37 190 207 255
10 255 0 255 24 255 255 174 38 171 171 255
11 255 0 151 25 160 255 160 39 211 182 255
12 255 73 73 26 176 255 255 40 255 197 255
13 255 145 88 27 140 174 255 41 255 178 206
14 255 255 124 28 120 120 255
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Figure 4-6 Colour gamuts of the nine OLED displays and the standard P3 gamut,
together with the chromaticities of 41 combinations of the digital count values
displayed using Display A in the standard P3 colour space, in the CIE 1931 2°

chromaticity diagram.

4.3.1 Verification of Channel Independence and Chromaticity Constancy

The conventional colour characterization models, e.g., the GOG model, assume channel
independence and chromaticity constancy. To verify the channel independence of OLED displays,
we explored the relationships between the relative luminance of neutral colours with the three

channels having the same digital count values, and the sum luminance of three stimuli with the
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same digital count value to each channel individually (e.g., the luminance of (255,255,255) versus
the sum of the luminance of (255,0,0), (0,255,0), and (0,0,255)). All the values were scaled using
the white point luminance of each display. For the nine displays, this relationship is portrayed in
Figure 4-7. The results indicated that the sum luminance of the three colours was larger than the
corresponding luminance of the neutral colour for all displays, and increases of crosstalk effect
with the luminances, excluding Display D and F. Then we calculated the chromaticity differences
AuU’v’ between the measured chromaticities of a series colours whose digital count values of two
or three channels were not zero and the calculated chromaticities of the colours assuming the
channel independence (e.g., the measured chromaticities of (255,255,255) versus the calculated
chromaticities by mixing (255,0,0), (0,255,0), and (0,0,255)), with Figure 4-8 showing the
histograms of the Au’v’ values for the nine displays. It also clearly shows the crosstalk effects.

Overall, channel dependency was observed for all nine test displays.
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Figure 4-7 Relationships between relative luminance of neutral colours and sum of
relative luminance of three channels.
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Figure 4-8 Histogram of the chromaticity differences Au’v’ between the measured
chromaticities of a series colours whose digital count values of two or three
channels were not zero and the calculated chromaticities of the colours assuming
the channel independence. There are 704 and 972 colours for Display A and
Displays B to I respectively.

The chromaticity constancy of the test OLED displays was verified for each channel by comparing
the chromaticities at a series of digital count values, as depicted in Figure 4-9. The results
demonstrated the consistency in the chromaticities of the test OLED displays. Overall, the results
indicated adequate chromaticity constancy. This figure, together with the chromaticity differences

shown in Figure 4-8, clearly suggests the serious problem introduced by the crosstalk effects.
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Figure 4-9 Histogram of the chromaticity differences Au’v’ chromaticities at a
series of digital count values and those at the digital count value of 255 for each
channel for the nine displays.

4.3.2 Performance of the 3D Piecewise Model

The colour differences between the tristimulus values of the 41 test stimuli predicted from the
models and the corresponding tristimulus values calculated using the measured SPDs are presented
in Table 4-2 in terms of the minimal, maximal, and average AEap values. As expected, large errors
were observed with the application of the GOG model for predicting the tristimulus values of the
test stimuli based on the inputted digital count values. Among the nine test OLED displays, the
average colour differences calculated based on the predicted tristimulus values of the test stimuli
ranged from 5.03-15.99 units of AEap and averaged around 10.74 units of AEab. These results
further established the failure of the GOG model in case of employing the colour characterization

of the OLED displays.
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The colour differences resulted from the proposed 3D piecewise model were calculated between
the measurements and model predictions, also listed in Table 4-2. The values for the nine test
OLED displays ranged from 0.61 to 1.46 units of AEap and averaged around 0.92 units of AEap,
which signifies a considerable improvement in comparison with the results predicted by the GOG
model. Furthermore, these results verified that the accuracy of the proposed model was constant
after the simplification. The colour differences computed using the preliminary model are listed in
Table 4-2. The values for the nine test OLED displays ranged from 0.55 to 1.58 units of AEas and
averaged around 1.03 units of AEab, suggesting that the average colour difference is similar with

the results calculated using the proposed model.

Table 4-2 Comparisons of the performance between proposed 3D piecewise model
and the GOG, as well as the model before simplified, in terms of the colour
differences AEab of the 41 combinations of the digital count values between the
chromaticities predicted by the models and those based on the measurements, in
the CIELAB colour space for the nine displays.

Proposed 3D piecewise

Displays GOG model model before simplified Propose(:nilgerl)iecewise
Mean Max Min Mean Max Min Mean Max Min
A 5.03 7.74 0.03 055 152 0.01 0.61 1.96 0.06
B 15.99 27.20 0.12 1.04 369 0.00 1.46 4.15 0.06
C 12.40 19.99 0.08 1.00 457 0.06 1.02 3.24 0.06
D 4.45 12.07 0.08 158 792 0.04 0.51 2.64 0.01
E 13.66 24.01 0.11 0.89 326 0.00 1.18 3.48 0.04
F 3.75 8.74 0.09 0.97 5.00 0.00 0.49 3.12 0.03
G 11.21 17.59 0.10 1.03 416  0.07 0.94 2.71 0.05
H 10.58 16.25 0.15 0.87 344 0.04 1.00 3.29 0.03
I 13.88 23.61 0.12 0.89 321 0.00 1.08 3.40 0.05
Mean 10.74 - - 1.03 - - 0.92 - -
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4.4 Model for a display with breakpoints on the channels

In practice, the breakpoints were observed for the three channels in characterizing a special type
of OLED display, as depicted in Figure 4-10, which shows the obvious discontinuity between the
tristimulus values and the digital count values. Under the circumstances, the proposed 3D
piecewise model may cause large degrees of inaccuracy because the breakpoints may be involved
in certain subspaces in case of using 64 and 128 to divide the range of digital count values on the

three channels.

350

e R P
®
300 | ¢ G ’:
B o i
250 * ‘
L /
»
/7
9 200 | ~
= d
< L
8 150 | ,/,
g .
3 .* .
= 100 | e L7 1
» o ®
50 L e o Pl
- ._—"’. 4_-0—:’—:.-
0 g;E;:"’:.—o—-o—"'_.-_.— :
- = =97 L

0 50 100 150 200 250

Digital count value

Figure 4-10 Relationships the luminance and the digital count values for each of
the three channels.

To resolve this issue, M and N were redefined according to the measured breakpoints of displays.
For example, the relationships between the relative luminance of neutral colours and the relative
luminance of three channels for a OLED display are presented in Figure 4-10. The breakpoints
were prominently observed on the red and green channels at the digital count values R = 224 and
G = 240 for the 8-bit display. Based on this result, M and N were redefined as 112 and 224 on the
red channel and 120 and 240 on the green channel, because M was always defined as the centre of

the front part of the range of digital count values. For the blue channel without an evident
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breakpoint, 64 and 128 were still set as M and N. The new set of 27 subspaces were segmented
based on the redefined M and N for each channel, as depicted in Figure 4-11. The model with the
redefined values of M and N was applied to characterize this OLED display using the digital count
values and corresponding measured tristimulus values of the 64 colours used for deriving the
models for characterizing the crosstalk effects for the 27 subspaces, as portrayed in Figure 4-11.

The remaining portions of the model remained unchanged.

200

Figure 4-11 Hlustration of the 27 subspaces with the revised M and N values based
on the breakpoints for each channel, with the dots showing the 64 combinations of
the digital count values.

In Figure 4-12, the tristimulus values XYZ between the measurements and the model predictions
using the redefined M and N for the three channels were compared. The lines indicate the
prediction relationship of tristimulus values of colours for each channel with the digital count
values. The three channels with digital count values at (j, 0, 0), (0, j, 0), and (0, 0, j), with j equal
to 16, 32, 48, 64, 80, 96, 112, 128, 144, 160, 176, 192, 208, 224, 240, or 255, were used to verify

the accuracy of the predictions. The dots represent the measured tristimulus values, signifying
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small colour differences between the measurements and model predictions. The average colour
differences AEan in CIELAB colour space between the predicted and measured tristimulus values
of the 41 test colours are summarized in Table 4-3. The prediction results exhibited remarkable
improvement in comparison with the results calculated through the GOG model and the proposed
3D piecewise model without redefinition. The average colour difference evaluated based on the
redefined piecewise model was 2.40 units, which performed great improvement compared with
the results calculated using the GOG model (13.8 units), and the proposed 3D piecewise model

without redefinition (14.95 units).
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Figure 4-12 Relationships between predicted tristimulus values and relative digital
counts (a) R, (b) G, and (c) B of three channels; dots represent measured
tristimulus values.

Table 4-3 Average CIELAB colour difference between the measurements and
model predictions of 41 test stimuli for display with breakpoints on channels.

3D piecewise model 3D piecewise model
GOG model
(PP: 64, 128) (PP: Breakpoints)

Mean Max Min Mean Max Min Mean Max Min

13.08 32.84 0.84 1495 30.36 3.21 2.40 6.27 0.52
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4.5 Inversion of the proposed 3D Piecewise Model

For industry applications, the displays are calibrated and specified to produce colours according
to standard RGB specifications. The inverse models are useful to predict the display digital count
values based on the values with standard RGB specifications.

The derive the inversion of the proposed 3D piecewise mode, the tristimulus values of 16777216
combinations of digital count values, which were all possible combinations of 256 digital signal
levels for the RGB channels, were calculated. At the same time, the tristimulus values of the
standard P3 RGB combinations were also calculated, which were considered as target values. The
combination of digital count values having the smallest colour differences AEa in the CIELAB
colour space to the target values was identified from the above 16777216 ones. Meanwhile, the
combination for the white point was identified by finding the smallest chromaticity distance Au’v’
to the standard P3 white point (i.e., D65) and the highest luminance level.

Based on such a method for inverting the model, an 8 x 8 x 8 3D LUT was derived between the
values with standard P3 RGB specifications and the display digital count values for calibrating
smartphone displays, with the standard P3 RGB specifications of all combinations of 8 levels of
R, G, and B values (i.e., 0, 40, 80, 120, 160, 200, 240, and 255). The display will automatically
perform interpolations based on the 3D LUT.

The performance of the inversion of the 3D piecewise model and the development of the LUT
were tested using 94 OLED smartphone displays. The AEa, colour differences were calculated
between the chromaticities of the colours with the P3 standard specification and those measured
on the displays before and after the calibration. Figure 4-13 shows the histograms of the AEay for
the 94 displays. The 64 training colours were used to characterize the display accuracy without

calibration, and the 41 test colours were used to characterize the display accuracy after the
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calibration. It can be found that such methods resulted in good performance, with the average color

difference reduced from 11.81 to 1.63.
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Figure 4-13. Histogram of AEap between the chromaticities of the colors with the P3 standard
specification and those measured on the displays before and after calibrated using the inverse
model.

