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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 
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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 ΔEab 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 
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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.  
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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 
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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 19th 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.  
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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. 
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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 17th 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. 
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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 
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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 19th 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—lens 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 
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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. 

 

Figure 2-3 Illustrations of cross-section of human eye. 

 

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 .  

 

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. 
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In a physiological study in 1878, Kühne [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, Kühne 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 2-6 CIE 1951 scotopic luminosity and CIE 2° 1924 photopic luminosity 
functions [31].   

 

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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Figure 2-8 Relative spectral sensitivity of ipRGCs for lights in various wavelengths 
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.  
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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 C1 and C2 characterized by 

the vector [a,b,c] and [d,e,f] exhibit the same colour appearance as the colour C3 characterized by 

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

 

𝐶𝐶1 = 𝑎𝑎𝑎𝑎1 + 𝑏𝑏𝑏𝑏2 + 𝑐𝑐𝑐𝑐3  (1) 

𝐶𝐶2 = 𝑑𝑑𝑑𝑑1 + 𝑒𝑒𝑒𝑒2 + 𝑓𝑓𝑓𝑓3  (2) 

𝐶𝐶3 = 𝐶𝐶1 + 𝐶𝐶2 = (𝑎𝑎 + 𝑑𝑑)𝐴𝐴1 + (𝑏𝑏 + 𝑒𝑒)𝐴𝐴2 + (𝑐𝑐 + 𝑓𝑓)𝐴𝐴3 (3) 

 

 

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/m2 [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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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. [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).r(λ),g(λ), andb(λ) denote the contents of the three primaries for monochromatic light in the 

wavelength λ; S(λ) 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(λ),g(λ), andb(λ) 

are defined as CMFs in terms of wavelength. The first set of CMFs was measured by Maxwell [6] 



17 
 

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.  

 

𝑅𝑅 = ∫  𝑆𝑆(λ) ∙ 𝑟̅𝑟(λ) 𝑑𝑑λ   (4)  

𝐺𝐺 = ∫  𝑆𝑆(λ) ∙ 𝑔̅𝑔(λ) 𝑑𝑑λ   (5)  

𝐵𝐵 = ∫  𝑆𝑆(λ) ∙ 𝑏𝑏�(λ) 𝑑𝑑λ   (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° rgb-CMFs. 

 

Considering Judd’s proposal that one of the three functions should correspond to the luminous 

efficiency function of photopic vision V(λ) (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(λ),y(λ), andz(λ)) adopting imaginary 

primary colours and the SPD of the colour, as expressed in Equations (7)–(9). In particular,y(λ) 

corresponds to the luminous efficiency function of V(λ), 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].  

 

𝑋𝑋 = ∫  𝑆𝑆(λ) ∙ 𝑥̅𝑥(λ) 𝑑𝑑λ   (7) 

𝑌𝑌 = ∫  𝑆𝑆(λ) ∙ 𝑦𝑦�(λ) 𝑑𝑑λ   (8) 

(nm)
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𝑍𝑍 = ∫  𝑆𝑆(λ) ∙ 𝑧𝑧̅(λ) 𝑑𝑑λ   (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(λ) corresponding to the luminance efficiency function V10(λ) for the 10° FOV, 

which was acquired by Stiles and Burch [49].  

 

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 19th 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, König 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(λ),g(λ), 

andb(λ) denote the 10° CMFs reported by Stiles and Burch;l(λ),m(λ), ands(λ) 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]. 

 

�
𝑙𝑙𝑅̅𝑅 𝑙𝑙𝐺̅𝐺 𝑙𝑙𝐵̅𝐵
𝑚𝑚�𝑅𝑅 𝑚𝑚�𝐺𝐺 𝑚𝑚�𝐵𝐵
0 𝑠̅𝑠𝐺𝐺 𝑠̅𝑠𝐵𝐵

� �
𝑟̅𝑟(𝜆𝜆)
𝑔̅𝑔(𝜆𝜆)
𝑏𝑏�(𝜆𝜆)

� = �
𝑙𝑙(̅𝜆𝜆)
𝑚𝑚�(𝜆𝜆)
𝑠̅𝑠(𝜆𝜆)

�  (10) 
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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. 

