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IMPROVED METHODS TO ENHANCE THE COLOR PERCEPTION FOR
PEOPLE WITH COLOR VISION DEFICIENCY

ABSTRACT

Color images are widely used to disseminate information in public places, on Web sites,
and on smartphone applications. Moreover, millions of color images are also shared
and used as a medium of communication among people. However, people with color
vision deficiency are not able to discriminate certain colors and may thus misinterpret
information. Elderly people also suffer from loss of color perception as a result of age.
In this thesis, both color perception loss among the elderly people as well as those with
red-green deficiency are studied.

Recent clinical studies of color perception of the elderly show that as humans age, uniform
yellowing pigmentation occurs on the human lens. In order to understand the effect of the
uniform yellowing pigmentation, a mathematical formulation has been proposed in this
thesis. The mathematical formulation uses the measured transmittance functions of the
liquid-crystal display (LCD) and the spectral transmission factor of the human lens. Based
on the values, three effective tristimulus ratios are computed, and the uniform yellowing
pigmentation is simulated. The simulated uniform yellowing pigmentation is compared
with the results of recent clinical studies for validation. The comparison shows that the
simulated uniform yellowing pigmentation is in agreement with the results from these
clinical studies. Using the uniform yellowing pigmentation, color perception of the elderly
is simulated to three different types of images; MacBeth ColorCheckers color patches,
synthesized and real images. The results of the simulated images show that as humans age,
the images lose their bluish element and become yellowish. Furthermore, comparison with

the non-uniform yellowing pigmentation methods show that the results from the proposed
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method are closer to the clinical data.

Various image recoloring methods have been proposed by researchers to improve the color
perception of people with red-green deficiency. However, the recolored images may look
non-pleasing to people with normal color vision. Moreover, the recolored images may
lose their naturalness. In addition, some of the recoloring methods utilize complex and
iterative processes that may not be suitable for practical usage. This thesis proposes a
much simpler and efficient recoloring method that enhances the color perception of people
with red-green deficiency while maintaining the naturalness of the original images as much
as possible. The proposed method utilizes the error and rotation parameters to recolor the
images. Using this process, the recolored images have the same luminance and hue as
the original images. Objective evaluation shows that the recolored images maintain the
naturalness better than three other existing methods. A total of twenty six people, which
includes fifteen people with normal color vision and eleven red-green deficients, took part
in the paired comparison test. The results of the paired comparison test show that the
proposed method achieves higher preference scores in terms of naturalness preservation
and the overall preference.

Keywords: Color vision deficiency, uniform yellowing pigmentation, color perception of

the elderly, red-green deficients, naturalness preservation.
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KAEDAH-KAEDAH PENAMBAHBAIKAN UNTUK MENINGKATKAN
PERSEPSI WARNA BAGI ORANG YANG MEMPUNYAI KEKURANGAN
PENGLIHATAN BERWARNA

ABSTRAK

Imej berwarna digunakan secara meluas untuk menyebarkan maklumat di tempat awam, di
laman web, dan pada aplikasi telefon pintar. Malahan, jutaan imej berwarna juga dikongsi
dan digunakan sebagai medium komunikasi di kalangan orang ramai. Walau bagaimanapun,
orang yang mempunyai kekurangan penglihatan warna tidak dapat membezakan antara
warna-warna tertentu dan oleh kerana itu, kesalahan dalam mentafsir maklumat mungkin
berlaku. Orang tua juga mengalami kehilangan persepsi warna akibat peningkatan usia.
Dalam tesis ini, kajian terhadap kehilangan persepsi warna orang tua, dan mereka yang
mengalami kekurangan penglihatan merah-hijau telah dijalankan.

Kajian klinikal terkini mengenai persepsi warna orang tua menunjukkan bahawa apabila usia
manusia meningkat, pigmentasi kuning seragam terbentuk pada lensa mata manusia. Untuk
memahami kesan pigmentasi kuning seragam, satu formulasi matematik telah dicadangkan
di dalam tesis ini. Formulasi matematik ini menggunakan fungsi transmisi yang diukur dari
paparan kristal cecair (LCD) dan faktor transmisi spektrum lensa manusia. Berdasarkan
nilai-nilai ini, tiga nilai tristimulus berkesan dikira dan digunakan untuk menghasilkan
simulasi pigmentasi kuning seragam. Untuk pengesahan, pigmentasi kuning seragam yang
dihasilkan telah dibandingkan dengan hasil kajian klinikal terkini. Hasil perbandingan
menunjukkan pigmentasi kuning seragam yang terhasil adalah seiring dengan hasil kajian
klinikal. Dengan menggunakan pigmentasi kuning seragam ini, persepsi warna orang tua
telah disimulasi kepada tiga jenis imej; keratan warna daripada MacBeth ColorCheckers,

imej sintetik, dan imej semulajadi. Keputusan simulasi menunjukkan apabila usia manusia



meningkat, imej yang terhasil hilang unsur kebiruan dan menjadi kekuningan. Tambahan
pula, perbandingan antara kaedah yang dicadangkan dan kaedah pigmentasi kuning tidak
seragam menunjukkan bahawa keputusan daripada kaedah yang dicadangkan adalah lebih
hampir dengan keputusan daripada data klinikal. Pelbagai kaedah pewarnaan semula imej
telah dicadangkan oleh para penyelidik untuk meningkatkan persepsi warna bagi orang
yang mempunyai kekurangan penglihatan merah-hijau. Walaubagaimanapun, imej yang
dihasilkan kelihatan tidak menyenangkan kepada penglihatan manusia biasa. Malahan,
imej yang terhasil mungkin akan kehilangan ciri-ciri semulajadi. Di samping itu, beberapa
kaedah pewarnaan semula imej menggunakan proses yang kompleks and pengiraan
berulang yang mungkin tidak sesuai untuk kegunaan praktikal. Tesis ini mencadangkan
kaedah pewarnaan semula yang lebih mudah dan cekap untuk meningkatkan persepsi
warna bagi orang yang mempunyai kekurangan penglihatan merah-hijau di samping
mengekalkan keaslian imej aslinya sebanyak yang mungkin. Kaedah yang dicadangkan
menggunakan parameter ralat dan parameter putaran untuk mewarnakan semula ime;j.
Dengan menggunakan proses ini, imej yang terhasil mempunyai ciri-ciri cahaya dan
warna yang sama dengan imej asal. Penilaian objektif menunjukkan bahawa imej yang
terhasil berjaya mengekalkan ciri-ciri semulajadi yang lebih baik daripada tiga kaedah
sedia ada yang lain. Seramai dua puluh enam orang yang terdiri daripada lima belas orang
dengan penglihatan warna yang normal dan sebelas orang dengan kekurangan penglihatan
merah-hijau mengambil bahagian di dalam ujian perbandingan berpasangan. Hasil ujian
ini menunjukkan bahawa kaedah yang dicadangkan mendapat skor keutamaan yang lebih
tinggi dari segi pemeliharaan ciri-ciri semulajadi imej asal dan keseluruhan pilihan.

Katakunci: Kekurangan penglihatan warna, pigmentasi kuning seragam, persepsi warna

orang tua, kekurangan penglihatan merah-hijau, pemeliharaan keaslian ime;.
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CHAPTER 1: INTRODUCTION

1.1 Overview

An image is an object that portrays visual perception. It can be two-dimensional, such
as a photograph and a map, and it can also be three-dimensional, such as a hologram. In
the current world of digital information technology that we live in, two-dimensional color
images play an important role in human lives. Color images not only embody information
but are also used as a medium of communication among people. Hence, the usage of
color images in distributing information via websites and smartphone applications has
increased in the 21st century. Electronic devices such as laptops and smartphones have
become essential items as millions of color images are shared on Facebook (Thomas,
2012) and Instagram (DesMarais, 2013) everyday. Moreover, color images are also utilized
in advertisement boards, traffic maps, and signboards in public places such as airports,
shopping malls, and train stations.

Color is an attribute of visual sensation and the color appearance of an object depends
on the interaction between three main components; light sources, objects and the human
visual system (Fairchild, 2005). The interaction between the light sources and the physical
and chemical properties of an object creates a modulated energy that will be processed by
the human visual system to produce the perceptions of color. The ability to distinguish
the set of signals that are produced by the modulated energy is known as human color
perception (Fairchild, 2005). The modulated energy reacts with the three types of cone
photoreceptors in the human eye. Each of the cone photoreceptors is sensitive to either
short (S), medium (M), and long (L) wavelength light, and each wavelength light exhibits
bluish, greenish, and reddish sensitivity respectively (Hunt, 2004; Pascale, 2003).