4.6 Conclusions

As a newly developed display technology, OLED is widely used in the smartphone industry.
However, the crosstalk effect resulting from the special structure of the OLED display panels
causes the failure of channel independence. Owing to this problem, conventional colour
characterization models assuming channel independence, e.g., GOG model, cannot accurately
calibrate modern OLED displays. Although certain models of colour characterization have been
developed to calibrate the displays that fail to satisfy channel independence, these models require
extensive number of measurements. Thus, colour characterization models that can accurately and
efficiently correct the crosstalk effect on OLED displays are required. This study proposed a 3D
piecewise model using only 64 measurements, wherein display RGB colour space was divided
into 27 subspaces, with two separation points on each channel. The accuracy of the model

predictions was verified using nine test OLED displays. The average colour difference in terms of
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AEab in the CIELAB colour space, between the measurements and model predictions of 41 test
colours were calculated using the proposed model and the conventional GOG models. Among the
nine test OLED displays, the 3D piecewise model yielded average values of 0.92 units, which was
significantly smaller than that based on the GOG model. In addition, for the displays having
obvious breakpoints on each channel, the 27 subspaces are proposed to be redefined by adjusting
the separation points on each channel. Such an adjustment can maintain the good performance of

the proposed model.
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Chapter 5 Study 2-1: Colour Mismatch and Observer
Metamerism between LCD and OLED Displays for Smaller
FOV (= 4.8°)

5.1 Motivations

Colour mismatch and observer metamerism are observed between devices with multiple spectra.
Although these problems have not been recently reported, they are crucial for the display
community owing to the wider usage of OLED displays. On online forums, certain users have
recently reported the appearance of a green tint on OLED displays of a specific smartphone brand,
and its reason remains unidentified. In addition, a study investigated the possible effect of using
the CIE 1931 2° CMFs on colour calibration and the specification for OLED displays and LCDs
through mathematical calculations [140]. However, no study has experimentally investigated the
degrees of colour mismatch and observer metamerism between OLED displays and LCDs.

In this study, human observers adjusted the colour appearance of the stimuli produced by four
smartphone displays, including one LCD and three OLED displays, to match the colour appearance
of the six colour stimuli produced by another OLED display. The results of the colour matching
experiment enabled us to quantify the performance of four standard CIE CMFs, especially the CIE

1931 2° CMFs, in characterizing the colours between LCD and OLED displays.

5.2 Method

5.2.1 Apparatus and Setup

In this study, we constructed a 60 cm x 60 cm % 60 cm viewing booth for the experiment, painted
the interiors with Munsell N7 spectrally neutral paint, and created two 5 cm x 5 cm square openings

at the centre of the rear panel. The distance from the centre edge of an opening to that of another
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opening was 6 cm. Thereafter, we mounted a chin rest on the exterior side of the viewing booth to
ensure that an observer is capable of simultaneously detecting the display centres of the two
smartphones through the openings. The FOV of each stimulus was 4.77°, and the experimental

steps are displayed in Figure 5-1.

Figure 5-1 Schematic illustration of experimental setup. Chin rest was mounted
immediately outside the booth such that the viewing distance is 60 cm.

Despite the similarity between the use of the entire display as a stimulus and the practical viewing
of the display, only a small area at the display centre was used to produce the stimuli and avoid
the possible problems resulting from the nonuniformity of the displays. Moreover, if the two
stimuli were placed in vicinity of each other without any significant separation distance, colour
matching could be easily achieved. However, the distance of 6 cm was the least distance for the

openings to exhibit the centre of displays.
5.2.2 Displays and Colour Stimuli

In the experiment, we employed five smartphone displays including one LCD and four OLED
displays. The dimensions of these smartphones were 70 mm (width) x 140 mm (height), with small

variations. The characteristics and algorithms of the displays were tested based on the
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configurations of the five smartphones. Among eight OLED displays, selected four OLED displays
to ensure marginal differences in their primaries, which was manifested by the peak wavelength
and shape of the SPDs. Despite the small differences between various OLED displays, prominent
colour differences were observed. Accordingly, we selected the OLED display that exhibited the
smallest colour gamut as the reference display, for comparison between LCD and OLED displays
as well as between various OLED displays. The colour gamut of displays derived with the CIE
1931 2° CMFs is depicted in Figure 5-2, and the SPDs of the primaries are illustrated in Figure

5-3.
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Figure 5-2 Colour gamut and white points of five displays derived using CIE 1931
CMFs along with standard sRGB and P3 colour gamut. Note: white point of
reference display is labelled with a circle and those of other four displays are

labelled with crosses.
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Figure 5-3 Relative SPDs of primaries of five displays.

With careful consideration, we selected six colour stimuli and presented them on the reference
display in the MacLeod-Boynton chromaticity diagram [145] for 2° FOV [57]. The MacLeod-
Boynton chromaticity diagram is based on physiology, forming the rectangular axes—I and s with
the cone sensitivity functions, for improving the representation of the relative cone excitation (I =
L/(L + M) and s = S/(L + M)). According to Figure 5-4, we selected all stimuli from the colour
gamut of all displays to ensure that human observers were capable of matching these stimuli. In
particular, Stimuli 1 and 2 possessed similar values along s-axis, but they significantly varied along
the I-axis; Stimuli 2 and 3 covered similar values along l-axis but dissimilar values along s-axis;
the values of Stimuli 2, 4, and 5 varied along both the axes. Stimuli 6 was a neutral colour, and the
CIE D70 illuminant served for calculating the target values along the two axes. To minimize any
possible impact caused by adaptation to observation under dark conditions, the luminance ranges
of the displays exhibiting the six chromaticities were considered and the luminance of the six

stimuli was set at 93 cd/m?.
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Figure 5-4 Display colour gamut and white points in MacLeod-Boynton
chromaticity diagram for 2° FOV [10] and chromaticities of stimuli exhibited on
reference display for colour matching.

5.2.3 Display Calibration and Control Program

A calibrated JETI Specbos 1811 spectroradiometer was used for calibrating the six stimuli on the
reference display.

We developed a customized control program with respect to the four displays used for matching
the colour appearance of six stimuli. The observers were requested to adjust the related
chromaticities along the u’- and v’-directions in the CIE 1976 u’v’ chromaticity diagram, thereby
adjusting the colour appearance of the stimuli. In the CIE 1976 u’v’ chromaticity diagram, + u’, —
u’, +v’, and -V’ represented the directions of reddish, greenish, yellowish, and blueish, respectively.
A prior research [146] once adopted such an adjustment method that can be comprehended by
naive observers.

Specific to each display, we employed the spectroradiometer to measure the SPDs of 1000 colours,
corresponding to all the possible combinations of the ten digital count levels specific to the RGB
channels (0, 28, 56, 85, 113, 141, 170, 198, 226, and 255). Relevant measurements were recorded
by placing the display at the experimental position and placing the spectroradiometer at the eye
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position of the observer. These data served for building a 10 x 10 x 10 3D LUT between the RGB
combinations and the corresponding tristimulus values XYZ. Subsequently, we determined the
stimuli with luminance ranging from 88.35-97.65 cd/m? (+5% of 93 cd/m?) to estimate the colour
gamut at 93 cd/m?, as depicted in Figure 5-5. The colour with the smallest colour difference AEap
was identified from the target stimulus from the 1000 colours, thereby estimating the RGB
combination that could generate a target stimulus with chromaticities (u’,v’) in the gamut.

All possible combinations, regarding the contiguous six digital count levels, and the corresponding
tristimulus values XYZ were acquired to construct another 3D LUT (6 x 6 x 6). The three values
above and below the digital count values of the colour exhibiting the smallest colour difference
compared to the target colour were selected as the six values. The corresponding tristimulus values
XYZ were trilinear interpolated from the 1000 sets of data. We considered the RGB combination
bearing the smallest colour difference AEap value between the target colour and the 216 colours as
the estimated RGB combination for the generation of stimulus with chromaticities (u’,v’). The
stated process served for estimating the RGB combinations specific to all chromaticities within
the display colour gamut at 93 cd/m? with a step of 0.0015 along the two directions (u’,v’).

In the experiment, if the observer adjusted the stimulus chromaticities to alter the colour
appearance, the control program could determine the corresponding RGB combination for
generating the colour on displays. Conventional models that are employed for developing control
programs for display characterization include the GOG model or PLCC model, described in
Section 2.5.1. However, these models cannot be applied to the OLED displays adopted in the

experiment.
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Figure 5-5 Hlustration of using 3D LUT to identify colour gamut at luminance of
~93 cd/m? for Display B.

5.2.4 Observers

The experiment included 50 observers (36 males and 14 females) aged in the range of 19-38 years
(mean =22, SD = 3.01). The Ishihara Color Vision Test was used for testing whether the observers

exhibited normal colour visions.
5.2.5 Experimental Procedure

Prior to the experiment, the observers underwent the Ishihara Color Vision Test and completed a
survey on their general information. Thereafter, the observers were guided toward the front of the
viewing booth with the illumination turned off. The experimenters informed the observers
regarding the manner in which the stimulus colour appearance can be adjusted using the four arrow
keys on the keyboard (right: +u’, left: -u’, up: +v’, down: -v’) to render the two stimuli with the
same colour appearance. Thereafter, the observers were instructed to place their chins on the chin-

rest. Before initiating the recorded trials, the observers were familiarized with the control program
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with two practice trials. During the colour matching process, the reference display produced a
stimulus on the left-hand side, and any one of the four test displays produced a stimulus on the
right-hand side. Although a possible positional bias existed in such a setup, the positions were not
altered to ensure the stability of the displays. Specific to each test display, seven adjustments were
enacted by the observers, wherein Stimulus 2 was adjusted two times to evaluate the intra-observer
variations. Twenty-eight adjustments were completed by each observer in a total duration of one
hour. We warmed up all the displays for almost half an hour before the experiment to ensure the
stable performance of displays. In particular, the displays were attached on various tripods and two
lines were marked on the rear side of the booth to ensure that the alternation between various
displays can be executed by simply adjusting the location of the tripods aligned toward the left

edge and on the top of the displays with respect to the markers.

5.3 Results and Discussion

5.3.1 Verification of Control Program Accuracy

Although the observers adopted the customized control program to adjust the stimulus colour
appearance by altering the related chromaticities, we recorded the RGB combinations used for
producing the stimuli. After the experiment, the RGB combinations were recorded for reproducing
the stimuli on the corresponding displays, and the spectroradiometer was employed to measure the
SPDs. The chromaticities (u’,v’) regarding all the adjusted stimuli from the SPDs measured by the
control program and the corresponding predicted chromaticities are presented in Figure 5-6(a).
AU’V’ values were in the range of 0 to 0.0053 and the average Au’v’ was 0.0017. The luminance
levels of the stimuli adjusted according to the measured SPDs are presented in Figure 5-6(b),

wherein the average value of 91.9 cd/m? validated the reliability of the control program.
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Figure 5-6 Accuracy of control program, in terms of chromaticities and luminance.
(a) Chromaticities of adjusted stimuli derived from measured SPDs and
predictions using control program in CIE 1976 u’v’ chromaticity diagram; (b)
Histogram of luminance of adjusted stimuli derived from measured SPDs.

5.3.2 Intra- and Interobserver VVariations

The mean colour difference from the mean (MCDM) in the CIE 1976 u’v’ chromaticity diagram
was adopted for characterizing the intraobserver and interobserver variations. Specifically, the
characterization of the intraobserver variation considered the average colour differences between
the chromaticities of the two matching results from Stimulus 2 and the average chromaticities of
the two matching results. Each observer used the four test displays to perform the matches for
Stimulus 2, with the related chromaticities and the 95%-confidence error ellipses displayed in
Figure 5-7, and the histograms of MCDM for intraobserver variation are presented in Figure 5-8.
Specific to Displays A, B, C, and D, the average MCDM among the observers was 0.0020, 0.0031,
0.0026, and 0.0024, respectively, less than the 0.004 units of u’v’ (= one unit of just-noticeable

colour difference, JND).
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Figure 5-7 Chromaticities, together with 95%-confidence error ellipses, of two
matches performed by each observer for Stimulus 2 using four test displays.
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Figure 5-8 Histogram of MCDM values of the intra-observer variations for each
display.