 

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(λ) andy10(λ) 

corresponds to the luminous sensitivity functions V(λ) and V10(λ), 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l(λ) andm(λ). 
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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.  

 

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

 

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 Schrödinger [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. 

 

𝑥𝑥 = 𝑋𝑋
𝑋𝑋+𝑌𝑌+𝑍𝑍

  (11) 

𝑦𝑦 = 𝑋𝑋
𝑋𝑋+𝑌𝑌+𝑍𝑍

  (12) 
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Figure 2-19 Chromaticity diagram plotted through CIE 1931 rgb-CMFs [64]. 

 

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).  

 

𝑢𝑢 = 4𝑋𝑋
𝑋𝑋+15𝑌𝑌+3𝑍𝑍

  (13) 

𝑣𝑣 = 6𝑌𝑌
𝑋𝑋+15𝑌𝑌+3𝑍𝑍

  (14) 

 

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. 

 

𝑢𝑢′ = 4𝑋𝑋
𝑋𝑋+15𝑌𝑌+3𝑍𝑍

  (15) 

𝑣𝑣′ = 9𝑌𝑌
𝑋𝑋+15𝑌𝑌+3𝑍𝑍

  (16) 
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Figure 2-21 CIE 1931 xy chromaticity diagram with MacAdam’s ellipses (Note: 
ellipses are ten times their actual size) [64]. 

 

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 ∆ECIEUVW 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). 

 

∆𝐸𝐸𝑎𝑎𝑎𝑎 = �∆𝐿𝐿∗2 + ∆𝑎𝑎∗2 + ∆𝑏𝑏∗2 (17) 

ℎ𝑎𝑎𝑎𝑎 = arctan (𝑏𝑏
∗

𝑎𝑎∗
)  (18) 

𝐶𝐶𝑎𝑎𝑎𝑎∗ = �𝑎𝑎∗2 + 𝑏𝑏∗2  (19) 
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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.  

 

∆𝐸𝐸𝑎𝑎𝑎𝑎∗ = �∆𝐿𝐿∗2 + ∆𝐶𝐶𝑎𝑎𝑎𝑎∗
2 + ∆𝐻𝐻𝑎𝑎𝑎𝑎∗

2 (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 l-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 

l-cone functions was combined with an m-cone and s-cone functions obtained from the cluster 

analysis. Thus, 33, 43, 53, or 63 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 CMFS&B,n denotes the n-th Stiles and Burch’s CMFs; CMFi indicates the i-th 

CMFs transformed back from the combinations.  

 

 ∆𝐸𝐸𝑖𝑖,𝑛𝑛 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ∆𝐸𝐸00�𝑆𝑆𝑆𝑆𝑆𝑆240 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖65 ×

𝐶𝐶𝐶𝐶𝐶𝐶𝑆𝑆&𝐵𝐵, 𝑛𝑛, 𝑆𝑆𝑆𝑆𝑆𝑆240 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖65 × 𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖� (21) 

 

The average and maximum colour differences calculated based on the 33, 43, 53, or 63 combinations 

are summarized in Table 2-1. According to the results, 53 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 ΔE00, 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 ∆E00  Max ∆E00 

3 0.7 1.5 
4 0.6 1.5 
5 0.5 1.1 
6 0.4 0.7 

  

In the second step, 125 (53) 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 90th 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 10th or 5th percentile of the 125 colour differences (90th 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. 

 

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 Dlens and Dmacular denote the optical densities of the 

lens and macular, as described in Section 2.1.2. DL,max, DM,max, and DS,max indicate the peak 

photopigment densities of the L-, M-, and S-cone. sL,max, sM,max, and sS max denote the variations in 

the peak wavelength of the absorption spectra of the three photopigments. 