However, a percentage of people have some kind of color vision deficiency that arise



from differences in the pigmentation of the cone photoreceptors in their eyes (Wandell,
1995). Thus, they are unable to distinguish certain shades of colors. This inability may
create barriers in terms of physical capabilities (Hassan & Paramesran, 2017). Some of
them may have difficulty finding goods in stores, and some may even bump into a glass
door due to the confusion that occurs to their color perception (K. Ishihara, Ishihara,
Nagamachi, Hiramatsu, & Osaki, 2001). Moreover, the reaction time and cognitive time of
the elderly are slower compared to younger people (T. Suzuki, Okajima, & Funai, 2012;
T. Suzuki, Yi, Sakuragawa, Tamura, & Okajima, 2005). In addition, their social life and
even their career may be affected due to their inability to discriminate colors (Cole, 2007;
Tagarelli et al., 2004).

Color vision deficiency can be categorized as acquired and inherited (Simunovic,
2016; Verriest, 1963). In acquired color vision deficiency, color perception loss is due to
medication, aging, disease, or accidents. As reported by the Department of Statistics, there
are about 2.5 million people over the age of 60 in Malaysia (Hassan, Kugimiya, Tanaka,
Tanaka, & Paramesran, 2015), and this number is expected to grow by 2020 (Chua, Chang,
& Lim, 2015). This trend is also reflected globally (Hegde & Bishop, 2018). Hence, it
is important to understand the difficulties experienced by the elderly in order to provide
various support systems to assist them during their daily activities (Bright & Egger, 2008;
Hegde & Bishop, 2018).

Thus, much has been conducted on acquired color vision deficiencies due to aging.
Earlier studies have confirmed that as human age increases, the thickness of the lens
continues to grow and the accumulation of yellow pigmentation occurs (Artigas, Felipe,
Navea, Fandino, & Artigas, 2012; Norren & Vos, 1974; Pokorny, Smith, & Lutze, 1986;
Romano et al., 2011; Ruddock, 1965a; Said & Weale, 1959; Weale, 1961a). This yellowing

pigmentation effects the transparency of the human crystalline lens (Alio, Schimchak,



Negri, & Montes-Mico, 2005). Apart from the yellowing pigmentation, the size of human
pupil also reduces with age (Applegate, Donnelly, Marsack, & Koenig, 2007; Birren,
Casperson, & Botwinick, 1950; Bitsios, Prettyman, & Szabadi, 1996; Kadlecova, Peleska,
& Vasko, 1958; Ortiz, Bowyer, & Flynn, 2013; Said & Sawires, 1972; Winn, Whitaker,
Elliott, & Phillips, 1994) which causes the reduction of the effective light reaching the
retina (Sloan, 1939; Weale, 1961a, 1961b; Werner, Peterzell, & Scheetz, 1990). Due
to these reasons, elderly people experience yellowish and darker color perception than
younger people.

A lot of effort has been poured into research on the elderly color perception model. The
effect of yellowing pigmentation to the human lens-density spectrum has been studied in
Pokorny et al. (1986), Savage, Haegerstrom-Portnoy, Adams, and Hewlett (1993), Weale
(1988), and Xu, Pokorny, and Smith (1997) while the investigation of pupil size has been
studied in Birren et al. (1950), Said and Sawires (1972), and Winn et al. (1994). To
replicate the experience of elderly color perception, experimental studies using artificial
uniform yellowing filter have been conducted in K. Ishihara et al. (2001), Schneck, Adams,
Huie, and Lee (1993), and Yoshida and Sakuraba (1996). Computerized simulations of
elderly color perception have also been conducted in Okajima and Takase (2001) and
Tanaka et al. (2011). Based on the non-uniform yellowing pigmentation method by Tanaka
et al. (2011), several image enhancement methods to improve the elderly color perception
have been proposed in R. Suzuki et al. (2012), Ueda, Azetsu, Suetake, and Uchino (2015a),
Ueda, Azetsu, Suetake, and Uchino (2015b, 2016), and Ueda et al. (2016).

Meanwhile, for inherited color vision deficiency, color loss occurs due to the changes of
the cone photoreceptors in the human eyes. About eight percent of the male population is
color vision deficient (Ching & Sabudin, 2010; Lee & dos Santos, 2011; Semary & Marey,

2014). One type of inherited color vision deficiency is dichromacy, which occurs when



one type of cone photoreceptors is absent or not functioning. People with dichromacy are
also known as dichromats. Dichromacy can be classified into three categories: protanopia,
deuteranopia, or tritanopia depending on whether the missing cone is the L-cone, M-cone,
or S-cone respectively (Neitz & Neitz, 2011). Protanopia and deuteranopia are also called
red-green deficiencies (Moreira, Alvaro, Melnikova, & Lillo, 2018). People with either
protanopia and deuteranopia have difficulty in distinguishing between these two colors
(Ching & Sabudin, 2010; Judd, 1949). Another type of dichromacy is called tritanopia
with which people have difficulty distinguishing shades of blue and yellow. However,
people with tritanopia constitute less than one percent of the male population (Moreira et
al., 2018).

To simulate dichromatic color perception, various algorithms have been proposed in
Brettel, Vienot, and Mollon (1997), Capilla, Diez-Ajenjo, Luque, and Malo (2004), Capilla,
Luque, and Diez-Ajenjo (2004), Lee and dos Santos (2011), Machado, Oliveira, and
Fernandes (2009), Meyer and Greenberg (1988), Rodriquez-Pardo and Sharma (2011),
Vienot, Brettel, and Mollon (1999), and Wachtler, Dohrmann, and Hertel (2004). Due
to its mathematical simplicity and its usability in expressing color discrimination of the
people with dichromacy, Brettel’s algorithm (Brettel et al., 1997; Vienot et al., 1999) is the
most accepted model in modeling dichromatic color perception.

Based on Brettel’s algorithm, researchers have proposed image recoloring methods to
improve the color perception of people with dichromacy, in particular, red-green deficiency.
Many strategies have been utilized for the image recoloring and these methods have
been presented in Anagnostopoulos, Tsekouras, Anagnostopoulos, and Kalloniatis (2007),
Doliotis, Tsekouras, Anagnostopoulos, and Athitsos (2009), Huang, Chen, Jen, and Wang
(2009), Huang, Tseng, Wu, and Wang (2007), Ichikawa et al. (2003), Jefferson and Harvey

(2006), Kuhn, Oliviera, and Fernandes (2008), Ma, Gu, and Wang (2006), Machado and



Oliveira (2010), Rasche, Geist, and Westall (2005a), Rasche, Geist, and Westall (2005b),
Ribeiro and Gomes (2013), Rigden (1999), Suetake, Tanaka, Hashii, and Uchino (2012),
Wakita and Shimamura (2005), and Yang and Ro (2003).

Although all the aforementioned methods for elderly and red-green deficients color
perception enable us to understand more about their color perception, there are certain

issues that need to be addressed.

1.2 Problem Statement

In the field of elderly color perception, non-uniform yellowing pigmentation has been
utilized to simulate their color perception. Recently, results in clinical studies (Artigas et
al., 2012; Romano et al., 2011) of elderly color perception confirm that uniform yellowing
pigmentation occurs on human crystalline lenses. However, the uniform yellowing
pigmentation has not been represented mathematically, and this creates a gap in the
research of elderly color perception. Hence, it has becomes a motivation to develop a
mathematical model of the uniform yellowing pigmentation and assess the color perception
experienced by the elderly.

Meanwhile, most of the recolored images for red-green deficients lose their naturalness
when viewed by those with normal color vision (Huang et al., 2007; Jeong, Kim, Wang,
& Yoon, 2011). Thus, the recolored images are not suitable for use in advertisements,
signboards, and maps in public places such as airports, shopping malls, and train stations.
Some of the image recoloring methods may also change all the colors of the original image.
As consequence, the recolored images tend to look unnatural to the red-green deficients as
well (Kuhn et al., 2008).

In addition, apart from lack of naturalness preservation, several of the recoloring
algorithms for red-green deficiency may not be suitable for practical use due to complex

and iterative algorithms (Doliotis et al., 2009; Ichikawa et al., 2003), high computational



time (Rasche et al., 2005a, 2005b), recoloring process performed in the reduced color
space of dichromats (Kuhn et al., 2008), and limited color options in their recoloring
process (Rigden, 1999; Wakita & Shimamura, 2005). Hence, there are opportunities for
improvement for the enhancement of the color perception for people with color vision

deficiency, in particular the elderly people and the red-green deficients.

1.3 Objectives
The main aim of this research is to enhance the color perception for people with color
vision deficiency. In order to achieve this aim, this thesis has two objectives. The objectives

of this thesis are:

1. To improve the computerized simulation method of elderly color perception by
introducing a mathematical representation of the uniform yellowing pigmentation to
mimic elderly color perception
It is shown in medical reports that elderly people suffer from certain degrees of color
perception loss. Previous works on elderly color perception utilized a non-uniform
yellowing pigmentation method. However, results from recent medical studies
show that uniform yellowing pigmentation occurs on human crystalline lens as
human age increases. This provides motivation and new opportunities to expand
the research work in elderly color perception. Thus, a mathematical representation
of the uniform yellowing pigmentation is formulated to improve the computerized
simulation method of elderly color perception. The simulated uniform yellowing
pigmentation is used to mimic the color perception of elderly (Chapter 3).