To characterize interobserver variations, the differences in chromaticity between the 28
adjustments regarding each observer and the 28 mean adjustments among the 50 observers were
recorded. The MCDM value was in the range of 0.0027 to 0.0122 and the average MCDM was

0.0059. The MCDM values regarding the intraobserver and interobserver variations conformed to
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a recently conducted colour matching experiment [17], which established the high reliability of

experimental results.
5.3.3 Characterization of Colour Matching Results using Four CMFs

The chromaticities of the stimuli adjusted by the observers using the four test displays are depicted
in Figure 5-9, wherein the 95%-confidence error of the observers are marked with ellipses. The
four standard CMFs were employed to characterize the chromaticities. In Figure 5-10, the
chromaticities of the reference stimuli have been transposed to the origin, and the chromaticities
of the adjusted results varied with the reference stimuli. In case of using various CMFs, the
majority of the ellipses exhibited similar orientations. In addition to the chromaticities of the
stimuli on the reference display, the average chromaticities of the stimuli adjusted on the four
displays are illustrated in Figure 5-11, wherein the four CMFs were used for related calculation.
The Euclidean distances from the average chromaticities of the adjusted results to the
chromaticities of the reference stimuli in the chromaticity are portrayed in Figure 5-12, and the
ellipse areas of the chromaticities adjusted by the observers are plotted in Figure 5-13. Interestingly,
the longer axes of the ellipses were oriented toward the centre of the chromaticity diagram, and
the ellipses of Stimulus 6 (white colour) became circles. In particular, the chromaticities
characterized using the two 10° CMFs were more representative to the adjusted results. Compared
to the LCD, the OLED displays were more strongly influenced by the four CMFs.

The CIE 1931 2° CMFs are closely associated with display calibration. To apply this set of CMFs,
Display A (LCD) exhibited the largest chromaticity distances and areas of ellipses relative to the
three OLED displays. The chromaticity distances produced by all six stimuli were over 0.004 units
of u’v’ (1 JND), implying a prominent colour difference. Moreover, for Display A, the

chromaticities shifted toward the —u’+v’-direction to render an appearance that corresponds to the
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colours of the stimuli on the reference OLED display. Therefore, the application of the CIE 1931
2° CMFs to ensure the same chromaticities of Display A (LCD) and the reference OLED display
would yield a severe colour mismatch. More specifically, a stimulus appearing neutral on an LCD
may appear yellowish green on a OLED display, which exhibited the same chromaticities between
the stimuli on the two displays. Comparatively, a stimulus appearing neutral on an OLED display
may appear pinkish on an LCD at the same chromaticity, which confirms the recent discovery that
colour mismatches may generate pinkish or greenish chromaticities [148]. The shifts occurred for
neutral colours as well as for other colours (Figure 5-11). Specific to Displays B, C, and D, the
majority of the chromaticity distances were below 0.004 units of u’v’ (1 JND).

Notably, the comparison between the calculated chromaticity distances and the MCDM values for
the intraobserver variations deepens our understanding of the distinction between LCDs and
OLED displays. The average difference in the chromaticity between the OLED displays (Displays
B, C, and D) and the reference display confirmed the intraobserver variations. However, the
average difference between Display A (LCD) and the reference OLED display was substantially
larger than the intraobserver variation. In case of Displays A, B, C, and D, the chromaticity
distances were 0.0051, 0.0025, 0.0021, and 0.0032, and the MCDM values were 0.0020, 0.003,
0.0026, and 0.0024, with the ratio of the former to the latter at 2.55, 0.81, 0.81, and 1.33,

respectively.
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Figure 5-9 Chromaticities with 95%-confidence error ellipses of stimuli adjusted
by 50 observers using four displays to match the colour appearance of the stimuli
displayed on reference display based on four CMFs. (a) CIE 1931 2° CMFs; (b)
CIE 1964 10° CMFs; (c) CIE 2006 2° CMFs; (d) CIE 2006 10° CMFs. (Note:
numbers on figures represent stimuli 1 to 6).

85



1931 2° 1964 10° 2006 2° 2006 10°

0.04

, | @ & & @

-0.04
0.04

) ®

®

-0.04
0.04

W

-0.04
0.04

Av

Stimulus

-0.04
0.04

-0.04
0.04

@ || D | | e | @
|| @ = =

JRR:
g [®
® @

.04
-0.04 0.04-0.04 0.04-0.04 0.04-0.04 0.04

Au’
mAmBuCnuD

-0

Figure 5-10 95%-confidence error ellipses of chromaticities adjusted by observers
with relation to chromaticities of corresponding reference stimuli, plotted using
four CMFs.
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5.3.4 Comparisons among Four CMFs

According to Figure 5-11, in case of adopting two sets of 2° CMFs, the average chromaticities of
the stimuli generated by Displays B, C, and D were similar among the observers. Comparatively,
the average chromaticities of Stimuli 3 and 5 generated by the three OLED displays varied in
normal situations. The variation in the chromaticities between the adjusted and reference stimuli,
including the ellipse size obtained by fitting the chromaticities of the adjusted stimuli, enabled a
quantitative comparison of the performance of the CMFs. The chromaticity distance facilitated the
evaluation of the accurate characterization of the colour match by an average observer using a set
of CMFs, wherein a smaller distance indicates a higher accuracy. The ellipse area can be utilized
for assessing the characterization of the variations among the observers using a set of CMFs, and
a smaller area represents a smaller variation [144]. According to Table 5-1, the CIE 2006 2° CMFs
yielded the smallest chromaticity distance, followed by the CIE 1931 2°, CIE 1964 10°, and CIE
2006 10° CMFs. This finding does not reflect that the 10° CMFs are suitable for an FOV beyond
4° [149]. Considering observer variations, the two 10° CMFs presented the best performance, the
CIE 2006 2° CMFs produced a moderate performance, and the CIE 1931 2° delivered the worst
performance. Therefore, the adoption of the CIE 1931 2° CMFs can result in severe observer
metamerism.

The chromaticity distances or ellipse areas calculated using various CMFs cannot be directly
compared because of the various scales. Despite the fixed perceived colour difference between the
standard D65 and D70 illuminants, the chromaticity distances varied with the CMFs, and the CIE
1931 2°, 1964 10°, 2006 2°, and 2006 10° CMFs exhibited the values of 0.005701, 0.005675,
0.00594, and 0.005698 Au’v’ units, respectively. Therefore, to comprehensively compare the

performance of the four CMFs, the chromaticity distances and the ellipse areas were scaled based
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on the chromaticity distance between the standard D65 and D70, and the same trend was obtained,
as described in Table 5-1.

Notably, the above-mentioned comparisons between the LCD (Display A) and the reference
OLED display were meaningful, because these calculated chromaticity distances could be
compared with the MCDM values for the intraobserver variations. Generally, the chromaticity
differences between the test OLED displays (i.e., Displays B, C, and D) and the reference OLED
display were consistent with the intraobserver variations, whereas the difference between the LCD
and the reference display was significantly larger than the intraobserver variation. The ratios of the
chromaticity distances of Stimulus 2 to the MCDM value was 2.55, 0.81, 0.81, and 1.33 for
Displays A, B, C, and D, with chromaticity distances of 0.0051, 0.0025, 0.0021, 0.0032 and

MCDM values of 0.0020, 0.0030, 0.0026, 0.0024, respectively.

(a) CIE 1931 2° CMFs (b) CIE 1964 10° CMF's
0.016 mA mBuC uD 0.016 } mAmB uC nuD
0.014 0.014 |
20012 Poo12
<40.010 Q0010 |
$0.008 %o0.008 |
E 0.006 § 0.006 |
< 0.004 < 0.004 F
0.002 0.002 |
0.000 0.000

Color stimuli Color stimuli

(c) CIE 2006 2° CMFs (d) CIE 2006 10° CMFs
0.016 =A®BEC 5D 0.016 [ uA B uC 8D
0.014 0.014 |
20012 Roo012 |
<0.010 40010 |
8 0.008 80.008 |

8 0.006 |
< 0.004 t
0.002 }
0.000

© 0.006
< 0.004
0.002
0.000

Color stimuli Color stimuli

Figure 5-12 Average Au’v’ between chromaticities of stimuli adjusted by 50
observers using four displays and chromaticities of stimuli on reference display
calculated using four CMFs. (a) CIE 1931 2° CMFs; (b) CIE 1964 10° CMFs; (c)
CIE 2006 2° CMFs; (d) CIE 2006 10° CMFs. (note: dash line labels 1 just-
noticeable colour difference, JND. However, it was developed based on only CIE
1931 CMFs and may be inapplicable to other CMFs).
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Figure 5-13 Area of 95%-confidence error ellipses for chromaticities of stimuli
adjusted by 50 observers using four displays calculated using four CMFs. (a) CIE
1931 2° CMFs; (b) CIE 1964 10° CMFs; (c) CIE 2006 2° CMFs; (d) CIE 2006 10°

CMFs.

Table 5-1 Summary of average chromaticity distances and areas of 95%-confidence error ellipses using four
CMFs.

1931 2° 1964 10° 2006 2° 2006 10°

Original

Chromaticity distance in u’v’ units
(x10°9)

Area of ellipses in u’v’ units
(x107%)

Scaled

Chromaticity distance in u’v’ units
(x107)

Area of ellipses in u’v’ units
(x10%)

4.17 4.98 3.29 5.47

4.37 3.34 3.89 3.30

7.32 8.77 5.53 9.60

7.67 5.89 6.55 5.79

5.4 Quantitative Comparison of Performance of Various CMFs

The comparison between various CMFs for characterizing the colours presented on the test
displays and matching the appearance of the reference stimuli based on the colour difference

calculated from the tristimulus values were characterized according to the multiple sets of CMFs
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considered herein. However, the values could not be directly compared for the various scales. The
colour differences between the illuminants on the blackbody locus with fixed and perceived colour
differences when characterized based on the four standard CMFs are presented in Figure 5-14. The
results revealed the performance ranking of the four CMFs and the corresponding variations in the
chromaticity distances. Thus, to quantitatively compare the performance of various CMFs, the
chromaticity characterized using various CMFs should be represented in the colour space specified
by the same primaries. For instance, transformation of the chromaticities characterized using the
CIE 1964 10° CMFs into the CIE 1931 2° CMFs. As the just-noticeable colour difference value
with Au’v’ = 0.004 unit was developed based on the CIE 1931° CMFs, it provided a reference to
evaluate the chromaticity distances. Thus, to compare the performance of CMFs, the chromaticity
characterized using the remaining CMFs should be represented in the u’v’ chromaticity diagram

based on the CIE 1931° CMFs.

I
CIE 1931

— -CIE 1964 —
CIE 2006 2°
0.04 L [ C'E 2006 10° -

Figure 5-14 Colour differences between adjacent stimuli on blackbody locus based
on four standard CMFs

Most existing studies did not consider this issue. The performances of various CMFs were

compared following the same method as that used in this study, i.e., the colour difference. In this
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case, the distance between the chromaticity diagrams of the reference stimuli and the stimuli
adjusted by the observers before scaling were calculated based on the colour differences between
D65 and D70 illuminances. As such, three methods can be utilized to compare the performance of
various CMFs in the same colour space [150], excluding the method in the current study that scales
the chromaticities distances using the distance of a pair of fixed perceived stimuli. In these three
methods, the comparison was performed between the chromaticities of the simulated adjustments
for a given set of CMFs and the stimuli adjusted by the true observers or simulated for another set
of CMFs. For the given set of CMFs, the SPDs of the simulated adjustments SPDsimulated Can be
evaluated using Equation (46). The SPDprimary is @ three-column matrix containing the SPDs of the
three primaries of the display used for colour matching. The digital count values RGB used for
depicting colours with the same tristimulus values were characterized using the given CMFs,
because the reference stimuli can be evaluated using Equation (47), wherein CMF; denote the given

CMF and SPDref represents the SPDs of the reference stimuli.