𝐿𝐿𝐿𝐿𝐿𝐿 = 𝑓𝑓(𝑎𝑎,  𝑓𝑓,𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝐷𝐷𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ,  𝐷𝐷𝐿𝐿,𝑚𝑚𝑚𝑚𝑚𝑚,𝐷𝐷𝑀𝑀,𝑚𝑚𝑚𝑚𝑚𝑚,𝐷𝐷𝑆𝑆,𝑚𝑚𝑚𝑚𝑚𝑚, 𝑠𝑠𝐿𝐿,𝑚𝑚𝑚𝑚𝑚𝑚, 𝑠𝑠𝑀𝑀,𝑚𝑚𝑚𝑚𝑚𝑚, 𝑠𝑠𝑆𝑆,𝑚𝑚𝑚𝑚𝑚𝑚)  (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.  

𝑆𝑆𝑆𝑆𝑛𝑛 = �𝑆𝑆𝑆𝑆𝑛𝑛,1
2 +𝑆𝑆𝑆𝑆𝑛𝑛,2

2 +⋯+𝑆𝑆𝑆𝑆𝑛𝑛,𝑚𝑚
2

𝑚𝑚
  (23) 

 

In the second step, the adopted SDs were scaled using scalers c1 for the optical densities of 

pigments of the pre-retinal ocular media (Dlens and Dmacular) and c2 for the remaining parameters. 

In particular, c1 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). XYZ1964,t and XYZ1964,s 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 CMFi 

represents the individual CMFs of the simulated observer transformed from the model-evaluated 

cone fundamentals. SPDr 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 (𝑋𝑋𝑋𝑋𝑋𝑋1964,𝑡𝑡,  𝑋𝑋𝑋𝑋𝑋𝑋1964,𝑠𝑠) (24) 

𝑋𝑋𝑋𝑋𝑋𝑋1964,𝑡𝑡 = 𝐶𝐶𝐶𝐶𝐶𝐶1964 ×  𝑆𝑆𝑆𝑆𝑆𝑆𝑡𝑡 (25) 

𝑋𝑋𝑋𝑋𝑋𝑋1964,𝑠𝑠 = 𝐶𝐶𝐶𝐶𝐶𝐶1964 × 𝑆𝑆𝑆𝑆𝑆𝑆𝑝𝑝 × 𝑅𝑅 (26) 

𝑅𝑅 = 𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖×𝑆𝑆𝑆𝑆𝑆𝑆𝑟𝑟
𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖×𝑆𝑆𝑆𝑆𝑆𝑆𝑝𝑝

   (27) 

 

 

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

Parameters Dlens 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 
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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.  

 

Figure 2-27 Illustration 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 19th 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 20th 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 20th 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 (RGBdisplay) 

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 IZ 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 

𝑹𝑮𝑩𝒅𝒊𝒔𝒑𝒍𝒂𝒚
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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 IY 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. 

 

𝐼𝐼𝐶𝐶 = (𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑐𝑐𝐶𝐶 + 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑐𝑐)𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑐𝑐  (28) 
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𝑋𝑋𝑅𝑅,𝑀𝑀𝑀𝑀𝑀𝑀 𝑋𝑋𝐺𝐺,𝑀𝑀𝑀𝑀𝑀𝑀 𝑋𝑋𝐵𝐵,𝑀𝑀𝑀𝑀𝑀𝑀
𝑌𝑌𝑅𝑅,𝑀𝑀𝑀𝑀𝑀𝑀 𝑌𝑌𝐺𝐺,𝑀𝑀𝑀𝑀𝑀𝑀 𝑌𝑌𝐵𝐵,𝑀𝑀𝑀𝑀𝑀𝑀
𝑍𝑍𝑅𝑅,𝑀𝑀𝑀𝑀𝑀𝑀 𝑍𝑍𝐺𝐺,𝑀𝑀𝑀𝑀𝑀𝑀 𝑍𝑍𝐵𝐵,𝑀𝑀𝑀𝑀𝑀𝑀
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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 
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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].  
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𝑌𝑌𝑅𝑅,𝑀𝑀𝑀𝑀𝑀𝑀 − 𝑌𝑌𝐾𝐾 𝑌𝑌𝐺𝐺,𝑀𝑀𝑀𝑀𝑀𝑀 − 𝑌𝑌𝐾𝐾 𝑌𝑌𝐵𝐵,𝑀𝑀𝑀𝑀𝑀𝑀 − 𝑌𝑌𝐾𝐾
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𝑌𝑌𝐾𝐾
𝑍𝑍𝐾𝐾
� (30) 