2. To improve the image recoloring method for the red-green deficients by proposing a
naturalness preservation image recoloring method

Although there are various image recoloring methods that enhance the visual details



and improve the color perception of the red-green deficients, the recolored images
may look non-pleasing to people with normal color vision. This may happen in
public places such as airports, shopping malls, and train stations where color images
used in maps and advertisements are viewed by everyone. Moreover, the recolored
images may look unnatural to the red-green deficients as well since all the colors
of the original images are changed during the recoloring process. To overcome
this issue, a naturalness preservation image recoloring method is introduced which
enhances visual details while maintaining the naturalness of the recolored images as

much as possible (Chapter 4).

14 Organization of the Thesis

This thesis, as was pointed out earlier in this chapter, describes improved methods to
enhance the color perception for people with color vision deficiency. A uniform yellowing
pigmentation method is introduced to simulate the color perception of the elderly. An
image recoloring method that enhances the color perception of the red-green deficients
and also maintains the naturalness of the image is also introduced.

The following is a summary of the content of each chapter.

Chapter 2: Human Color Vision. This chapter presents an overview of human color
vision. Information on the human visual system is described here. The developments of
the CIE color matching functions that corresponds to the response of the human eye are
presented. Based on the CIE color matching functions, XYZ color space was formulated.
The basic formulation of the XYZ tristimulus values and its chromaticity diagram are
described in this chapter. XYZ color space is utilized as the main working domain for the
methods proposed in this thesis. Moreover, the mathematical relationship between XYZ
and RGB color spaces is also presented in this chapter. This information is essential as all

color images utilized in the proposed methods are transformed from RGB color space to



XYZ color space. The types of color vision deficiencies are also described in this chapter.

Chapter 3: Color Perception of the Elderly. This chapter discusses the research
developments in elderly color perception. Findings from earlier research works show that
the color perception of the elderly people is degraded due to yellowing pigmentation that
occurs on the human crystalline lens. In addition, reduction in the human pupil size also
affects the ability of elderly people to differentiate colors. To mimic color perception of the
elderly, previous works utilized the non-uniform yellowing pigmentation method. However,
results from recent clinical studies have shown that uniform yellowing pigmentation occurs
on the human crystalline lens. To study the effects of the uniform yellowing pigmentation
on the color perception of the elderly, a mathematical method representing the uniform
yellowing pigmentation is proposed. Using the uniform yellowing pigmentation, color
perception of the elderly is simulated, and the experimental results are compared with the
results from medical studies for validation. In addition, results from experimental studies
show that the proposed method produces images that are closer to the results from medical
studies and perform better than the results from the non-uniform yellowing pigmentation
method.

Chapter 4: Color Perception of Red-green Deficients. This chapter presents an
overview of the color perception of red-green deficients. A simulation method to reproduce
their color perception is described in this chapter. Some of the research done with
the specific aim of improving the color perception of the red-green deficients is briefly
discussed in this chapter. Although previous works enhance the color perception of
red-green deficients, the recolored images lose their naturalness. These color images
used in advertisements in public places may look non-pleasing to the people with normal
color vision as well as to red-green deficients. Thus, the chapter proposes a naturalness

preserving recoloring method that enhances the color perception of the red-green deficients



and also maintains the naturalness of the recolored images to both parties. Experimental
results are presented to validate this claim, and a comparison between the state-of-the-art
method and two other existing methods show that the proposed recoloring method achieves
better objective and subjective scores.

Chapter 5: Conclusion. The thesis is concluded, summarizing the contents of the

thesis and discussing the possibilities of future work in this direction.

1.5 Contributions

One of the contributions of this thesis is that it proposes a mathematical representation
of the uniform yellowing pigmentation that occurs on the human crystalline lens. The
simulated uniform yellowing pigmentation is utilized to model the color perception of
the elderly. This work has been published in Hassan, Paramesran, Tanaka, and Tanaka
(2018). The proposed method is essential in order for us to really understand the difficulties
faced by the elderly. Moreover, it is imperative to consider a good visual presentation
through color in order to enable the elderly to experience the surrounding environment
safely and with confidence. Based on the proposed method, improvements such as the
usage of better color schemes to represent information can be considered, thus avoiding
miscommunication and misinterpretation. This, in turn, can improve the quality of life of
the elderly. Therefore, the proposed method contributes to the development of the field of
color perception of the elderly.

Some of the current image recoloring methods for red-green deficients may potentially
change all the colors of the original image. As a result, the recolored image may look
non-pleasing to both red-green deficients as well as people with normal color vision.
Therefore, the second contribution of this thesis is the construction of a naturalness
preserving recoloring method for red-green deficients. This work has been published in

Hassan and Paramesran (2017). The proposed method takes into consideration the needs



of red-green deficients as well as people with normal color vision. By maintaining the
luminance and the hue of the original image, the proposed method enhances the color
perception of the red-green deficients and maintains the naturalness of the recolored
images to both parties. This is important for images used in public places such as airports,
shopping malls, and train stations where color images such as maps and advertisements

are viewed by everyone.
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CHAPTER 2: HUMAN COLOR VISION

This chapter presents an overview of human color vision. A description of the human
visual system is briefly represented. Research developments on color matching functions
that correspond to the response of the human eyes are also discussed. All the color
sensations that a human perceives can be encompassed using XYZ color space. Thus,
information on the XYZ color space and its chromaticity diagram are also described in this
chapter. However, due to the non-uniformity of the XYZ color space, for color reproduction
in digital world, transformation to RGB color space is required. Hence, the chapter
describes the RGB color space and the mathematical transformation process between the

two color spaces. Lastly, the chapter presents the types of color vision deficiencies.

21 Introduction

The human visual system (HVS) consists of the human eyes, part of the brain, and the
pathway connecting them. It is part of the human central nervous system which interprets
information from the visible light spectrum to form a visual perception of the surrounding
world. The human eye can be thought of as an optical path and is the main recipient of the
visible light spectrum. Thus, human visual perception is initiated and strongly influenced
by the anatomical structure of the human eyes. Figure 2.1 shows a schematic illustration
of the optical structure of the human eye.

Some of the key components of the human eye shown in Figure 2.1 are briefly described

below (Fairchild, 2005; Malacara, 2011):

1. The Cornea
The cornea is the transparent outer surface in front of the eye through which light

passes. Its normal ideal shape is nearly spherical.
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Figure 2.1: Schematic diagram of the human eye (Fairchild, 2005)

2. The Pupil
This is the circular opening in front of the eye, which is surrounded by the iris. The
pupil increases or decreases its diameter to control the amount of light entering the
eye. The maximum diameter of the pupil, with low illumination levels, is around
6—8 mm, and the minimum diameter, with high illumination levels, is between 1 and
2 mm. Its average diameter is about 3.5—-4 mm.

3. The Iris
The iris is the sphincter muscle that controls pupil size. The iris is pigmented, giving
us our specific eye color.

4. The Lens
Also called the crystalline lens, the flexible lens varies in index of refraction. The
shape and its optical power can be modified by means of the ciliary muscles. The
ciliary muscles increase the power (accommodation) to focus on near objects and
relaxes its shape to focus on distant objects. The crystalline lens contains a yellow

pigment with strong absorption in the ultraviolet region, near a wavelength of 365
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nm, with almost perfect transparency 550-650 nm.

5. The Retina
The optical image formed by the eye is projected onto the retina. The retina is formed
by several layers: cell and fiber nerves are in the internal layer while rods and cones
are in the last layer. Rods and cones are photoreceptors that serve to transduce the
information present in the optical image into chemical and electrical signals. These
signals are then transmitted to the later stages of the HVS.

6. The Fovea
The fovea is the arc on the retina where we have the best spatial and color visions.
The fovea contains only cones in a dense random array. Outside the fovea the main
light-sensitive elements are the rods, which are responsible for scotopic vision.

7. The Optic Nerve
The optic nerve is made up of the axons of the ganglion cells, the last level of neural

processing in the retina.

As mentioned above, the retina includes several layers of neural cells. Among the
cells, there are two photoreceptors: the rods and the cones. The names are derived from
their prototypical shapes. There are about 100 million rods and 5 million cones in each
human eye (Wandell, 1995). There is only one type of rod receptor with a peak spectral
responsivity at approximately 510 nm (Fairchild, 2005). There are three types of cones
that are denoted as long (L), medium (M), and short (S) cones. Each cone is sensitive to
red, green, and blue stimulation respectively. The three cones enable color vision while
the rods are incapable of color vision. Thus, at low luminance levels (< 0.003 cd/ m?), the
rods are active; this is referred to as scotopic vision. When the cones are active in high
luminance levels (> 3 ¢d/m?), vision is referred to as photopic vision. In intermediate

luminance levels, both rods and cones are active, and this is referred to as mesopic vision.
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The different types of visions and their respective luminance levels are illustrated in Fig

2.2.