SPDsimuiatea = RGB X SPDprimary (46)

RGB = (CMF; X SPDyo;) X (CMF; X SPDyrimary) (47)

Following this procedure, the simulated adjustments on the test displays of the four standard CMFs
were estimated to match the colour appearance of the 12 stimuli on the reference OLED. The
chromaticities of the simulated adjustments for the four standard CMFs along with those adjusted
by the observers and characterized using the CIE 1931 2° CMFs are portrayed in Figure 5-15. The
performance of the four standard CMFs was quantized using the chromaticity distances between

the four simulated adjustments and those by the true observers in the u’v’ chromaticity diagram
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following the CIE 1931 CMFs. The average distances for the four test displays and the six stimuli
are portrayed in Figure 5-16, wherein the four subplots indicate the distances of the four standard
CMFs. The distances calculated using the method that directly characterizes the chromaticities of
the reference stimuli and that adjusted by the observers using the four CMFs are plotted in Figure
5-17. The results revealed the similar performance rankings of the four CMFs, regardless of
calculating the chromaticities distances in the same chromaticity diagram. The relationship
between the chromaticities distance evaluated using the two methods is depicted in Figure 5-18.
Although a positive correlation was observed, the chromaticities distances between the
adjustments simulated using the two 10° CMFs were larger than the distances directly
characterized using the two sets of CMFs. This finding signified that the performance of the CMFs
cannot be quantized for comparison with the distances of reference stimuli and the adjusted results

in several chromaticity diagrams. Overall, the comparison yielded effective results.
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Figure 5-15 Chromaticities with 95%-confidence error ellipses of stimuli adjusted
by 50 observers using four displays to match the colour appearance of stimuli on
reference display using CIE 1931 2° CMFs, including the chromaticities of the
stimuli of simulated adjustments for (a) CIE 1931 2° CMFs; (b) CIE 1964 10°
CMFs; (c) CIE 2006 2° CMFs; (d) CIE 2006 10° CMFs.
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Figure 5-16 Average Au’v’ between chromaticities of stimuli adjusted by 50
observers using four displays and the chromaticities of stimuli of simulated
adjustments for (a) CIE 1931 2° CMFs; (b) CIE 1964 10° CMFs; (c) CIE 2006 2°
CMFs; (d) CIE 2006 10° CMFs, calculated using the CIE 1931 2° CMFs. (note:
dashed-line labels 1 just-noticeable colour difference, JND).
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Figure 5-17 Average Au’v’ between chromaticities of stimuli adjusted by 50
observers on four displays and the chromaticities of stimuli presented on reference
display calculated using (a) CIE 1931 2° CMFs; (b) CIE 1964 10° CMFs; (c) CIE
2006 2° CMFs; (d) CIE 2006 10° CMFs (note: dashed-line labels 1 just-noticeable
colour difference, JND).
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Figure 5-18 Relationship between average Au’v’ between reference stimuli and
stimuli adjusted by 50 observers calculated using four CMFs, and average Au’v’ of
stimuli of simulated adjustments and stimuli adjusted by 50 observers calculated
using CIE 1931 CMFs.

5.5 Conclusions

Recently, OLED displays have garnered increasing scholarly attention, as they can adopt primaries
with higher saturation and are capable of generating larger colour gamut compared to traditional
LCDs. Despite previous studies demonstrating the possibilities for such types of primaries
resulting in severe colour mismatch and observer metamerism, no experiments have been
conducted to evaluate the impact of the standard CIE CMFs on the colour match between the LCD
and OLED display. This study performed a colour matching experiment with 50 observers, who
used four smartphone displays (one LCD with SRGB colour gamut; three OLED displays with P3
colour gamut) for matching the colour appearance of six stimuli produced by another OLED
smartphone display. The six stimuli were selected from a chromaticity diagram combining
physiological observations. Given that the displays presented a nonuniformity, the centre of 4.77°
FOV displays produced the colour stimuli. Considering the CIE 1931 2° CMF to characterize the

colour matches, the chromaticities of the stimuli generated by the LCD exhibited a prominent
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difference from that generated by the OLED displays. Moreover, the chromaticities exhibited an
—u’+Vv’ shift in the CIE 1976 u’v’ chromaticity diagram. Accordingly, if the CIE 1931 2° CMFs
were used for calibrating the LCD and OLED displays and generating the same chromaticities, the
LCD displayed neutral colours and the OLED displays projected a yellowish green colour. Despite
the slight difference in the primaries of all OLED displays, their chromaticities were similar. The
CIE 2006 2° CMFs could more effectively characterize the colour matches compared with the
other three CMFs (CIE 1931 2°, CIE 1964 10°, and CIE 2006 10°), which did not follow the
recommendation of adopting 10° CMFs for a FOV beyond 4°. Regardless of adopting the four
CMFs, the LCD and OLED displays exhibited a larger difference in terms of the observer

metamerism compared to that between OLED displays.
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Chapter 6 Study 2-2: Colour Mismatch and Observer
Metamerism between LCD and OLED Displays for Larger
FOV (= 20.2°)

6.1 Motivations

In previous studies, psychophysical experiments were performed to compare and verify the
performance of the four standard CMFs (CIE 1931 2°, CIE 1964 10°, CIE 2006 2°, and CIE 2006
10°) [71,135-137,151-158]. In those experiments, the spectral composition of the colour stimuli,
in terms of spectral shape (i.e., narrow-band versus broad-band) and peak wavelength, was varied
as the critical independent variable. This is because it significantly affects the performance of
CMFs, and an optimal CMF should function appropriately for any spectral composition. The
colour stimuli with various spectral compositions were produced using several types of devices
such as CRT display, LCD, OLED display, LED lamps, projector, broadband lamps with filters,
and illuminated colour samples. The observers adjusted the colour appearance of one stimulus to
match that of the reference stimulus, and the chromaticities of the two stimuli were considered to
compare the performance of various CMFs. However, the performances of the 2° and 10° CMFs
were inconsistent. For instance, although 10° CMFs are recommended for stimuli with an FOV >
4°, results in Study 2-1 reported that the performance of 2° CMFs was superior to that of the 10°
CMFs. However, Li et al. demonstrated that 10° CMFs provided superior performance [39]. More
importantly, no existing study has considered maintaining constant spectral compositions and
varying the FOV as an independent variable, which does not clearly relate the poor performance

of CMFs to the FOV.
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In Study 2-1, we investigated the colour mismatch and observer metamerism between conventional
LCD and OLED displays. In total, 50 human observers completed colour matching tasks for two
4.77° colour stimuli, located 5.72° apart and produced by displays. The CIE 2006 2° CMFs
exhibited improved performance than the other three CMFs, which did not support the
recommendation of the CIE. To further investigate whether this result is attributed to the relatively
small FOV, we increased the FOV of the stimuli to 20.2° in this experiment, which is similar to
the typical viewing condition of smartphone displays in daily life. Moreover, the two stimuli in
this experiment were placed adjacent to each other, thereby enabling an easy match of the colour

appearance, which was not observed in Study 2-1 and most past studies.

6.2 Method

6.2.1 Apparatus

For the experimental setup, we designed and constructed a black metal viewing box (50 cm (width)
x 28.5 cm (depth) x 28.5 cm (height)), with two 5.5 cm x 10 cm openings on the ceiling and rear
panels. The smartphone was attached at each opening with a holder, and to produce a colour
stimulus, the smartphone display centre area appeared at the opening. As the viewing window, a
10 cm x 10 cm opening was created on the front panel. Thereafter, we carefully placed a mirror
with a 45° tilt angle inside the box to ensure that the observer can simultaneously view the two
adjacent stimuli from the two displays through the viewing window. Specifically, the top stimulus
was provided from the display above the ceiling panel and could be viewed via the reflection in
the mirror, whereas the bottom stimulus was projected from the display located behind the rear
panel and could be directly observed. The size of the stimuli was 5 cm x 5 cm, with a prominent
dividing edge between the two stimuli, which was specially designed for achieving highly accurate

colour matching, similar to that in Study 2-1. Notably, we used the carefully placed mirror to
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ensure a smooth spectral reflection across the visible spectrum, and the average reflectance factor
was approximately 93%.

As the experiment started, the viewing box was placed in front of the observers, and the front panel
of the viewing box was situated 28 cm farther from the eye position of the observers. The observers
were required to place their chins on a rest and allowed to adjust the chair height such that the two
stimuli appear to be the same size for observers (FOV around 20.2°). The viewing box design,

experimental setup, and the stimuli viewed by observers are illustrated in Figure 6-1.

10cm

Figure 6-1 Apparatus and experiment setup. (a) Perspective front view of the
apparatus; (b) Perspective back view of the apparatus; (c) Cross section view of
the apparatus and the positions of the two smart phones; (d) Photograph of the two
stimuli viewed from the observer’s eye position. (Note: the mirror is shown in blue
in (a) and (c)).
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6.2.2 Display, Colour stimuli, Display Calibration, Control Program, and

Experimental Procedure

Study 2-1 adopted five smartphone displays (one LCD and four OLED displays) for producing the
colour stimuli. With careful considerations, we selected four OLED displays from eight OLED
displays to ensure that they contained various primaries (in terms of peak wavelengths and SPD
shape) and multiple colours. The OLED display with the smallest colour gamut was set as the
reference display for comparison between the LCD and OLED displays and that between various
OLED displays. In above-mentioned five displays, the gamut and SPDs of the primaries are
illustrated in Figure 5-2 and Figure 5-3, respectively.

As the experiment initiated, we affixed the reference display behind the rear panel to generate the
bottom stimulus and placed one of the four displays above the ceiling panel to generate the top
stimulus, ensuring that the experimenters were capable of conveniently adjusting the displays
placed above the ceiling panel. Considering a smooth spectral reflectance distribution on the mirror,
we expected that the reflection could reduce the luminance while maintaining the chromaticities,
which was verified from the measurements of the SPDs of 20 stimuli generated by one of the four
displays in the presence and absence of the mirror. Moreover, to ensure a direct application of the
LUTs and the control program in the experiment, the luminance level exhibited by the stimuli was
altered from 93 cd/m? to 88 cd/m? in Study 2-1. Comparatively, the spectroradiometer was used to
recalibrate the six stimuli on the reference display and ensure their luminance at 88 cd/m?. The
chromaticities of the six stimuli as well as the display colour gamuts in the MacLeod-Boynton
chromaticity diagram (2° FOV) are presented in Figure 5-4. The general locations of the
chromaticities exhibited by the six stimuli in the CIE 1976 u’v’ diagram are presented in Figure

6-2.
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The experimental procedure in this chapter remained the same as that in Study 2-1. Briefly, each
observer adjusted the colour appearance of the seven stimuli (Stimuli 1 to 6 and two adjustments
of Stimuli 2 to evaluate intraobserver variations) generated by the four displays and appearing at
the top for matching the colour appearance presented by the relevant reference stimuli from the
reference display appearing at the bottom. Both the seven stimuli and the four test displays
followed a randomized order.