 

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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𝑌𝑌′
𝑍𝑍′
� + 𝑃𝑃(𝑅𝑅,𝐺𝐺,𝐵𝐵) (31) 

 

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,yc,zc]T (c representing R, G, or B) and white 

[xw,yw,zw]T. In Equation (33), the relative contents of three primaries pR, pG, and pB mixed to match 

the defined white point were calculated. The matrix M included the relative tristimulus values of 

primary colours with yR = yG = yB = 1 scaled by the relative contents of primaries pR, pG, and pB, 

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. 
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sRGB 

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 (≈ 4.8º) and a larger FOV (≈ 20.2º) 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 [XRGB,YRGB,ZRGB]T 

denotes the tristimulus values derived assuming channel independence and is described in 

Equation (36); [PX,PY,PZ]T indicates the crosstalk effect on the tristimulus values; [XRGB,CT, YRGB,CT, 

ZRGB,CT]T represents the final tristimulus values with the input digital count values of (R,G,B). 

 

�
𝑋𝑋𝑅𝑅𝑅𝑅𝑅𝑅,𝐶𝐶𝐶𝐶
𝑌𝑌𝑅𝑅𝑅𝑅𝑅𝑅,𝐶𝐶𝐶𝐶
𝑍𝑍𝑅𝑅𝑅𝑅𝑅𝑅,𝐶𝐶𝐶𝐶

� = �
𝑋𝑋𝑅𝑅𝑅𝑅𝑅𝑅
𝑌𝑌𝑅𝑅𝑅𝑅𝑅𝑅
𝑍𝑍𝑅𝑅𝑅𝑅𝑅𝑅

� + �
𝑃𝑃𝑋𝑋
𝑃𝑃𝑌𝑌
𝑃𝑃𝑍𝑍
� (35) 

�
𝑋𝑋𝑅𝑅𝑅𝑅𝑅𝑅
𝑌𝑌𝑅𝑅𝑅𝑅𝑅𝑅
𝑍𝑍𝑅𝑅𝑅𝑅𝑅𝑅

� = �
𝑋𝑋𝑅𝑅
𝑌𝑌𝑅𝑅
𝑍𝑍𝑅𝑅
� + �

𝑋𝑋𝐺𝐺
𝑌𝑌𝐺𝐺
𝑍𝑍𝐺𝐺
� + �

𝑋𝑋𝐵𝐵
𝑌𝑌𝐵𝐵
𝑍𝑍𝐵𝐵
� (36) 

 

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 cbj (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 cbj 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 × 3 digital count ranges × 3 tristimulus values).  

 

�
𝑇𝑇𝑅𝑅 = 𝑐𝑐𝑟𝑟0 + 𝑐𝑐𝑟𝑟1 × 𝑅𝑅 + 𝑐𝑐𝑟𝑟2 × 𝑅𝑅2 + ⋯+ ⋯𝑐𝑐𝑟𝑟𝑟𝑟 × 𝑅𝑅𝑛𝑛−1

𝑇𝑇𝐺𝐺 = 𝑐𝑐𝑔𝑔0 + 𝑐𝑐𝑔𝑔1 × 𝐺𝐺 + 𝑐𝑐𝑔𝑔2 × 𝐺𝐺2 + ⋯+ ⋯𝑐𝑐𝑔𝑔𝑔𝑔 × 𝐺𝐺𝑛𝑛−1

𝑇𝑇𝑅𝑅 = 𝑐𝑐𝑏𝑏0 + 𝑐𝑐𝑏𝑏1 × 𝐵𝐵 + 𝑐𝑐𝑏𝑏2 × 𝐵𝐵2 + ⋯+ ⋯𝑐𝑐𝑏𝑏𝑏𝑏 × 𝐵𝐵𝑛𝑛−1
 (37) 

 

Equation (38) was employed to model the crosstalk effect on the tristimulus values [PX, PY, PZ]T 

in Equation (35), wherein R, G, and B represent the digital count values. The polynomials with 

coefficients aXi, aYi, and aZi (i = 0, 1, 2, 3) for items 1, R × G, R × B, G × B, and R × G × 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, aYi, and aZi (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, b1, d1), (M, b1, d1), (b1, M/2, d1), (b1, M, d1), (b1, d1, 

M/2), and (b1, d1, M), where b1 and d1 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 b2, d2, and f2 equal 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.  