Figure 2.2: Type of visions and its respective luminance levels (Schubert, 1996)

The rest of the chapter is organized as follows. Section 2.2 describes the developments
of color matching functions. Section 2.3 and 2.4 describe the XYZ and RGB color spaces
respectively and the mathematical transformation process between the two color spaces.
The types of color vision deficiencies are presented in Section 2.5. Section 2.6 concludes

the chapter.

2.2 Trichromacy and Color Matching Functions

Trichromacy is a condition in which the HVS has three independent channels to convey
information about color. These three independent channels are the three types of cones
in the human eye. Humans with trichromacy vision are called trichromats. With the
establishment of a standardized system of colorimetry, it is necessary to obtain a reliable
estimate of the average color matching functions that correspond to the response of the
human eye.

Thus, two sets of independent experiments (Wright, 1928; Guild, 1932) were completed
to estimate the average color matching functions. These experiments employed the 2° field
of view as the viewing condition of standard observers. 2° was chosen as they believed

that all the color-sensing cones of the human eyes are located within a 2° arc of the fovea.
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The color matching experiments were conducted in a dark room environment where a
white screen was divided into two regions: test and reference regions. Red, green, and
blue lights of different primary wavelengths were placed in the test region. Meanwhile,
in the reference region, a light source of equal energy monochromatic light covering the

visible spectrum was placed. This is illustrated in Figure 2.3.

Figure 2.3: Color matching experiment (Wandell, 1995)

During the experiment, the observers had to adjust the red, green, and blue lights until
they produced the same light as in the reference region. If the observers could not get a
match, the same set of primaries were used in the reference field, and the observers used
them to find a match. In this case, negative coeflicients of the primaries were obtained.
The results from both set of experiments (Wright, 1928; Guild, 1932) were adopted by
the International Commission on Illumination (CIE) and are called the color matching
functions 7(1), (1), and b(1) for CIE 2° Standard Observer. However, since negative
values could not be physically implemented, a set of all positive functions were obtained
through a series of transformations and these functions are called the CIE1931 color

matching functions x(1), y(1), and Z(1).
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However, by the 1960s, it was realized that the cones were present in a larger area of the
eye than previously believed, and so in 1964, the 10° Standard Observer was developed.
The difference between the two viewing angles is that at a viewing distance of 50 cm, a 2°
field of view would be a circle with diameter equal to approximately 1.7 cm while a 10°
field of view would be a circle with diameter equal to approximately 8.8 cm.

Thus, another color matching functions experiment based the 10° Standard Observer
was conducted by Stiles and Burch (Stiles & Burch, 1959, 1955a). From this experiment,
CIE adopted another set of color matching functions xjo(A), y10(4), and Zjp(A) for 10°
Standard Observer also known as CIE1964 color matching functions. Both sets of color

matching functions are illustrated in Figure 2.4.
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Figure 2.4: CIE color matching functions

Since the color matching functions are intended to correspond to the response of the
human eye, both the CIE1931 and CIE1964 color matching functions have profoundly
affected the development of modern imaging systems and applications. The CIE1931 color

matching functions are used, almost exclusively in color appearance models (Fairchild,

2005).
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23 XYZ Tristimulus Values and Chromaticity Diagram

Utilizing the color matching functions, XYZ tristimulus values were formulated. The
XYZ tristimulus values were formulated so that the Y value has a spectral sensitivity that
corresponds to the lightness sensitivity of human vision (Poynton, 1995). When the Y
value is augmented with the X and Z values, they embed the spectral properties of human
color vision (Poynton, 1995).

The XYZ tristimulus values for colored stimuli are calculated generally using the

equations below (Fairchild, 2005)

X:@/@@ﬂ@ﬂ 2.1

A

Y:kfmuwuma (2.2)
A

Z:k/QMﬂDM, (2.3)
A

where ®(1) is the spectral power distribution of the stimulus, X(2), y(1), and Z(A)are the

color matching functions, and & is a normalizing constant which is defined as

k=190 2.4)

[LE@)3(D)da

where E(A) is the relative spectral power distribution of the light source or illuminant
(Fairchild, 2005).

For reflective objects, the XYZ tristimulus values are represented as
X=k /E(/l)p(/l)i(/l)d/l (2.5)
Pl

Y:kLEMMMﬁMMi (2.6)
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where ®(2) from Egs. (2.1) to (2.3) is defined as the product of the spectral reflectance
factor of the object, p(4) and the relative spectral power distribution of the light source
or illuminant, E(A) (Fairchild, 2005). The most common illuminant used in colorimetric
application is the CIE Illuminant D65 which represents average daylight with a correlated
color temperature of 6504 K.

Utilizing the XYZ tristimulus values, the color of a stimulus can be represented. However,
to provide a convenient two-dimensional representation of colors in term of conceptual
understanding and computation, a chromaticity diagram was developed (Fairchild, 2005;
Poynton, 1995). To accomplish this, a standardized procedure for normalizing the XYZ

tristimulus values were performed using the projective transformation shown below.

X
x=— (2.8)
X+Y+Z
Y
__ 2.9
YT X+v+2Z 2:9)
z=1-x—y (2.10)

To form the chromaticity diagram, only the x and y values are needed. Thus, the
representation of colors is simplified from 3-dimensional to 2-dimensional values. However,
the transformation process from XYZ tristimulus values to xyz representation removes
the luminance information represented by the Y value (Pascale, 2003). Therefore, it is
common practice to report the Y value when dealing with the chromaticity diagram. The
xyY chromaticity diagram with Y equal to 100 is illustrated below.

Moreover, using the Y value and the chromaticity coordinates, the other two tristimulus
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Figure 2.5: Chromaticity diagram with Y equal to 100. (Colantoni, 2004)

values can be obtained using these equations.

Y
X= Q2.11)
y
l-x-y)Y
z=U=x=y) (2.12)
y
24 RGB Color Space and Transformation Matrix

As described in the previous section, the color of stimuli can be represented by the XYZ
tristimulus values. However, XYZ tristimulus values are not realizable in practice since they
are not visually uniform (Broadbent, 2017). Therefore, to achieve color reproduction, XYZ
tristimulus values need to be transformed into a mathematical domain in which physical

realizability is not a constraint (Poynton, 1995).
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To solve this problem, a mathematical transformation process to RGB color space was
proposed. The RGB color space is an addictive color system in which red, green, and blue
lights are added together to reproduce a broad array of colors. This color space is based on
human color perception, and the main objective is for the representation and display of
images in electronic systems such as televisions and computers. Thus, RGB color space is
a device dependent color space that will have different coordinates for the same color for
various output media (Pascale, 2003).

There are various RGB color spaces proposed in the last decades. One of the RGB
color spaces that is practical and commonly used is the standard Red Green Blue (sRGB)
color space. sRGB was created cooperatively by HP and Microsoft in 1996 for use on
monitors, printers and the Internet, and subsequently standardized by the International
Electrotechnical Commission (IEC) as IEC 61966-2-1:1999 (Pascale, 2003). Since then, it
has often been used as the default color space for images in the digital world.

CIE XYZ color space can be transformed to and from any RGB color spaces by a 3 X 3
transformation matrix. Transformation from CIE XYZ into RGB can be performed using

the transformation matrix as below.

R ain app ap| |X
G| = |ay azxp ax||Y (2.13)
B a3 a3z azz||Z

Meanwhile, the value of RGB can be transformed back to CIE XYZ using the inverse
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transformation matrix of Eq. (2.13) as below.

X a1 a2 a3 R P11 P12 P3| |R

Y|~ a1 an ax G| = B B B3| |G (2.14)

Zz a3z a3 a3z B B31 P32 B3| |B

2.5 Color Vision Deficiency

Color vision deficiency arises from the differences in the pigmentation of the cones
in the human eye (Wandell, 1995). The vision of trichromats is characterized by three
types of cones which collectively allow the reception of long (L), medium (M), and short
(S) wavelengths of the visible spectrum. These long (L), medium (M), and short (S)
wavelengths exhibits bluish, greenish, and reddish sensitivities respectively (Hunt, 2004;
Pascale, 2003). However, people with color vision deficiency are unable to process the
three wavelengths and thus, they cannot distinguish certain shades of colors.

Color vision deficiency can be categorized as either acquired or inherited color vision
deficiencies (Verriest, 1963; Simunovic, 2016). In acquired color vision deficiency, color
perception loss is due to medication, aging, disease or accidents. Meanwhile, in inherited
color vision deficiency, color loss occurs due to changes in the cones in the human eye.
Inherited color vision deficiency can be further classified into three types: dichromacy,
monochromacy, and anamolous trichromacy.