6.2.3 Observers

The experiment recruited 53 observers (28 males and 25 females) aged between 19 and 38 years
(mean = 24.1, std. dev. = 3.28). The Ishihara Color Vision Test was employed to verify if all
observers had normal colour visions. Although a number of observers were sourced from Study 2-

1, not all the enrolled observers were common between the two experiments.

6.3 Results and Discussions

6.3.1 Verification of Control Program Accuracy

Using the control program, the observers could adjust the chromaticities of stimuli along the u’-
and v’-directions in the CIE 1976 u’v’ chromaticity diagram to alter their colour appearance. The
control program used the LUTSs for revising the RGB digital count values. Upon terminating the
experiment, we used the RGB combinations adjusted by the observers to reproduce the stimuli on
relevant displays and measured the SPDs from the eye positions of the observers. The
chromaticities (u’,v’) exhibited by all the adjusted stimuli derived from the measured SPDs
including the chromaticities predicted using the control program are presented in Figure 6-2 (a).
The luminance of the adjusted stimuli derived from the measured SPDs is presented in Figure 6-2
(b), with an average value of 87.06 cd/m2. Considered together, the control program and the

calibration in Study 2-1 produced reliable data in this experiment.
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Figure 6-2 Accuracy of control program in terms of chromaticities and luminance.
(a) Chromaticities of adjusted stimuli derived from measured SPDs and
predictions using control program in CIE 1976 u’v’ chromaticity diagram. (b)
Histogram of luminance of adjusted stimuli derived from measured SPDs;
average: 87.06 cd/m?,

6.3.2 Intra- and Interobserver Variations

The MCDM in the CIE 1976 u’v’ chromaticity diagram served for characterizing the intraobserver
and interobserver variations, as described in Study 2-1. Each observer used the four test displays
to perform repeated matches of stimulus, with the chromaticities and 95%-confidence error ellipses
displayed in Figure 6-3. The ellipses covered adequately overlapped sizes and orientations. The
histograms of the MCDM values for the four displays are plotted in Figure 6-4. The average
MCDM values for Displays A, B, C, and D were 0.0023, 0.0023, 0.0020, and 0.0021, respectively,
which were smaller than 0.004 units of u’v’ (1 JND). In particular, these values were even smaller
than those in Study 2-1, because the two stimuli could become adjacent to each other in the
experiment because of the new apparatus. For the characterization of the interobserver variations,
the MCDM values ranged from 0.0022-0.0095, with an average of 0.0047, also smaller than those

in Study 2-1. Therefore, the experiment results exhibited strong reliability.
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Figure 6-3 Chromaticities including 95%-confidence error ellipses of the repeated
matches performed by each observer for Stimulus 2 using four test displays.

A (mean = 0.0023) B (mean = 0.0023)

C (mean = 0.0020) D (mean = 0.0021)

Figure 6-4 Histogram of MCDM values of intraobserver variations for each test
display.
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6.3.3 Performance of Four CMFs in Characterizing Colour Matches

All observers used the four displays to adjust the chromaticities of the stimuli. The four standard
CMFs used in calculating the related chromaticities and the 95%-confidence error ellipses,
displayed in the CIE 1976 u’v’ chromaticity diagram, are presented in Figure 6-5. The average
chromaticities of the adjusted stimuli (centre of each ellipse in Figure 6-5) including those of the
relevant reference stimuli obtained through the four CMFs were shown in Figure 6-6. The
chromaticity differences Au’v’ calculated for the four displays are summarized in Figure 6-7 and
Table 6-1. Overall, the chromaticity and ellipse distributions observed in this study herein were
similar to those in Study 2-1, as depicted in Figure 6-5.

The colour matching experiments preferred a smaller calculated Au’v’ between the reference
stimuli and the stimuli adjusted by observers, because an optimal set of CMFs should ensure zero
value of Au’v’ for colour stimuli with matched colour appearance. Generally, the average Au’v’
calculated using the CIE 2006 2°, CIE 1964 10°, and CIE 1931 2° CMFs were similar (~0.004)
but smaller than that for the CIE 2006 10° CMFs (0.005). The Au’v’ values calculated using the
four CMFs in the experiment as well as those obtained in Study 2-1 (FOV of 20.2° versus 4.8°)
are comparatively presented in Figure 6-8. Generally, the data points were scattered around the
diagonal line, implying the similarity between the results both experiments. In case of Display D,
which includes primaries most representative to those of the reference display, the four data points
were under the diagonal line, as depicted in Figure 6-8 (b), i.e., the adoption of four CMFs for a
larger FOV created small differences in the chromaticity of stimuli with matched colour
appearance. Specific to Display A, the CIE 2006 2° CMFs created larger differences in the
chromaticity from ~0.004 to ~0.008 units for larger FOV, whereas the two 10° CMFs resulted in

smaller differences in chromaticity corresponding to the two FOVs (near the diagonal line).
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Specific to the three OLED displays, namely, Displays B, C and D, the CIE 2006 2° CMFs
delivered the best average performance for all six colour stimuli. Despite the increase in the stimuli
sizes in the experiment, the results did not support the application of 10° CMFs to characterize the
stimuli colour with an FOV > 4°.

In all cases, Display A (LCD) possessed the largest average of Au’v’ values in which CMFs were
used, possibly because its primaries presented an evident difference from the reference display.
Comparatively, under the same situations, Display D possessed the smallest average Au’v’ values
that were always less than 0.004 (1 JND) in all cases, because its primaries were extremely similar
to those of the reference display (both Display 4 and the reference display are produced by the
same manufacturer). For the four displays, the six stimuli calculated by the CIE 1931 2° CMFs
produced average Au’v’ values of 0.0066, 0.0040, 0.0023, and 0.0024, which were 2.87,1.74, 1.15,
and 1.14 times of the MCDM values, respectively. The intraobserver variations presented in Figure
6-4 demonstrates the larger significance of the comparisons. Therefore, the primary sets affected
the performance obtained using the CMFs.

With respect to the reference display, the chromaticities of Display A (LCD) presented the —u’+v’
shift, as depicted in Figure 6-6. The result implies that the use of the CIE 1931 2° CMFs for
calibrating the colour stimuli on Display A and the reference display to ensure the same
chromaticities within them would yield severe colour mismatches. In particular, a stimulus
appearing neutral on an LCD may appear yellowish green on an OLED display, whereas a stimulus
appearing neutral on an OLED display may appear pinkish on an LCD. The colour mismatch and
the colour appearance were recorded in the present observations. In addition, the variations of
CMFs failed to diminish the Au’v’ values of the six colour stimuli simultaneously. The reduced

Au’v’ values for Stimuli 2 (green), 4 (purple), and 6 (neutral) were typically accompanied with
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increased Au’v’ values for Stimuli 1 (red), 3 (blue), and 5 (reddish purple). Thus, the variation in
the performance of CMFs relied on the colour stimuli. In case of using CIE 1931 2° CMFs, which
is a common CMF used in calibrating and characterizing displays, Display A presented the largest

chromaticity differences Au’v’, all of which were larger than 0.004 (1 JND).

° CMFs (d) CIE 2006 10° CMFs

H Reference Display Stimuli

@ Display A (LCD) @ Display B
Display C @ Display D

Blackbody locus

----- Spectrum locus

Figure 6-5 Chromaticities of stimuli adjusted by 53 observers using four displays
to match colour appearance of reference stimuli on reference display, including
fitted 95%-confidence error ellipses, calculated using four CMFs. (a) CIE 1931 2°
CMFs; (b) CIE 1964 10°; (c) CIE 2006 2° CMFs; (d) CIE 2006 10° CMFs. (Note:
numbers in the figures represent Stimuli 1 to 6).
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Stimulus 1 Stimulus 2 Stimulus 3

Stimulus 4 Stimulus 5 Stimulus 6
ul
O CIE 1931 2° == Display A (LCD)
O CIE 1964 10° =m Display B
A CIE 2006 2° Display C
< CIE 2006 10° == Display D
=m Reference

Figure 6-6 Average chromaticities of stimuli adjusted by 53 observers using four
displays and corresponding reference stimuli on reference display calculated using
four CMFs. (Note: for illustration purposes, the axis ranges were varied, but each

grid corresponds to 0.01 unit in u” and v’). (Note: blackbody locus exhibited with

Stimulus 6 was plotted using CIE 1931 2° CMFs).

Table 6-1 Average difference Au’v’ between average chromaticities adjusted by observers of six colour stimuli
using each display and chromaticities of reference stimuli on reference display calculated using four CMFs.

Display A Display B Display C Display D Average

CIE 19312° 0.00660 0.00403 0.00230 0.00243 0.00384
CIE 1964 10° 0.00802 0.00159 0.00461 0.00229 0.00413
CIE 2006 2°  0.00738 0.00241 0.00222 0.00234 0.00359
CIE 2006 10° 0.00913 0.00172 0.00537 0.00226 0.00462
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Figure 6-7 Chromaticity differences Au’v’ between average chromaticities of
stimuli adjusted by 53 observers and chromaticities of reference stimuli on
reference display calculated using four CMFs. (a) CIE 1931 2° CMFs; (b) CIE
1964 10° CMFs; (c) CIE 2006 2° CMFs; (d) CIE 2006 10° CMFs. (Note: dashed-
line labels 1 just-noticeable colour difference, 1 JND. However, it was developed
only based on CIE 1931 2° CMFs and may not be applicable to remaining three

CMFs).
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Figure 6-8 Scatter plots of Au’v’ values calculated using four CMFs between this
experiment with an FOV = 20.2° and part | with an FOV = 4.8°. (a) Individual
stimuli (6 stimuli x 4 displays x 4 CMFs = 96 data points); (b) Average of six
stimuli for each display (4 displays x 4 CMFs = 16 data points).
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6.3.4 Performance of Four CMFs in Characterizing Observer Metamerism

The 95%-confidence error ellipses of various sizes are presented in Figure 6-5, which were
accounted for characterizing the degrees of observer metamerism. For a more clear comparison,
the chromaticities of the stimuli on the reference display were transposed to the origin. The 95%-

confidence error ellipses are plotted in Figure 6-9 and the ellipse areas are indicated in Figure 6-10.

1931 2° 1964 10° 2006 2° 2006 10°

AV

Au'
HA EB e Small FOV %8 Mean (small FOV)
C D —— Large FOV +Mean (large FOV)

Figure 6-9 Average chromaticities of stimuli adjusted by 53 observers in this
experiment and 50 observers in part | (ellipse centres) and fitted 95%-confidence
error ellipses with respect to chromaticities of the corresponding reference stimuli

on reference display, plotted using four CMFs. (Note: blackbody loci calculated
using four CMFs are plotted with Stimulus 6).
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The four CMFs presented similar ellipse sizes and orientations. Displays B, C, and D possessed
similar degrees of observer metamerism, which were much smaller in relation to Display A,
especially for Stimuli 3 (blue), 4 (purple), and 5 (reddish purple). We compared the ellipse areas
derived from the experiment with those depicted in Figure 5-12 in Study 2-1. The data points were
much more proximate to the diagonal line with respect to those portrayed in Figure 6-8, revealing
that the observer metamerism degree was less affected by the FOV. Accordingly, the two 10°

CMFs produced smaller ellipse areas, indicating their enhanced predictive ability over observer

variations.
(a) CIE 1931 2° CMFs (b) CIE 1964 10° CMFs
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Figure 6-10 Areas of fitted 95%-confidence error ellipses of stimuli adjusted by 53
observers calculated using four CMFs, as depicted in Fig. 10. (a) CIE 1931 2°
CMFs; (b) CIE 1964 10° CMFs; (c) CIE 2006 2° CMFs; (d) CIE 2006 10° CMFs.
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Figure 6-11 Scatter plots of areas of fitted 95%-confidence error ellipses of stimuli
adjusted by 53 observers using four CMFs between this experiment with an FOV =
20.2° and part | with FOV = 4.8°. (a) Individual stimuli (6 stimuli x 4 displays x 4
CMFs = 96 data points); (b) Average of six stimuli for each display (4 displays x 4
CMFs = 16 data points).