 

�
𝑃𝑃𝑋𝑋 = 𝑎𝑎𝑋𝑋0 + 𝑎𝑎𝑋𝑋1 × 𝑅𝑅 × 𝐺𝐺 + 𝑎𝑎𝑋𝑋2 × 𝑅𝑅 × 𝐵𝐵 + 𝑎𝑎𝑋𝑋3 × 𝐺𝐺 × 𝐵𝐵 + 𝑎𝑎𝑋𝑋4 × 𝑅𝑅 × 𝐺𝐺 × 𝐵𝐵
𝑃𝑃𝑌𝑌 = 𝑎𝑎𝑌𝑌0 + 𝑎𝑎𝑌𝑌1 × 𝑅𝑅 × 𝐺𝐺 + 𝑎𝑎𝑌𝑌2 × 𝑅𝑅 × 𝐵𝐵 + 𝑎𝑎𝑌𝑌3 × 𝐺𝐺 × 𝐵𝐵 + 𝑎𝑎𝑌𝑌4 × 𝑅𝑅 × 𝐺𝐺 × 𝐵𝐵
𝑃𝑃𝑍𝑍 = 𝑎𝑎𝑍𝑍0 + 𝑎𝑎𝑍𝑍1 × 𝑅𝑅 × 𝐺𝐺 + 𝑎𝑎𝑍𝑍2 × 𝑅𝑅 × 𝐵𝐵 + 𝑎𝑎𝑍𝑍3 × 𝐺𝐺 × 𝐵𝐵 + 𝑎𝑎𝑍𝑍4 × 𝑅𝑅 × 𝐺𝐺 × 𝐵𝐵

 (38) 

 

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]T in Equation (35) was modelled based on Equation (39), 

with C1 and C2 representing the two nonzero digital count values of colours. The polynomials with 

coefficients aXi, aYi, and aZi (i = 0, 1) for item 1 and C1 × C2 were used for modelling. 

 

�
𝑃𝑃𝑋𝑋′ =  𝑎𝑎𝑋𝑋0 + 𝑎𝑎𝑋𝑋1 × 𝐶𝐶1 × 𝐶𝐶2
𝑃𝑃𝑌𝑌′ =  𝑎𝑎𝑌𝑌0 + 𝑎𝑎𝑌𝑌1 × 𝐶𝐶1 × 𝐶𝐶2
𝑃𝑃𝑍𝑍′ =  𝑎𝑎𝑍𝑍0 + 𝑎𝑎𝑍𝑍1 × 𝐶𝐶1 × 𝐶𝐶2

 (39) 

 

The digital count values at M and N were applied to divided the three coordinate planes R0G, R0B, 

and G0B 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), (b1',0,M/2), (M/2,0,b1'), (b1',M/2,0), and (M/2,b1',0), 
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with b1' 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 b2' 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.  

 

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 γ were 

derived using the digital count values at C1 and C2 as well as the corresponding measured 

tristimulus values T1 and T2 (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 γ 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 × 2 digital count ranges 

× 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. 

 

𝑇𝑇 = a × (𝐶𝐶/255)𝛾𝛾  (40) 

γ = log(𝑇𝑇1 𝑇𝑇2⁄ ) /log (𝐶𝐶1 𝐶𝐶2⁄ ) (41) 

a = 𝑇𝑇1 𝐶𝐶1
𝛾𝛾⁄   (42) 

 

The crosstalk effect on the tristimulus values [PX, PY, PZ]T 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 × G, R × B, G × B, R × G × B]T and the sum 

of these products were calculated as PX, PY, and PZ. The tristimulus values Xi, Yi, and Zi 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 [XRGB,CT, YRGB,CT, 

ZRGB,CT]T and [XRGB, YRGB, ZRGB]T (Equation (35)) calculated using Equation (36), and the pseudo-

inverse of the vector [1, R × G, R × B, G × B, R × G × B]T.  