Dichromacy occurs when one of the cones is absent or not functioning, and colors
are reduced to two dimensions. The rarest type of inherited color vision deficiency is
monochromacy. It occurs when two or three cones are absent or not functioning. Thus,
people with monochromacy (monochromats) can only see shades of gray ranging from

black to white. Anamolous trichromacy occurs in people with altered cones. Although all
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three cones exist, one of the cones is slightly out of alignment. This misalignment affects

the way they perceive colors depending on which cone is misaligned.

2.6 Summary

In the chapter, a theoretical overview of the human visual system and color perception
have been given. Research developments in color matching functions are also described
in this chapter. The formulation and relationship between XYZ and RGB color spaces
are described as well. Both color spaces are utilized in the formulation of the proposed
methods to improve the color perception of people with color vision deficiency in this

thesis.
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CHAPTER 3: COLOR PERCEPTION OF THE ELDERLY

This chapter provides an overview of the color perception of the elderly. Fundamental
theorems for color perception of the elderly are also described. The earlier works considered
a non-uniform yellowing pigmentation model to mimic the color perception of the elderly.
Recently, two clinical studies have shown that uniform yellowing pigmentation occurs
on the human crystalline lens. Thus, a mathematical model of the uniform yellowing

pigmentation is proposed in this chapter.

3.1 Introduction

Color images used by highly visual applications and services on websites and smartphone
applications play an important role in distributing information to users of various ages
(Soundararajan & Bovik, 2013; Yamazaki & Eto, 2015). As humans age, the functional
ability of the eyes wane (Lerman, 1983; Salvi, Akhtar, & Currie, 2006; Weale, 1961a,
1961b; Werner et al., 1990) especially the ability to discriminate colors (Ball & Pollack,
1989; Fiorentini, Porciatti, Morrone, & Burr, 1996; Roy, Podgor, Collier, & Gunkel, 1991;
Ruddock, 1965a, 1965b; Shinomori, 2005; Verriest, 1963; Werner et al., 1990). Color
perception ability is the ability to recognize the set of signals that are produced when the
three cones that are sensitive in the red, green, and blue spectral range in the human eye
react with the incoming wavelength light (Hunt, 2004). The red, green, and blue spectral
range are generally represented by the long (L), medium (M), and short (S) wavelengths
respectively.

Throughout human life, the lens thickness continues to grow, and the accumulation
of yellow pigmentation occurs (Artigas et al., 2012; Norren & Vos, 1974; Pokorny et
al., 1986; Romano et al., 2011; Ruddock, 1965a; Said & Weale, 1959; Weale, 1961a).

Norren and Vos (1974) state that the yellowing pigmentation process occurs after the age
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of 30. The yellow pigmentation contributes to a gradual reduction in the transparency of
the human crystalline lens (Alio et al., 2005). Due to the yellowing pigmentation, the
lens absorbs more short wavelength which reduces the amount of blue light entering the
eyes (Fiorentini et al., 1996; K. Ishihara et al., 2001; Ruddock, 1965a; Salvi et al., 2006;
Shinomori, 2005; Tanaka et al., 2011; Verriest, 1963; Xu et al., 1997). In addition, light
scattering in the human lens of the elderly is much higher compared to the young (Boettner
& Wolter, 1962). To describe the effect of the yellowing pigmentation to the human
lens-density spectrum, several models were introduced: the two-factor model (Pokorny
et al., 1986), the exponential model (Weale, 1988), and the linear model (Savage et al.,
1993). A comparative experiment between the three models shows that the two-factor
model produces better results (Xu et al., 1997).

In addition to yellowing, the size of the human pupil also reduces with age (Applegate
et al., 2007; Birren et al., 1950; Bitsios et al., 1996; Kadlecova et al., 1958; Ortiz et al.,
2013; Said & Sawires, 1972; Winn et al., 1994). Birren et al. (1950) investigated pupil size
measurements and formulated a parabola relation between the pupil diameter and human
age. Measurements performed by Said and Sawires show that pupil size reduces linearly
with age (Said & Sawires, 1972). The concept of a linear relation between pupil size and
human age is further strengthen by Winn et al. (1994) when they formulated mathematical
linear relations between pupil size and human age. The reduced pupil size causes the
effective light reaching the retina to reduce proportionally (Sloan, 1939; Weale, 1961a,
1961b; Werner et al., 1990). Moreover, the pupil’s reflexive response also reduces with
age (Bitsios et al., 1996) which in turn increases the reaction time of the elderly (T. Suzuki
et al., 2012, 2005).

In Malaysia, the number of people aged 65 and above is expected to increase from

4.5% in 2009 to 7% by 2020 (Chua et al., 2015). The increase in the number of elderly
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people is also reflected globally (Hegde & Bishop, 2018). One of the areas of concern
that needs to be addressed in order to eliminate barriers in terms of physical capabilities
for the elderly is their color perception (Hassan et al., 2015; Hegde & Bishop, 2018). To
understand the difficulties faced by the elderly due to the yellowing of the human crystalline
lens, computerized simulation methods have been proposed in order to simulate the color
perception of the elderly. Using the two-factor model (Pokorny et al., 1986), Okajima
and Takase (2001) conducted computerized simulations using Munsell color chips to
investigate the effect of yellowing on the color perception of the elderly. Meanwhile,
(Tanaka et al., 2011) proposed a non-uniform yellowing pigmentation method to simulate
the color perception of the elderly by implementing the two-factor model and taking into
consideration the effect of retinal illuminance (Winn et al., 1994).

In the non-uniform yellowing pigmentation method, at a particular age, the different
colors in the image are multiplied by the different levels of yellowing pigmentation. On
the other hand, in the uniform yellowing pigmentation method, the colors in the image are
multiplied by the same level of yellowing pigmentation. Figure 3.1 shows two examples
of the yellowing pigmentation methods for people aged 80 years old and the simulated

images as perceived by an 80-year-old.

(a) (b) (©) (d) (e)
Figure 3.1: Difference between non-uniform yellowing pigmentation and uniform
yellowing pigmentation methods (a) Original image formed using color patches from
Macbeth ColorCheckers; (b) Non-uniform yellowing pigmentation for people aged
80 years old from Tanaka’s method; (c) Simulated image as perceived by an 80-
year-old using Tanaka’s method; (d) Proposed uniform yellowing pigmentation for
people aged 80 years old; (e) Simulated image as perceived by an 80-year-old using
the proposed method
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The idea of uniform yellowing pigmentation on human crystalline lens was first initiated
and implemented in Weale (1961a). Using this idea, Weale calculated the effective
pathlength of the human crystalline lens. Said and Weale (1959) found that the white point
in the chromaticity diagram moves nearer to the spectrum locus as humans age. It was
stated in Werner and Steele (1988) that all three types of cones lose overall sensitivity at a
similar rate; this is further supported in experiments performed by Nguyen, Overbury, and
Faubert (2003).

Several experiments using artificial uniform yellowing filters that mimic the color vision
of the elderly have been conducted (K. Ishihara, Ishihara, Nagamachi, & Osaki, 1997,
K. Ishihara et al., 2001; Schneck et al., 1993; Yoshida & Sakuraba, 1996). Schneck et
al. designed a three-layer filter that consists of a neutral density filter, a spectral filter
and a scratched plastic sheet (Schneck et al., 1993). This ‘sandwich’ filter reduces the
blue-yellow chromatic perception and mimics the color vision loss of the elderly. Yoshida
et al. (Yoshida & Sakuraba, 1996) and Ishihara et al. (K. Ishihara et al., 1997, 2001),
on the other hand, designed a yellowing filter using yellow films to study the effect of
yellowing on the color perception of the elderly. When young observers wore the yellowing
filter, they had difficulty differentiating colors due to the confusion that occurred when
looking at multiple colored objects. Recently, clinical studies using enucleated human
eyes performed by Artigas et al. (Artigas et al., 2012) and Romano et al. (Romano et al.,
2011) showed that as human age increases, the chromaticity of the human crystalline lens
shifts towards the yellow region of the chromaticity diagram.

Results from recent clinical studies (Artigas et al., 2012; Romano et al., 2011) have
shown that uniform yellowing pigmentation occurs on the human crystalline lens. However,
the uniform yellowing pigmentation is not represented mathematically. Hence, this

has become the main motivation for developing a mathematical model of the uniform
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yellowing pigmentation and assessing the color perception experienced by the elderly.
By understanding the process of color perception of the elderly, website designers and
smartphone application developers can factor this consideration when choosing suitable
color schemes to represent their information and avoid misinterpretation by the elderly.
Moreover, it is also important for designers and architects to consider a good visual color
presentation in order to enable the elderly to experience the built environment safely and
with confidence. The chapter is therefore organized as follows. Section 3.2 describes
the fundamental theorems used in the color perception of the elderly. Section 3.3 shows
the proposed uniform yellowing pigmentation method. The performance of the proposed
method and comparisons with the non-uniform yellowing pigmentation are shown and

discussed in Section 3.4. Section 3.5 concludes this chapter.