6.4 Conclusions

In this study, 53 observers used four smartphone displays (one LCDs with sSRGB colour gamut;
three OLED displays with P3 colour gamuts) along with an OLED reference display to match the
colour appearance of six stimuli selected from a chromaticity diagram combining physiology.
Relative to the experiment in Study 2-1, we designed and constructed a new apparatus that could
project the colour stimuli generated by the test displays and the reference display adjacent to each
other to facilitate the observers to more easily perform the colour match. In addition, the FOV was
increased from 4.77° to 20.2° to render the display size with the conventional viewing condition.
The MCDM values calculated to characterize the inter- and intraobserver variations were smaller

than those in Study 2-1.

111



The LCD exhibited prominent differences in comparison to the reference OLED display. In
general, the four CMFs cannot be used to accurately characterize the colour matches between the
above-mentioned two types of displays. The LCD manifested observer metamerism to a larger
degree, indicating that colour primaries could remarkably influence the perceived colour matches
as well as the observer metamerism in terms of the spectral shape and peak wavelength.

Compared to the results of Study 2-1, the four CMFs produced similar performance in
characterizing the colour matches and observer metamerism. To characterize the colour matches
using the CIE 1931 2° CMFs, the LCD produced remarkably variant stimuli chromaticities with
respect to the reference OLED display, and the chromaticities exhibited an —u’+v’ direction shift
in the CIE 1976 u’v’ chromaticity diagram. If the CIE 1931 2° CMFs were used for calibrating the
LCD and OLED displays for producing stimuli that possessed the same chromaticities, the stimuli
appearing neutral on the LCD would appear yellowish green on the OLED display. Despite the
20.2° FOV of the stimuli in the experiment, the CIE 2006 2° CMFs exhibited the best performance
for all the displays compared to the remaining three sets of CMFs and considering the average
chromaticity difference between stimuli with matched colour appearance. Nonetheless, the present
findings do not suggest the adoption of 10° for stimuli with an FOV > 4°. Overall, the performance

of the CMFs varied with the colour stimuli.
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Chapter 7 Study 3: Correction of the Colour Mismatch

between LCD and OLED Displays

7.1 Motivations

In Study 2, colour matching experiments were conducted between LCD and OLED displays as
well as between several OLED displays under small (4.77°) and large FOV (20.2°), while
maintaining other experimental variables constant. In these experiments, large chromaticity
differences were observed between the colours matched by human observers in the 1976 u’v’
chromaticity diagram characterized based on the four CIE standard observers between LCD and
OLED displays. The results suggested the significance of the primary colours in terms of the peak
wavelengths and spectral shapes for perceived colour matches and observer metamerism. The use
of the most widely used CMFs for display calibration, CIE 1931 2° CMFs, caused the most serious
colour mismatches and observer metamerism between LCD and OLED displays.

In this study, a colour matching experiment was conducted. The data collected from the experiment
were used to correct the colour mismatch between LCD and OLED displays when the displays
were characterized using the CIE 1931 2° CMFs. In the experiment, a greater number of colour
stimuli covering a large area of the chromaticity diagram were adopted as the test colour stimuli.
Similar to previous experiments, the participating observers performed the task of adjusting
chromaticities on LCD or OLED displays to match the colour appearances on a reference OLED
display. The LCD used in the study included different primary colours—both in shape and peak

wavelength on the SPDs—compared to that used in Study 2.
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7.2 Method

7.2.1 Apparatus

A viewing booth with dimensions of 60 cm (width) x 60 cm (depth) x 60 cm (height) was
constructed for the experiment. The interiors of the booth were painted using Munsell N7
spectrally neutral paint. The two phone holders were placed on the bottom of the booth, with two
smartphones placed on the holders adjacent to each other. The angle of the holders was adjusted
to ensure that the displays are tilted at an angle of 60° with the horizontal plane. The observers
were asked to place their chin on a rest and adjust the height of the chair to ensure that the viewing
angle is perpendicular to the screen. The two displays occupied an FOV of ~20.2° to the observer.

The experiment setup is illustrated in Figure 7-1.

Reference Test

Figure 7-1. Schematic illustration of experimental setup.

7.2.2 Displays and Colour Stimuli

Four smartphones were used in this experiment, i.e., one LCD and three OLED displays. The size
of the displays of these smartphones was around 70 mm (width) x 140 mm (height) with small
variations. The gamuts and the chromaticities of the white points for these displays are

comparatively presented with the SRGB and P3 standard gamuts in Figure 7-2. The SPDs of the
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primaries of these displays are plotted in Figure 7-3. As earlier, an OLED display was set as the
reference display to present the colour stimuli to the observers for comparison of the colour
appearance of the stimuli on the LCD (Display A) as well as on the two remaining OLED displays

(Displays B and C).

Figure 7-2 Colour gamuts and white points of five displays derived using CIE 1931
CMFs, including standard sRGB and P3 colour gamuts.

Figure 7-3 Relative SPDs of primaries of four displays.

In total, 12 colour stimuli were carefully selected for presentation on the reference display in the

CIE1976 u’v’ chromaticity diagram, which was uniformly distributed in the P3 standard gamut, as
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depicted in Figure 7-4. The coordinates of Stimuli 1 to 3 segment the line connecting D65 to the
red primary into four equal components. Stimulus 4 corresponds to the coordinates dividing
the line connecting D65 with the intersection of the line extended from the red primary to D65 and
that of the green and blue primaries into two equal segments. The coordinates of Stimulus 5 divided
the line of D65 to green primary into two equal segments. The coordinates of Stimuli 6 and 7
divided the line connecting D65 to the intersection of the line extended from the green primary to
D65 and that of the red and blue primaries into three equal segments. The coordinates of Stimuli
8, 9, and 10 included three stimuli with higher v’ values than the four stimuli dividing the line
connecting D65 to the blue primary into five equal segments. The coordinates of Stimuli 11
divided the line connecting D65 to the intersection of the line extended from blue primary to D65
and that of the red and green primaries into two equal segments. Stimulus 12 was selected as a
neutral colour with the chromaticity coordinate evaluated from the CIE D65 illuminant.

The luminance of the 12 stimuli was set at 78.87 cd/m? according to the maximum luminance that
can be achieved by the displays. The definition of the luminance of colour stimuli followed two
principles: to ensure all the stimuli can be presented on the displays in the target chromaticities
and the observers can broadly adjust these chromaticities. According to the colour matching
experiments conducted in Study 2, the bluish stimuli (Stimuli 3 and 5) were adjusted up to 0.042
units in the direction of —v’. Consequently, the Av’ of lower boundaries of the gamuts at the defined
luminance and the coordinate of the most bluish stimulus (Stimuli 10) should be at least larger

than 0.042 unit in the CIE1976 u’v’ chromaticity diagram.
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Figure 7-4 Target chromaticities of stimuli selected based on P3 standard gamut in
CIE1976 u’v’ chromaticity diagram.

7.2.3 Display Calibration and Control Program

A calibrated JETI Specbos 1811 spectroradiometer served for calibrating 12 stimuli on the
reference display.

Furthermore, we developed a customized control program for the three test displays used in
matching the colour appearance of the stimuli presented on the reference display. This customized
control program enabled the observers to adjust the colour appearance of the stimulus by
controlling its chromaticities along the u’- and v’-directions in the CIE 1976 u’v’ chromaticity
diagram, with + u’ for red, —u’ for green, +v’ for yellow, and —v’ for blue, which is similar to the
method used in Study 2. All the chromaticity coordinates of the colours in the gamut at the
luminance of 78.87 cd/m? with a step of 0.0015 along the u’- and v’-directions were recorded for
the three test displays, as depicted in Figure 7-5. The chromaticities were specified as the target
values for the calibration of the displays. To present the colour stimuli with the target
chromaticities, the corresponding digital count values were calculated for each test display.
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As the colour management profile has been integrated into the smartphones to correct the crosstalk
effect between channels, the problem of channel dependency was alleviated to a certain extent. In
case of these displays, the accuracy of the GOG model predictions was verified using the 41
combinations of RGB listed in Table 4-1. The spectroradiometer was used to measure the SPDs
of the three channels in 17 digital levels, black, and white as the training data to construct the GOG
model. Moreover, the stimuli generated using the 41 digital counts values of RGB combinations
were regarded as the test data. The colours on each display were measured by placing the display
in which they would be placed in the experiment. The lens of the spectroradiometer was placed at
the observer’s eye position and enabled the light to display vertical incidence. Following the
calculation procedure of the GOG model, the tristimulus values of the 41 test colours were
predicted for each display. The chromaticities (u’,v’) of the model predictions and measurements
are presented in Figure 7-5. The average colour differences for the test colours in the CIELAB
colour space were 1.14, 3.72, and 1.73 for Displays A, B, and C, respectively. Although the colour
differences were larger than one unit of colour difference AEap in the CIELAB colour space, which
were larger than the errors of the control program in Study 2, the control program was developed
based on the inverse algorithm of the GOG model, because the adjusted chromaticities followed
the measured values instead of the target values.

For the three test displays, 34874, 36904, and 33030 colour patches were generated based on the
calculated digital count values and transformed into P3 standard colour space through an ICC
profile. During the experiment, if the observer adjusted the colour appearance of the stimulus by
controlling its chromaticities, the control program fetched the storage of the smartphone and

presented the corresponding colour patch on the full-screen display.
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Display A Display B Display C

34874 stimuli 36904 stimuli 33030 stimuli

Figure 7-5 Target stimuli in gamut of displays at luminance of 78.87 cd/m? with a
step of 0.0015 along u’- and v’-directions.

7.2.4 Observers

Eight observers (3 females and 5 males) between 19 and 33 years of age (mean = 22, std. dev. =
2.26) participated in this experiment. All the observers had normal colour vision, as tested with

the Ishihara Color Vision Test.
7.2.5 Experimental Procedure

The procedure of the current colour matching experiment is similar to that described in Study 2.
The experiment was performed in a dark environment. After being escorted to the viewing booth
and instructed on their tasks, the observers adjusted the colour appearance of a stimulus to ensure
that the colour appearance of the two stimuli appear the same. In all experimental cases, the
stimulus on the left-hand side was produced by the reference display, whereas that on the right-
hand side was produced by one of the three test displays. Excluding Display C, the observer
enacted 12 adjustments for all test displays in a random order. For Display C, Stimulus 11 was
adjusted twice to evaluate the intraobserver variations. Moreover, the order of the three test

displays was randomized for each observer. In total, each observer made 37 adjustments, spanning
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a duration of approximately one hour. To ensure stabilization, all the displays were warmed up for
at least 30 min prior to the experiment.

During the experiment, the device holders were affixed in the booth to ensure the constant location
and angle of the smartphone displays in case of switching between multiple test displays during

the experiment.