 

 �
𝑃𝑃𝑋𝑋
𝑃𝑃𝑌𝑌
𝑃𝑃𝑍𝑍
� = 𝑀𝑀𝑠𝑠 ×

⎣
⎢
⎢
⎢
⎡
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𝑅𝑅 × 𝐺𝐺
𝑅𝑅 × 𝐵𝐵
𝐺𝐺 × 𝐵𝐵

𝑅𝑅 × 𝐺𝐺 × 𝐵𝐵⎦
⎥
⎥
⎥
⎤
  (43) 
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𝑋𝑋0 𝑋𝑋1 𝑋𝑋2 𝑋𝑋3 𝑋𝑋4
𝑌𝑌0 𝑌𝑌1 𝑌𝑌2 𝑌𝑌3 𝑌𝑌4
𝑍𝑍0 𝑍𝑍1 𝑍𝑍2 𝑍𝑍3 𝑍𝑍4

�  (44) 
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𝑌𝑌𝑅𝑅𝑅𝑅𝑅𝑅,𝐶𝐶𝐶𝐶
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⎥
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   (45) 

 

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 C2 (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 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. 

 

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 I) 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 ∆Eab 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)  
6 0 255 255 20 255 100 255 34 255 255 216 

7 0 130 255 21 255 83 163 35 206 255 206 

8 0 0 255 22 255 114 114 36 218 255 255 

9 158 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     

 

 

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 
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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 

Δu’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 Δu’v’ values for the nine displays. It also clearly shows the crosstalk effects. 

Overall, channel dependency was observed for all nine test displays.  

 

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 Δu’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. 

0 0.01 0.02 0.03

  

0

100

200

300

0 0.01 0.02 0.03

  

0

100

200

300

0 0.01 0.02 0.03

  

0

100

200

300

0 0.01 0.02 0.03

  

0

100

200

300

0 0.01 0.02 0.03

  

0

100

200

300

0 0.01 0.02 0.03

  

0

100

200

300

0 0.01 0.02 0.03

  

0

100

200

300

0 0.01 0.02 0.03

  

0

100

200

300

0 0.01 0.02 0.03

  

0

100

200

300

Display A Display B Display C

Display D Display E Display F

Display G Display H Display I

∆u'v'

C
ou

nt



65 
 

 

Figure 4-9 Histogram of the chromaticity differences Δu’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 ∆Eab 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 ∆Eab and averaged around 10.74 units of ∆Eab. 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 ∆Eab and averaged around 0.92 units of ∆Eab, 

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 ∆Eab and 

averaged around 1.03 units of ∆Eab, 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 ΔEab 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. 

Displays 
GOG model 

  

Proposed 3D piecewise 
model before simplified  

 

Proposed 3D piecewise 
model  

Mean Max Min Mean Max Min Mean Max Min 

A 5.03 7.74 0.03 0.55 1.52 0.01 0.61 1.96 0.06 

B 15.99 27.20 0.12 1.04 3.69 0.00 1.46 4.15 0.06 

C 12.40 19.99 0.08 1.00 4.57 0.06 1.02 3.24 0.06 

D 4.45 12.07 0.08 1.58 7.92 0.04 0.51 2.64 0.01 

E 13.66 24.01 0.11 0.89 3.26 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 4.16 0.07 0.94 2.71 0.05 

H 10.58 16.25 0.15 0.87 3.44 0.04 1.00 3.29 0.03 

I 13.88 23.61 0.12 0.89 3.21 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.  

 

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. 

 

 

Figure 4-11 Illustration 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 ∆Eab 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). 

 

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. 

GOG model 
3D piecewise model  

(PP: 64, 128) 

3D piecewise model 

 (PP: Breakpoints) 

Mean Max Min Mean Max Min Mean Max Min 

13.08 32.84 0.84 14.95 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 ΔEab 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 Δu’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 × 8 × 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 ΔEab 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 ΔEab 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.  