3.2 Fundamental Theorems in Color Perception of the Elderly
This section describes the two fundamental theorems that are used in the study of the
color perception of the elderly. The two fundamental theorems are the two-factor model

and the retinal illuminance model.

3.2.1 Two-factor model

One of the fundamental models used in elderly color perception methods is the two-
factor model proposed by Pokorny et al. (1986). This model describes the optical density
of humans lens as a function of wavelength, A and age, A and expresses it using the
age-dependent 7L and age-independent components, 7L, as below:
LA, A)=

[1.00 + 0.02(A — 32)]TL; + TL,  for20 < A < 60
3.1)

[1.56 + 0.0667(A — 60)]TL; + TL, for A > 60
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where T'L; is the portion changed by aging after age 20 and T L, is the portion independent
of age.
The optical density L(41, A) can also be expressed in terms of the spectral intensities as

below:

(3.2)

L(A, A) =logyo (Ii(/l))

1,(1)

where [;(1) and [;(1) are the intensity of incident light and transmitted light respectively.

Thus, the spectral transmittance of the human lens can be described as

(A, A) = % = 107 LA (3.3)

Spectral transmittance of the human lens for several ages are illustrated in Figure 3.2.
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Figure 3.2: Spectral transmittances of human lens for several ages

In order to simulate the lens transmittance of an elderly person of aged A as seen by a
young observer of age 32, the spectral transmission factor of the human lens can be derived
from Eq. (3.3) as below:

(4, A) _ 107HAA
7(1,32)  107L(432)

F(14,A32) = (3.4)
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Age 32 years old is chosen as a standard age for young people because it was the mean age

used in the color matching experiment by Stiles and Burch (Stiles & Burch, 1955b).

3.2.2 Retinal Illuminance Model

Another model that is considered in elderly color perception methods is the retinal
illuminance model. The model is based on the relation between pupil size and human age
proposed in Winn et al. (1994). According to Winn et al., pupil size decreases linearly
with age at all illuminance levels as shown in Figure 3.3. Thus, pupil size can be expressed

in terms of age, A as below:

d(A) = —0.011A + 1.557 (3.5)

upil diameter(
/ |
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07+ \

0 20 40 60 80
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Figure 3.3: Pupil size decreases by aging

As in Tanaka et al. (2011), the rate of retinal illuminance of the elderly aged A as

compared to the young observer aged 32 years old can be computed as below:

d(A) _ —0.011A + 1.557
d(32) 1.205

S(A,32) = (3.6)
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3.3 Proposed Method - Uniform Yellowing Pigmentation Method

This section proposes a new method that utilizes the uniform yellowing pigmentation
of the human crystalline lens to simulate the color perception of the elderly. The proposed
method implements the same basic mathematical framework related to elderly color
perception as applied in Tanaka et al. (2011). In Tanaka’s method, 9 components called
effective components were formulated to compute the non-uniform yellowing pigmentation
(Hassan et al., 2015; Tanaka et al., 2011). Using this approach, at a particular age, the RGB
components of the original image lose their overall sensitivity at a different rate. Thus,
the non-uniform yellowing pigmentation formulated varies depending on the colors in the
original image as shown in Figure 3.1(b).

Meanwhile, in the proposed method, the uniform yellowing pigmentation is formed
using 3 components called the effective tristimulus ratios. In this approach, at a particular
age, the RGB components in the original image lose their overall sensitivity at a similar
rate which is in agreement with the results found in Nguyen et al. (2003) and Werner and
Steele (1988). Figure 3.1(d) shows the uniform yellowing pigmentation in a person aged
80 years old. The simulated images as perceived by an elderly person of 80 years old using
both methods are also illustrated in Figure 3.1.

In the proposed method, the original image is converted to CIE XYZ color space. CIE
XYZ color space encompasses all the color sensations that a human perceives and is
formulated based on the RGB version of the human eyes (Fairchild, 2005). Meanwhile,
the measured transmittance functions and the spectral transmission factor (Pokorny et al.,
1986) are utilized to compute the total tristimulus values at a particular age. Based on these
values, the effective tristimulus ratios are computed. The uniform yellowing pigmentation
is simulated using the effective tristimulus ratios. To simulate the color perception of the

elderly, the XYZ tristimulus values of the original image are multiplied with the effective
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tristimulus ratios of the uniform yellowing pigmentation and the rate of retinal illuminance
(Tanaka et al., 2011; Winn et al., 1994). The overall process of the proposed method is

summarized in Figure 3.4.

| Measured Transmittance Functions I— Retinal
IMuminance
| Spectral Transmission Factor |— Model
. ) Effective i Elderly Perceived Elderly
ﬁg.lmallm;g.; ] ?;?olyllm;g.; F—| Tristimulus Ratios |— 1]1];'“ cffRet'm:} — Image —] Perceived Image
e T s (X., Y., Z.) e (X, Yo, Z,) (R, , G0, B,)

Figure 3.4: Overall process flow of the proposed method

Generally, the tristimulus values of reflected light can be represented as

650
X=k Z E(D)E)p(1) (3.7)
A1=400

650

Y=k ) EWiWp) (3.8)

A=400

650
Z=k Z E(Dz(1)p() (3.9)
=400
where E(A) is the spectral energy for wavelength, x(1), ¥(4) and Z(A) are the standard CIE
color matching functions, p(A) is the spectral reflectance, k is the normalization factor and
the wavelength interval of 10nm.

However, since the image is presented on the Liquid Crystal Display (LCD), and the
backlight of the LCD is observed through red, green, and blue filters, the proposed method
utilizes the transmittance functions for red f,, green f,, and blue f;, filters of the LCD. The
transmittance functions of the LCD are measured using a spectral luminance radiometer in
a darkroom environment.

In the proposed method, the spectral reflectance p(4) in Eq. (3.7) to Eq. (3.9) are

replaced with the respective transmittance functions and the spectral transmission factor
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F(4, A, 32) as given in Eq. (3.4) (Pokorny et al., 1986).
Thus, the tristimulus values through the red, green, and blue filters for any given age A

can be expressed as

650

X,(A) = k Z E)Z) £u(DF (A, A, 32) (3.10)
A1=400

650

Yu(A) =k > EQ)FA) fu(DF (A, A, 32) (3.11)
A=400

650
Zn(A) =k ) EQDZA) fu(DF (L A, 32) (3.12)
=400
where f,(1) is the transmittance functions of the LCD and m = r, g, b. Then, the total

tristimulus values X, Y, Z for any given age, A can be computed using the summation of

tristimulus value of each light component represented in Eq. (3.10) to (3.12).

X(A) = X,(A) + Xo(A) + Xp(A) (3.13)
Y(A) = Y,(A) + Y,(A) + Y,(A) (3.14)
Z(A) = Z,(A) + Zo(A) + Zp(A) (3.15)

The effective tristimulus ratios X,, Y, and Z, for the elderly aged A as compared to the

young observer aged 32 years old can be expressed as

_ X(A)

Xe= 305 (3.16)
_ Y(4)

Ye = 55 (3.17)
_Z4

Ze = 7z (3.18)
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Finally, the tristimulus values of the elderly aged A are computed as

X,(A) = X,SX; (3.19)
Y,(A) = Y,SY; (3.20)
Zo(A) = Z,57; (3.21)

where § is the rate of retinal illuminance as given in Eq. (3.6), X,, Y., Z, are the effective
tristimulus ratios, and Xj, Y;, Z; are the tristimulus values of the color image converted

using the sRGB to CIE XYZ transformation matrix as shown below.

X; 0.4124 0.3576 0.1805| | R;

Y| =10.2126 0.7152 0.0722| |G; (3.22)

Z 0.0193 0.1192 0.9505| | B;

To simulate the image perceived by the elderly, X,(A), Y,(A), and Z,(A) are transformed

to RGB values using the inverse of Eq. (3.22).

34 Experimental Studies

A number of experimental studies were performed to evaluate the proposed method.
The transmittance functions of the LCD were measured to model the uniform yellowing
pigmentation and then verified with the results from previous works. Using several type of
images, the transition of the color perception of the elderly from different age groups were
also observed. Lastly, an artificial SPP3 color perception test was conducted to young
subjects and comparisons were made with the results from the clinical color perception
test provided by eye doctors (Tanaka et al., 2011).

Prior to the experimental studies, the LCD was calibrated using X-Rite i1Display 2
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based on SRGB color space and white point of D65. The gamma correction parameter, y
was set to 2.2. The calibration process ensures that the preciseness of color reproduction

on the LCD is within a very small range of error (Tanaka et al., 2011).