7.3 Results

7.3.1 Verification of Control Program Accuracy

The digital count values of colour patches used in the control program for the test displays were
generated through the inverse algorithm of the GOG model. If the colour appearance of the two
displays matched during the experiment, the target chromaticities marked for the currently
displayed colour patch were recorded. The measured chromaticities of the patches and the
corresponding recorded target chromaticities are presented in Figure 7-6 (a), with the colour
difference Au’v’ averaged at 0.0061. The histogram of various luminance of the adjusted stimuli
calculated from the measured SPDs is plotted in Figure 7-6 (b), wherein the average luminance

was 73.62 cd/m?.
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Figure 7-6 Accuracy of control program in terms of chromaticities and luminance.
(a) Chromaticities of adjusted stimuli derived from measured SPDs and
predictions using control program in CIE 1976 u’v’ chromaticity diagram; (b)
Histogram of luminance of adjusted stimuli derived from measured SPDs.

7.3.2 Intra- and Interobserver Variations

The intraobserver variation for each observer was characterized using the Euclidean distance of
the coordinates of the two matches for Stimulus 11 on Display C in the CIE 1976 u’v’ chromaticity
diagram. The variations for the eight observers ranged from 0.0002 to 0.0058, with an average
value equal to 0.0019 that is less than 0.004 units of Au’v’ (1 JND). The chromaticities, along with
the 95%-confidence error ellipses, of the two matches performed by each observer for Stimulus
11 using Display C are presented in Figure 7-7.

The interobserver variation for each display and each colour stimulus was characterized using the
MCDM calculated based on the chromaticity distances in the CIE 1976 u’v’ chromaticity diagram,
which represented the average distances between the chromaticities of the stimulus matched by
the eight observers and the average chromaticities of the eight matches, as demonstrated in Figure

7-8. Similar to the results of Study 2, the bluish stimuli (Stimuli 6 to 10) caused larger levels of
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interobserver variations. Specifically, this phenomenon was observed between the LCD and

reference OLED displays.

Figure 7-7 Chromaticities along with 95%-confidence error ellipses of two matches
performed by each observer for Stimulus 11 using Display 3.

Figure 7-8 Histogram of MCDM values of interobserver variations for each
display and each colour stimulus.
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7.3.3 Characterization of Colour Matching Results using Four CMFs

The chromaticities of the stimuli adjusted by the observers on the three displays based on the four
standard CMFs, including the 95%-confidence error ellipses, are depicted in Figure 7-9. Similar
to the results in Study 2, most ellipses exhibited similar orientations if various CMFs were used.
The shifts of the average chromaticities adjusted by the observers with the three test displays by
shifting the chromaticities of the reference stimuli to the origin are presented in Figure 7-10. The
chromaticities distances between reference stimuli and the average chromaticities adjusted by
observers for the three displays and the 12 stimuli are depicted in Figure 7-11. The areas of 95%-
confidence error ellipses of the adjusted chromaticities were demonstrated in Figure 7-12. The
values of the distances and the ellipses areas are summarized in Table 7-1. For the majority of the
colour stimuli, Display A (LCD) exhibited the largest chromaticities distances and ellipses areas,
especially for the bluish stimuli (Stimulus 6 to 10), compared to the remaining two OLED displays.
A prominent colour mismatch was observed between Display A and the reference display
according to the chromaticity distances of the 12 stimuli, averaged at 0.00882, which were all
greater than 0.004 units of Au’v’ (i.e., 1 JND). Upon evaluating using the CIE 1931 2° CMFs, the
average distances of the stimuli for Displays B and C were 0.00361 and 0.00307, respectively,
thereby indicating a colour correspondence between the test OLED displays and the reference
display.

The results in Figure 7-10 suggest that the usage of the CIE 1931 2° CMFs in the characterization
of the colours on Display A caused chromaticities shifts of colours towards the —u’+v’ direction
in case of comparing the stimuli displayed on the reference display. In case of using the two 10°

CMFs, the chromaticities of colours adjusted using Display A shifted towards the +u’-v’-direction
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for the bluish colours (Stimuli 6 to 10), which is in contrast to the results characterized by CIE

1931 2° CMFs.

(€) a)

— Gamut of Reference Display
H Reference @A (LCD) eB eC

Figure 7-9 Chromaticities, including 95%-confidence error ellipses, of stimuli
adjusted by 50 observers using four displays to match colour appearance of stimuli
on reference display calculated using four CMFs. (a) CIE 1931 2° CMFs; (b) CIE
1964 10° CMFs; (c) CIE 2006 2° CMFs; (d) CIE 2006 10° CMFs.
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Figure 7-10 Chromaticities adjusted by observers, with relation to chromaticities
of corresponding reference stimuli, plotted using four CMFs.
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Figure 7-11 Average Au’v’ between chromaticities of stimuli adjusted by eight
observers using four displays and chromaticities of stimuli displayed on reference
display calculated based on (a) CIE 1931 2° CMFs, (b) CIE 1964 10° CMFs, (c)
CIE 2006 2° CMFs, and (d) CIE 2006 10° CMFs (Note: dashed-line labels 1 just-
noticeable colour difference, JND. However, this was developed based on only the
CIE 1931 CMFs and may not be applicable for other CMFs).

(d)

Figure 7-12 Area of 95%-confidence error ellipses for chromaticities of stimuli
adjusted by eight observers using four displays calculated based on (a) CIE 1931 2°
CMFs, (b) CIE 1964 10° CMFs, (c) CIE 2006 2° CMFs, and (d) CIE 2006 10°
CMFs.
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Table 7-1 Summary of average chromaticity distances and areas of 95%-confidence error ellipses of three test
displays using four CMFs.

Display A Display B Display C Average

Chromaticity CIE 1931 2° 0.00882 0.00361 0.00307 0.00517
distances CIE 1964 10° 0.00436 0.00420 0.00288 0.00381
CIE 2006 2° 0.00522 0.00373 0.00303 0.00399
CIE 2006 10° 0.00557 0.00444 0.00291 0.00431
Areas of ellipses  CIE 1931 2° 0.397 0.117 0.064 0.397
(x10°) CIE 1964 10° 0.201 0.093 0.048 0.201
CIE 2006 2° 0.338 0.103 0.057 0.338
CIE 2006 10° 0.287 0.093 0.048 0.287

7.3.4 Correction of colour mismatches between LCD and OLED displays

According to the results adjusted by the observers on the test LCD, the chromaticities calculated
using the CIE 1931 2° CMFs of all 12 colour stimuli on the LCD shifted toward —u’+v’ direction
in comparison to those of the stimuli on the OLED reference display. Therefore, a linear
transformation from the chromaticities of reference stimuli may correct the shifts, and to a certain
extent, reduce the degree of colour mismatch between the two displays characterized using the
CIE 1931 2° CMFs. The transformation was applied to the tristimulus values of the stimuli
[X,Y,Z]reference’ t0 ensure the constancy of luminance, as expressed in Equation (48). The
transformed results are represented as the predicted tristimulus [X,Y,Z]predictede’ Values of colours
presented on the LCD with the same colour appearance as the reference stimuli. Mcorrection denotes
a 3 x 3 matrix, expressed in Equation (49) and calculated through the least-squares method
described in Equation (50). The average tristimulus values of the colours adjusted by the observers
for the 12 colour stimuli [Xi,Yi,ZiJagjustment’ (i = 1-12) were considered in the least-squares method.
The coefficients in the calculated matrix Mcorrection Were scaled to ensure that the luminance of the
stimuli remained constant after transformation. The matrix Mcorrection Calculated for the LCD is

presented in Equation (51).
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X X
Y = Mcorrection X |Y (48)
Z predicted Z reference
Cxx Cxy Cxz
M orrection = [ny Cyy  Cyz (49)
Czx Czy Czz
X1 Xo X3 0 Xpp
Mcorrection = |Y1 Y2 Yz =0 Yy X
Zy Zp Zz v Zp adjustment
X, X; X3 o0 Xy
Yl YZ Y3 Y12 (50)
Zy Z Zz v Iy reference
0.9671 0.0017 -0.0097
Mccorrection = |-0.0216  1.0200  0.0016 (51)
-0.0067 -0.0414 0.9674

The shifts of the chromaticity coordinates from the 12 reference stimuli to the linearly transformed
results are depicted in Figure 7-13. The chromaticity coordinates of the 12 colour stimuli corrected
by the linear transformation and measured on the LCD were shifted along with the reference
colours present in the origin. Accordingly, the distance between the average chromaticities
matched by the observers and the reference can be compared with the distance between the
transformed results and the reference. The performance improvement obtained after correction can
be verified using CIE 1964 10° CMFs.

Those results indicated that the transformed values were representative of the observer adjustments,

thereby indicating an appropriate performance of the matrix correction. The colour differences
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between the observer adjustments and the corrected values ranged from 0.0012 to 0.0045,

averaging at 0.0023, which is less than 1 unit of JND (= 0.004 in CIE 1976 u’v’ diagram).

Sti. 1 Sti. 2 Sti. 3 Sti. 4
Sti. 5 Sti. 6 Sti. 7 Sti. 8
)
<
Sti. 9 Sti. 10 Sti. 11 Sti. 12
Au’

Figure 7-13 Distance between chromaticity coordinates of colours transformed
with colours on reference display, compared with the distance between measured
values and colours on reference display.

Applying the same method, the colour stimuli on the two OLED displays were corrected as well.
The correction matrices are expressed in Equations (52) and (53). The shifts of the chromaticity
coordinates from the 12 reference stimuli to the linearly transformed results are presented in Figure
7-14 and Figure 7-15. The results suggested that the linear transformation is also performed for
correcting the colour mismatch between two OLED displays with various primaries, particularly
for the blueish colours.

The colour differences between the observer adjustments and the corrected values ranged from
0.0012-0.0047 (average: 0.0023) for Display B, and 0.0006-0.0022 (average: 0.0014) for Display
C. For all three displays, the average distances were less than 1 unit of JND (0.004 in CIE 1976

u’v’ diagram), which indicates suitable performance of the correction.
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[1.1245 -0.0902 -0.0327

M orrection,2 = [0.0495  0.9705 —0.0201] (52)
10.0171 -0.0323  0.9962
[1.0307 -0.0234 -0.0132

M orrection, 3 = |-0.0025  1.0151 —0.0126] (53)
[-0.0051 -0.0092 1.0150

Sti. 1 Sti. 2 Sti. 3 Sti. 4
Sti. 5 Sti. 6 Sti. 7 Sti. 8
)
<
Sti. 9 Sti. 10 Sti. 11 Sti. 12
Au’

Figure 7-14 Distance between chromaticity coordinates of colours transformed
with colours on reference display, compared with the distance between measured
values on Display B and colours on reference display.

Sti. 1 Sti. 2 Sti. 3 Sti. 4
Sti. 5 Sti. 6 Sti. 7 Sti. 8
)
<
Sti. 9 Sti. 10 Sti. 11 Sti. 12
Au’

Figure 7-15 Distance between chromaticity coordinates of colours transformed
with colours on reference display, compared with the distance between measured
values on Display C and colours on reference display
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Although the linear transformation can be used to correct the colour mismatch between an LCD
and an OLED display, or OLED displays with various primaries, its use in practical production
would be challenging because the matrix is device dependency. Regardless, the results of the

colour matching experiments still provided a hypothesis idea on the correction of colour mismatch.