 

Figure 4-13. Histogram of ΔEab 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 

0 10 20 30

E

0

100

200

300

400

500

600

C
ou

nt
s

Mean = 11.81
(a) Original 

0 10 20 30

E

0

100

200

300

400

500

600

C
ou

nt
s

(b) Calibrated
Mean = 1.63



72 
 

∆Eab 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 × 60 cm × 60 cm viewing booth for the experiment, painted 

the interiors with Munsell N7 spectrally neutral paint, and created two 5 cm × 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) × 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. 

 

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—l and s with 

the cone sensitivity functions, for improving the representation of the relative cone excitation (l = 

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 l-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/m2. 
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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 

naïve 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 × 10 × 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/m2 (±5% of 93 cd/m2) to estimate the colour 

gamut at 93 cd/m2, as depicted in Figure 5-5. The colour with the smallest colour difference ΔEab 

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 × 6 × 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 ΔEab 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/m2 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. 



79 
 

 

Figure 5-5 Illustration of using 3D LUT to identify colour gamut at luminance of 
~93 cd/m2 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). 

Δu’v’ values were in the range of 0 to 0.0053 and the average Δu’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/m2 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 Variations 

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. 

 

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). 
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Figure 5-10 95%-confidence error ellipses of chromaticities adjusted by observers 
with relation to chromaticities of corresponding reference stimuli, plotted using 

four CMFs. 

 

 

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’) 
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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 ∆u’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. 

 

 

Figure 5-12 Average Δu’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 
(×10−3) 4.17 4.98 3.29 5.47 

Area of ellipses in u’v’ units 
(×10−4) 4.37 3.34 3.89 3.30 

Scaled     
Chromaticity distance in u’v’ units 
(×10−3) 7.32 8.77 5.53 9.60 

Area of ellipses in u’v’ units 
(×10−4) 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 ∆u’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.  

 

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 a 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 CMFi denote the given 

CMF and SPDref represents the SPDs of the reference stimuli.  

 

 𝑆𝑆𝑆𝑆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑅𝑅𝑅𝑅𝑅𝑅 × 𝑆𝑆𝑆𝑆𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (46) 

𝑅𝑅𝑅𝑅𝑅𝑅 = �𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖 × 𝑆𝑆𝑆𝑆𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟� × �𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖 × 𝑆𝑆𝑆𝑆𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝�
−1

  (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 Δu’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). 

 

Figure 5-17 Average Δu’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 ∆u’v’ between reference stimuli and 
stimuli adjusted by 50 observers calculated using four CMFs, and average ∆u’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’+v’ 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) 

× 28.5 cm (depth) × 28.5 cm (height)), with two 5.5 cm × 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 × 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 × 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. 

 

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/m2 to 88 cd/m2 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/m2. 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 LUTs 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/m2. 

 

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. 

(a) (b) 
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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. 

 

 

Figure 6-4 Histogram of MCDM values of intraobserver variations for each test 
display. 

 

 

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

C (mean = 0.0020) D (mean = 0.0021)
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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 Δu’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 Δu’v’ between the reference 

stimuli and the stimuli adjusted by observers, because an optimal set of CMFs should ensure zero 

value of Δu’v’ for colour stimuli with matched colour appearance. Generally, the average Δu’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 Δu’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 Δu’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 Δu’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 Δu’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 Δu’v’ values of the six colour stimuli simultaneously. The reduced 

Δu’v’ values for Stimuli 2 (green), 4 (purple), and 6 (neutral) were typically accompanied with 
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increased Δu’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 Δu’v’, all of which were larger than 0.004 (1 JND). 

 

 

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). 

                                                                                                                                                                                                                                

      

   ° CMFs (d) CIE 2006 10° CMFs

Display A (LCD)             Display B
Display C                      Display D

Reference Display Stimuli

Blackbody locus
Spectrum locus
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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 Δu’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 1931 2° 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 

Stimulus 1 Stimulus 2 Stimulus 3

Stimulus 4 Stimulus 5 Stimulus 6

u'

v'

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

CIE 1931 2°
CIE 1964 10°
CIE 2006 2°
CIE 2006 10°
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Figure 6-7 Chromaticity differences Δu’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 Δu’v’ values calculated using four CMFs between this 
experiment with an FOV ≈ 20.2° and part I with an FOV ≈ 4.8°. (a) Individual 
stimuli (6 stimuli × 4 displays × 4 CMFs = 96 data points); (b) Average of six 

stimuli for each display (4 displays × 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. 