34.1 Simulation of Uniform Yellowing Pigmentation

In this experiment, firstly, the transmittance functions of the LCD DELL S2440L
were measured using a Konica Minolta CS-2000 spectral luminance radiometer in a
darkroom environment. It should be noted here, the transmittance functions may vary
slightly depending on the LCDs (Gibson & Fairchild, 2000). The normalized transmittance

functions of the LCD are shown in Figure 3.5.
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Figure 3.5: Normalized transmittance functions of LCD used in the experiment

Utilizing the values of the transmittance functions, the D65 spectral energy distribution,
and the CIE]1931 color matching functions, the effective tristimulus ratios were computed.
Then, the effective tristimulus ratios were converted into the effective RGB values. The
effective RGB values computed represent the simulated image of the proposed uniform
yellowing pigmentation. The simulated images of the uniform yellowing pigmentation are

illustrated in Figure 3.6. It can be observed that as age increases, the simulated uniform
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yellowing pigmentation becomes yellower, which is consistent with the results found in

Artigas et al. (2012) and Romano et al. (2011).

() (b) (©)

(d) (e) ®)

(g (h) ()
Figure 3.6: The simulated uniform yellowing pigmentation for age (a) 40 years old;
(b) 45 years old; (c) 50 years old; (d) 55 years old; (e) 60 years old; (f) 65 years old;
(g) 70 years old; (h) 75 years old; (i) 80 years old

Two tests were then conducted in order to verify that the proposed method has similar
characteristics with the yellowing of the human crystalline lens found in previous works.
As mentioned in Artigas et al. (2012), Pokorny et al. (1986), and Said and Weale (1959),
the amount of blue light penetrating into human eyes decreases significantly after the age
of 60. Thus, to compare their results with the proposed method, the effective RGB values

as shown in Figure 3.7 were plotted. It can be seen that the effective value for blue, B,
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decreases significantly after the age of 60, which is in agreement with the results in Artigas

et al. (2012), Pokorny et al. (1986), and Said and Weale (1959).
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Figure 3.7: Age-related change of the effective RGB values for the simulated uniform
yellowing pigmentation

The D65 white point was simulated using the proposed method, and the chromaticity
points were plotted together with the results from the clinical studies (Artigas et al., 2012;

Romano et al., 2011) as shown in Figure 3.8. The results in Artigas et al. (2012) were
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Figure 3.8: Comparison of the chromaticity points of the D65 white point between
the proposed method and the results from the clinical studies

obtained from human eyes used for corneal transplants while the results in Romano et al.
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(2011) were obtained from freshly enucleated human eyes.

It can be observed that as age increases, the chromaticity of the simulated D65 white
point shifts to the yellow region of the chromaticity diagram. This is consistent with the
results obtained in Artigas et al. (2012) and Romano et al. (2011). Based on the results of
both tests, it can be deduced that the uniform yellowing pigmentation simulated by the
proposed method has similar characteristics with the yellowing of the human crystalline

lens.

34.2 Simulation of the Color Perception of the Elderly

To observe the transition of the color perception of the elderly from different age
groups, three Macbeth ColorCheckers color patches (blue sky, green, and moderate red),
three synthesized images created using Munsell colors, and three real images from LIVE
database (Sheikh, Sabir, & Bovik, 2006) as perceived by the elderly aged 60, 70 and 80
years old were simulated using the proposed method. The original and simulated images
are shown in Tables 3.1 to 3.3.

As shown in Table 3.1, as age increases, the blue sky color patch loses its bluish element.
This is because the uniform yellowing pigmentation absorbs more blue stimulation than the
red and green stimulations of the image. This is similar to the results in Norren and Vos
(1974), Pokorny et al. (1986), Ruddock (1965b), and Said and Weale (1959). Their work
shows that as human age increases, the amount of blue light that arrives into human eyes
is less than green and red light. Moreover, all three color patches become darker as age
increases. Other than the uniform yellowing pigmentation, this is also due to the retinal
illuminance model in which the reduced pupil size causes the effective light reaching the
retina to reduce proportionally (Weale, 1961a, 1961b; Werner et al., 1990).

It can also be observed from Table 3.2 that as age increases, the purple and light blue

color blocks from the first synthesized image look like brown and beige respectively. In
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Table 3.1: MacBeth ColorCheckers color patches and its simulated images as percei-
ved by 60, 70, and 80-year old elderly using the proposed method

Original image 60 years old 70 years old 80 years old

addition, yellow and cream color blocks in the second synthesized image look almost the

same in the simulated image of the 80-year-old. Furthermore, the two blue color blocks in
the second and third synthesized images lose their blueness and look more greyish as age
increases. Thus, these may create confusion in the elderly. As reported in K. Ishihara et
al. (2001), elderly may have difficulty finding goods in stores because of the confusion
that occurs when looking at the color displays. Moreover, these confusions increase their
response time and reduce their response speed in making decisions (T. Suzuki et al., 2005;
T. Suzuki, Qiang, Sakuragawa, Tamura, & Okajima, 2006).

For real images, change in color perception can be observed in the first real image as
the blue cap looks darker in the simulated image of the 80-year-old. This is illustrated in
Table 3.3. The same applies to the red parrot in the second real image. Originally, the

wing of the red parrot consists of blue and green colors. However, in the simulated image
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Table 3.2: Synthesized images and its simulated images as perceived by 60, 70, and
80-year old elderly using the proposed method

Original image 60 years old 70 years old 80 years old

of the 80-year-old, the wing loses its blueness. In addition, as age increases, the images

become yellowish and darker than the original images. These results may cause the elderly
to experience color perception loss, and they may face difficulties in differentiating colors
in their daily activities, which is also stated in K. Ishihara et al. (2001), Schneck et al.
(1993), T. Suzuki et al. (2005), T. Suzuki et al. (2006), and Yoshida and Sakuraba (1996).

Based on these results, the transition of the color perception of the elderly can be
simulated using the proposed method. Furthermore, the images produced from the proposed
methods have similar effects as shown in previous works (Norren & Vos, 1974; Pokorny
et al., 1986; Ruddock, 1965b; Said & Weale, 1959; Weale, 1961a, 1961b; Werner et al.,
1990). To further evaluate the effectiveness of the proposed method, further evaluation

tests were conducted in the next experiment.
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Table 3.3: Real images and its simulated images as perceived by 60, 70, and 80-year
old elderly using the proposed method

Original image 60 years old 70 years old 80 years old

343 Artificial SPP3 Color Perception Tests

The Standard Pseudoisochromatic Plates (SPP) color perception test is an effective
screening test to assess the color perception of humans (Haskett & Hovis, 1987). Thus, in
order to observe the similarity between the simulated elderly color perception with the
actual elderly color perception, an artificial SPP3 color perception test was conducted. The
SPP3 color perception test is a combination of the congenital (SPP1) and acquired (SPP2)
color blindness test (Haskett & Hovis, 1987). Ten test images from SPP3 color perception
test were utilized in the artificial SPP3 color perception test. These images were simulated
as perceived by the 80-year old using the proposed method and Tanaka’s method (Tanaka
et al., 2011). The SPP3 test images and their simulated images are shown in Figures 3.9 to
3.11.

The subjects who attended this experiment were 22 undergraduate students between the
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Figure 3.9: The Standard Pseudoisochromatic Plates 3 (SPP3) test images (a) no.1(2);
(b) n0.2(57); (c) no.3(42); (d) no.4(63); (e) no.5(67); (f) n0.6(98); (g) no.7(52); (h)
no.8(26); (i) n0.9(35); (j) no.10(43)

(a) (b) (©) (d) (e)
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Figure 3.10: The Standard Pseudoisochromatic Plates 3 (SPP3) testimages simulated
as perceived by the 80-year old using the proposed method (a) no.1(2); (b) no.2(57);
(¢) no.3(42); (d) no.4(63); (e) no.5(67); (f) no.6(98); (g) no.7(52); (h) no.8(26); (i)
no0.9(35); (j) no.10(43)

age of 18 and 20 years with a mean age of 18.77. Experiments using young subjects to study
the color perception of the elderly have been conducted in previous works (K. Ishihara et
al., 2001; Okajima & Takase, 2001; T. Suzuki et al., 2006; Tanaka et al., 2011). As adopted
in Tanaka et al. (2011), the color constancy hypothesis was not taken into consideration
during the artificial color perception test. By adopting this, the yellowing pigmentation

from Tanaka’s method and the proposed method change the luminosity and the chromaticity

of the color perception of the elderly.
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Figure 3.11: The Standard Pseudoisochromatic Plates 3 (SPP3) testimages simulated
as perceived by the 80-year old using Tanaka’s method (a) no.1(2); (b) no.2(57); (¢)
n0.3(42); (d) no.4(63); (e) n0.5(67); (f) n0.6(98); (g) no.7(52); (h) no.8(26); (i) no.9(35);
(j) no.10(43)

The artificial color perception test was conducted in a darkroom environment. The
distance between the subject and the LCD was approximately 60 cm. Each test image
was displayed for 2 seconds and the interval between test images was 2 seconds. The

conditions of the artificial color perception test are summarized in Table 3.4.