7.4 Discussion

7.4.1 Performance of Four CMFs

The performances of the four CMFs were comparatively analysed based on the chromaticities
distance between the average adjusted chromaticities and chromaticities of reference stimuli,
including the areas of the 95%-confidence error ellipses fitted using the adjusted chromaticities,
as depicted in Figure 7-11 and Figure 7-12 and summarized in Table 7-1. The degree of colour
mismatch obtained with various CMFs was evaluated according to the chromaticity distance,
wherein a smaller distance implied a low level of colour mismatch or higher accuracy. The degree
of observer metamerism was evaluated based on the ellipses areas, wherein a smaller area indicated
a low level of observer metamerism.

Among the four CMFs, the CIE 1964 10° CMFs produced the smallest chromaticity distance,
followed by the CIE 2006 2°, CIE 2006 10°, and CIE 1931 2° CMFs. However, for the five blueish
stimuli (Stimuli 6 to 10) adjusted using the LCD, the distances calculated using the CIE 1964 10°
CMFs were significantly larger than that evaluated using the CIE 2006 2° CMFs. Specifically, the
distance for Stimuli 10 was 0.0162 calculated using the CIE 1964 10° CMFs, which is 1.6 times
of the distance calculated using the CIE 2006 2° CMFs. Notably, the quantitative comparison
between the two distances serves as a reference to illustrate their performance, which could not
display mathematical significance owing to the varying scales of CMFs. In addition, the distances

between the 12 stimuli ranged from 0.0008-0.0162 for the LCD when calculated using the CIE

131



1964 10° CMFs, thereby indicating a large degree of stimuli dependency on the performance of
the CMFs. In case of using the CIE 2006 2° CMFs to calculate the chromaticities distances for the
LCD, the average distance was marginally larger than that calculated using the CIE 1964 10°
CMFs (0.00522 vs 0.00436), and the distances between the 12 stimuli fluctuated slightly. Although
the CIE 1964 10° CMFs produced the smallest average distance, the CIE 2006 2° CMFs were
considered to provide the best performance in terms of display accuracy.

In terms of ellipses areas, the CIE 1964 10° CMFs exhibited the smallest values, followed by the
CIE 2006 10° and 2006 2° CMFs, and the CIE 1931 2° produced the largest values. Therefore,

using the CIE 1931 2° CMFs would cause serious observer metamerism.
7.4.2 Comparison with the experiments in Study 2

Compared with the experiments in Study 2, this study adopted new displays with varying SPDs of
primaries and stimuli with more saturated colours. The chromaticities of the LCD used in the
current study compared with that used in Study 2 are plotted in Figure 7-16 (a). The SPDs of the
primaries of the two displays were compared in Figure 7-16 (b). The stimuli selected for the current
study and Study 2 are presented in Figure 7-17.

The results of Study 2 suggested that the usage of CIE 1931 2° CMFs in characterizing colour
matching between LCDs and OLED displays would cause significant degrees of colour mismatch,
regardless of the size of the FOV (4.77° and 20.2°). This finding was reiterated by the results of
the current study as well, wherein the distances between the chromaticities of reference stimuli
and the average chromaticities adjusted by the observers on the LCD were larger than 0.004 (1
JND) for all test stimuli. Moreover, the stimuli appearing neutral on the LCD appeared yellowish
green on the OLED display if the CIE 1931 2° CMFs was used for characterization. This is

concluded from the shifts of the average chromaticities adjusted by the observers in the —u’+v’-
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direction compared with the chromaticities of reference stimuli, which were observed in the
current study as well. However, the degree of chromaticity shifts was more concerning in this case,
especially for the blueish stimuli. Specifically, the average shift distance in the current study was
0.00822 in comparison with that of 0.00662 in Study 2. The colours presented on various OLED
displays were considered with the same appearance as each other, because the average
chromaticities distances between them were less than 0.004 units of Au’v’, which was similar to
the results in Study 2. Upon comparing the performance of the four CMFs for characterizing the
colour matches and observer metamerism in Study 2, the CIE 1931 2° CMFs delivered the most

inferior performance among the four CMFs. This result was consistent with the present findings.

(a) | | | (b)

Figure 7-16 (a) Colour gamuts and white points of two LCDs used in previous
studies and current study derived using CIE 1931 CMFs, including standard sRGB
and P3 colour gamuts. (b) SPDs of primaries of two LCDs used in previous studies

and current study.
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Figure 7-17 Chromaticity coordinates of colour stimuli characterized in CIE 1976
u’v’ chromaticity diagram, adopted in previous studies and current study.

7.5 Conclusions

This study conducted a colour matching experiment between an OLED display and an LCD, or
between different OLED displays. The data collected from the experiment were used to correct the
colour mismatch between LCD and OLED displays. A new experimental apparatus was
constructed to present the displays to the observers with an FOV ~ 20.2°. In particular, this study
adopted a greater number of colour stimuli covering a larger area of the CIE chromaticity diagram.
In this experiment, eight human observers performed the colour matching of 12 colour stimuli
using three smartphone displays (i.e., one LCD and three OLED displays) and a reference OLED
smartphone display.

The results revealed large differences between the LCD and the reference OLED display,

particularly for the bluish stimuli. This suggests the four standard CMFs resulting in the most
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inferior performance for characterizing the colour matches between the LCD and the reference
OLED displays with various primaries differing in either shapes or peak wavelength of SPDs. In
case of using the CIE 1931 2° CMFs for characterizing the colour matches, the chromaticities of
the stimuli produced by the LCD varied significantly from those produced by the OLED displays,
with the chromaticities shifting toward the —u’+v’-direction in the CIE 1976 u’v’ chromaticity
diagram, which is consistent with the results of studies in Chapters 4 and 5.

Upon comparing the performances of the four CMFs, the degree of colour mismatch was
represented based on the chromaticity distances between the stimuli presented on the reference
OLED display and the average adjustments enacted by the observers on the three test displays.
Among the four CMFs, the CIE 1964 10° CMFs produced the smallest average distance, and the
variation in its results for the 12 colour stimuli was larger than those characterized by CIE 2006 2°
CMFs. In addition, the characterization of the CIE 2006 2° CMFs produced the smallest distances
at the bluish colour stimuli. Thus, the CIE 2006 2° CMFs still delivered the best performance in
terms of the accuracy of characterization. The performance of the four standard CMFs on the
characterization of observer metamerism was similar to the results in the studies described in
Chapters 4 and 5, wherein the two 10° CMFs exhibited the best performance. Overall, the worst
performance was resulted from the CIE 1931 2° CMFs.

According to the results of the colour matching experiment between the LCD and reference OLED
displays, all the chromaticities calculated using the CIE 1931 2° CMFs of 12 colour stimuli on the
LCD matched by the observers shifted toward the —u’+v’-direction compared with those on the
reference OLED display. Furthermore, a linear transformation on the reference chromaticities was
explored to reduce the colour mismatch for all the colour stimuli, and to a certain extent, correct

the colour mismatch between the two displays characterized by the CIE 1931 2° CMFs. Although
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the transformation results produced an appropriate performance after correction, its practical
application would be challenging because the matrix is device dependent. Nonetheless, the results
of the colour matching experiments provide a hypothetical idea on the correction of colour

mismatch.
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Chapter 8 Conclusions

This dissertation conducted three studies to explore the procedure of display calibration and its
applications on modern electronic displays, particularly OLED displays. In particular, display
calibration aims to present accurate colour on the display to reproduce the perception of colours
of real-world objects or that viewed on another display. In the procedure, the digital count values
used on the display projecting the three primaries were characterized according to the CIE
colorimetry system, e.g., colour space of tristimulus values XYZ, using the CIE standard CMFs.
Thereafter, the values were specified into a device-independent standard RGB colour space.
Following this procedure, the displays were calibrated to produce colours according to standard
RGB colour spaces.

In case of application to modern displays such as LCDs and OLED displays, the conventional
models of the display characterization created assuming channel dependency and constant
chromaticity were deemed as inapplicable on those displays. This is because the channel
independence was invalid on the newly developed displays with the issues arising from the
crosstalk effect. If the device was accurately calibrated, the appearance of the colours with the
same values in the standard RGB colour space varied with the displays, as reported by the
observers. This was caused by the limitations of the CIE colorimetry system regarding the
characterization of the human visual system.

In the first study, new models of colour characterization were created to correct the influences of
the “crosstalk effect” observed on OLED displays. This model required the measurement of only
64 stimuli, which is a significant improvement compared with the other models used for
characterizing the channel-dependent displays. The predictions of the models were verified to

ensure a high accuracy compared with the prediction results through the conventional GOG model
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The average colour differences in the CIELAB colour space of the test stimuli ranged from 0.61
to 1.46 units for the nine test OLED displays, which were eight to ten times less than the colour
differences evaluated from the GOG model.

The second study contains two parts of colour matching experiments performed with a small FOV
(= 4.77°) and large FOV (~ 20.2°). Various studies reported the problem of colour mismatch
between colour stimuli exhibiting equal values in the CIE colorimetry system but presented on two
distinctly calibrated displays. Thus, stimuli with the same chromaticities but distinct spectral
compositions generated by displays containing various primaries created a dissimilar colour
appearance. Based on this phenomenon, the effectiveness of the CIE system in the display
characterization and specification remains unclarified. These experiments were performed to
explore the performance of the CIE standard CMFs on the characterizations of displays with
various primaries. In this study, 50 and 53 human observers performed the colour-matching tasks
for six colour stimuli with a FOV of 4.77° and 20.2° between the same set of four test displays
(i.e., one LCD and three OLED) and a reference OLED display. In all cases, the four CMFs
exhibited the worst performance in characterizing the colour matches between the LCD and the
reference OLED displays, regardless of the range of FOV. Generally, the LCD produced the
highest degree of observer metamerism, and these results suggested the significance of the colour
primaries, in terms of the peak wavelengths and spectral shapes, with respect to the perceived
colour matches and observer metamerism. In case of using the CIE 1931 2° CMFs for
characterizing the colours between LCD and OLED displays, the chromaticities shifted toward the
—u’+v’-direction in the CIE 1976 u’v’ chromaticity diagram for those adjusted by the observers
using the LCD. This indicated that a stimulus appearing neutral on an LCD may appear yellowish

green on an OLED display, whereas a stimulus appearing neutral on an OLED display may appear
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pinkish on an LCD. Among the four CMFs, the CIE 2006 2° CMFs delivered the best performance
in all cases, which does not conform to the recommendation of adopting 10° for stimuli with a
FOV > 4°,

In the third study, a method was proposed for correcting the colour mismatch between LCD and
OLED displays. In the experiment, a greater number of colour stimuli covering a large area in the
chromaticity diagram were selected. All observers completed the tasks of adjusting the
chromaticities on LCD or OLED displays to match the colour appearances on a reference OLED
display. The experimental results were highly consistent with the results of Study 2, which
suggested the validity of the results under the true conditions of using smartphones. Specifically,
the larger chromaticities distance between the chromaticities of reference stimuli and adjusted by
observers in the chromaticity diagram were observed herein. This indicated that the degree of
colour mismatch between the LCD and OLED displays was more concerning when characterized
using the CIE 1931 2° CMFs under true conditions.

In summary, all the studies in this dissertation helps us to further understanding the colour
matching mechanisms and the characterization of the colour matching mechanisms in the human
visual system, which can help to develop better colorimetric models and tools for color
specifications and calibrations. On the other hand, all the studies bring practical impacts to the
imaging industry, by providing scientific evidence for promoting the importance of the display
calibrations and specifications and also practical solutions for improving display colour

specification and accuracy.
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