 

Figure 6-9 Average chromaticities of stimuli adjusted by 53 observers in this 
experiment and 50 observers in part I (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. 

 

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 I with FOV ≈ 4.8°. (a) Individual stimuli (6 stimuli × 4 displays × 4 
CMFs = 96 data points); (b) Average of six stimuli for each display (4 displays × 4 

CMFs = 16 data points). 

 

6.4 Conclusions 

In this study, 53 observers used four smartphone displays (one LCDs with sRGB 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.  
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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) × 60 cm (depth) × 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 60º 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. 

 

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) × 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 

Reference Test
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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/m2 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 ∆v’ 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/m2 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 ∆Eab 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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Figure 7-5 Target stimuli in gamut of displays at luminance of 78.87 cd/m2 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 ∆u’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/m2.  
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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 ∆u’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 

 

(b)
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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 ∆u’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.  

 

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.  

(c) (d)

Gamut of Reference Display
Reference A (LCD) B C



125 
 

 

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 Δu’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). 

 

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. 

(d)

    

(d)
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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 
distances 

CIE 1931 2° 0.00882 0.00361 0.00307 0.00517 
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 
(×103) CIE 1964 10° 0.291 0.093 0.048 0.291 

 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
T to ensure the constancy of luminance, as expressed in Equation (48). The 

transformed results are represented as the predicted tristimulus [X,Y,Z]predictede
T values of colours 

presented on the LCD with the same colour appearance as the reference stimuli. Mcorrection denotes 

a 3 × 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,Zi]adjustment
T (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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  (48) 

𝑀𝑀𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = �
𝑐𝑐𝑥𝑥𝑥𝑥 𝑐𝑐𝑥𝑥𝑥𝑥 𝑐𝑐𝑥𝑥𝑥𝑥
𝑐𝑐𝑦𝑦𝑦𝑦 𝑐𝑐𝑦𝑦𝑦𝑦 𝑐𝑐𝑦𝑦𝑦𝑦
𝑐𝑐𝑧𝑧𝑧𝑧 𝑐𝑐𝑧𝑧𝑧𝑧 𝑐𝑐𝑧𝑧𝑧𝑧

�  (49) 

 

𝑀𝑀𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = �
𝑋𝑋1 𝑋𝑋2 𝑋𝑋3 ⋯ 𝑋𝑋12
𝑌𝑌1 𝑌𝑌2 𝑌𝑌3 ⋯ 𝑌𝑌12
𝑍𝑍1 𝑍𝑍2 𝑍𝑍3 ⋯ 𝑍𝑍12

�
𝑎𝑎𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

×

�
𝑋𝑋1 𝑋𝑋2 𝑋𝑋3 ⋯ 𝑋𝑋12
𝑌𝑌1 𝑌𝑌2 𝑌𝑌3 ⋯ 𝑌𝑌12
𝑍𝑍1 𝑍𝑍2 𝑍𝑍3 ⋯ 𝑍𝑍12

�
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

−1

 (50) 

𝑀𝑀𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = �
0.9671 0.0017 –0.0097 
–0.0216 1.0200 0.0016 
–0.0067 –0.0414 0.9674 

� (51) 

 

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). 

 

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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𝑀𝑀𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, 2 = �
1.1245 –0.0902 –0.0327 
0.0495 0.9705 –0.0201 
0.0171 –0.0323 0.9962 

� (52) 

𝑀𝑀𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, 3 = �
1.0307 –0.0234 –0.0132 
–0.0025 1.0151 –0.0126 
–0.0051 –0.0092 1.0150 

� (53) 

 

 

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. 

 

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 
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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 ∆u’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.  

 

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. 

(a) (b)
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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 2º 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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