Table 3.4: Conditions of artificial color perception test

Item Condition
Distance between LCD and subject 60 cm
Display time for each test image 2 seconds
Interval time between test images 2 seconds
Location of test image on LCD Center
Size of test image 512 x 512 pixel

(0.27 mm/pixel)
Background surrounding test image Gray

Environmental condition Darkroom

During the artificial color perception test, the test images were shown one at a time
to each subject. Moreover, for each method, the test was conducted over two rounds. In
the first round, the 10 images shown had the same numbers and background of SPP3

test images. In the second round, the 10 images shown had different numbers, and were
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presented in a different order from the previous round. This was to avoid habituation by
the subjects.

Subjects had to recognize the numbers shown on the images whose colors had been
simulated as perceived by the 80-year old. Each time a subject failed to recognize a number
shown on a test image, it was considered as one error for that particular number. The
average error ratio obtained from the experiment for both methods are shown in Figure
3.12 and compared with the results from the clinical color perception test obtained from

eye doctors (Tanaka et al., 2011).

Figure 3.12: Average error ratio of the SPP3 color perception test

From Figure 3.12, it can be observed that the results from the proposed method are closer
to the results of the clinical color perception test than the results from the Tanaka’s method
(Tanaka et al., 2011). This shows that the accuracy of mimicking the color perception of
the elderly is fairly improved using the proposed method.

Based on Figure 3.12, results from the clinical data show that the elderly had difficulty
recognizing the first number on test image no.2(57). The same thing happened to the
subjects of the SPP3 artificial color perception test. Subjects had difficulty recognizing
number 5 on the simulated images since the color looks similar to the background as shown

in Figures 3.10 and 3.11. The error rates for the first number in the test images no.4(63),
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n0.5(67), and no.10(43) were also high due to this reason.

On the other hand, for the test image no.6(98), the error rate was low because the colors
of the numbers on the simulated images are slightly different from the background and
could still be recognized by the subjects. As shown in Figures 3.10 and 3.11, both numbers
9 and 8 can still be differentiated from the background. Due to the same reason, the error

rates for the test images no.1(2), no.3(42), no.6(98), and no.7(52) were also low.

(a) (b) ()

® ()

Figure 3.13: (a)-(c) Test images no.2(57), no.3(42), and no.6(98) showing the rec-
tangular section; (d)-(f) Rectangular sections of the respective test images; (g)-(i)
Rectangular sections of the respective test images with numbering

A further experiment was conducted to investigate the difference between the simulated
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images from the proposed method and Tanaka’s method (Tanaka et al., 2011). As shown

in Figure 3.13, a rectangular section from number 5 on the test image no.2(57), number

2 on the test image no.3(42), and number 9 on the test image no.6(98) were cut and the

circles were numbered according to their color. Circles 1 and 3 represent the colors of the

number on the test images while circles 2 and 4 represent the background colors.

The rectangular sections were simulated as perceived by the 80-year-old using both

methods and the CIEDE2000 color difference, AEyy (Sharma, Wu, & Dalal, 2005) of the

adjacent circles were computed. Tables 3.5 to 3.7 show the color difference values between

the adjacent circles for both simulated images.

Table 3.5: Color difference AE(, of the adjacent circles of the rectangular section

from test image no.2(57)

Circles

Proposed method  Tanaka’s method

1 and 2

land 3

1 and 4

2 and 3

2and 4

3and 4

3.8443

2.2282

5.1708

4.9888

5.8732

7.0896

5.2762

3.8877

4.7688

4.3213

6.9330

8.1193

Table 3.6: Color difference AE(, of the adjacent circles of the rectangular section

from test image no.3(42)

Circles

Proposed method  Tanaka’s method

1 and 2

1 and 3

1 and 4

2 and 3

2and 4

3and 4

12.9225

4.4172

19.9488

15.4046

3.6512

19.7509

15.7776

4.0841

20.8867

16.0424

4.9521

17.7028
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Table 3.7: Color difference AE(, of the adjacent circles of the rectangular section
from test image no.6(98)

Circles  Proposed method Tanaka’s method

1and 2 16.5334 16.7848
land3 2.0988 3.6148
1and 4 4.4597 18.1432
2 and 3 10.1937 10.6438
2 and 4 4.0640 3.3931
3 and 4 18.9405 15.6612

It can be seen from the tables that most of the color differences AEy between horizontal
adjacent circles of the proposed method are smaller than those of Tanaka’s method. This
means that the colors of circles 1 and 3 are almost similar to the colors of circles 2 and 4.
It is more difficult for the subjects to recognize number 5, number 2, and number 9 on
the simulated test images from the proposed method than the simulated test images from
Tanaka’s method. Therefore, the error rate of the proposed method is higher than the error
rate of Tanaka’s method. Moreover, the results from the proposed method are closer to the

results of the clinical color perception test.

3.5 Summary

Currently, color images are extensively used to showcase information via websites
and smartphone applications. Due to the yellowing on the human crystalline lens, the
ability of humans to differentiate colors reduces as age increases, and this may cause
confusion and misinterpretation of information by the elderly. Hence, understanding color
perception of the elderly is essential in order to minimize this problem. Previous works on
color perception of the elderly utilized the non-uniform yellowing pigmentation method.
However, recent clinical studies have shown that a uniform yellowing pigmentation occurs

on the human crystalline lens. Therefore, in this chapter, we have proposed a mathematical
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model of the uniform yellowing pigmentation to mimic the color perception experienced
by the elderly.

Results obtained from the experimental studies conducted are in agreement with the
results obtained from previous works on color perception of the elderly. In the artificial
color perception test, the proposed method performed better than the non-uniform yellowing
pigmentation method. Moreover, the results from the proposed method are also closer
to the results of the clinical color perception test. Based on these results, the effect
of the uniform yellowing pigmentation on the color perception of the elderly has been
identified. Therefore, implementing the inverse computation of the proposed method,
website designers and smartphone application developers can choose better color schemes
to represent their information. Thus, misinterpretation of information by the elderly can be
avoided. Moreover, designers and architects can produce better visual color representations

for the elderly to experience the built environment safely and with confidence.
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CHAPTER 4: COLOR PERCEPTION OF RED-GREEN DEFICIENTS

This chapter presents an overview of the color perception of red-green deficients.
Mathematical algorithms that model their color perception are also described. Some of the
image recoloring methods for red-green deficients are briefly discussed. However, each
method has its own disadvantages, especially in preserving the naturalness of the recolored
images. Therefore, this chapter proposes a simple and efficient recoloring method that
enhances color perception and also maintains the naturalness of the images perceived by

red-green deficients.

4.1 Introduction

Color vision, which interprets information from the visible light to form the visual color
perception of the surrounding world, is one of the process carried out by the human central
nervous system. People with normal color vision, or trichromats, have three independent
channels to convey information of colors (Vienot, Brettel, Ott, M’Brek, & Mollon, 1995).
These three independent channels are cone photoreceptors which are sensitive in the red,
green, and blue spectral range in human eyes, and they are generally represented by the long
(L), medium (M), and short (S) cone respectively (Hassan et al., 2015; Hunt, 2004; Vienot
et al., 1995). About eight percent of the male population have some kind of inherited color
vision deficiencies (Ching & Sabudin, 2010; Semary & Marey, 2014). These are caused
by alterations in the opsin gene array in the X chromosome (Sharpe, Stockman, Jagle, &
Nathans, 1999). Dichromacy is one of the inherited color vision deficiencies, and it occurs
when one of the cones is absent or not functioning. Thus, individuals with dichromacy, or
dichromats, experience color perception in a two-dimensional color space (Judd, 1949;
Vienot et al., 1995).

Dichromacy can be further classified into three categories depending on which cone
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carries the defect (Neitz & Neitz, 2011). Protanopia, also known as red-deficiency,
occurs when the defect is on the L-cone that carries red sensitivities. Deuteranopia also
known as green-deficiency, occurs when the M-cone that carries green sensitivities is
deficient. People with red-deficiency and green-deficiency are called protanopes and
deuteranopes respectively. Both these categories are also called red-green deficiency
(Alvaro, Linhares, Moreira, Lillo, & Nascimento, 2017; Moreira et al., 2018). People
with red-green deficiency have difficulty in distinguishing between these two colors (Judd,
1949; Ching & Sabudin, 2010); they view red and green as yellow, orange, and beige
(Alvaro, Moreira, Lillo, & Franklin, 2015; Alvaro et al., 2017). This creates confusion
and may cause misinterpretation of information (Suetake et al., 2012). Another type
of dichromacy is called tritanopia, in which the S cone that carries blue sensitivities is
deficient. Tritanopia is also known as blue-yellow deficiency where people with tritanopia
have difficulty to distinguish shades of blue and yellow. However, people with tritanopia,
or tritanopes, comprise less than one percent of the male population (Moreira et al., 2018).

People with dichromacy or any other type of color vision deficiency experience great
difficulty with color discrimination that not only affects their social life but may also
affect their careers (Cole, 2007; Tagarelli et al., 2004). In order to understand color
experience of dichromats, several methods to simulate their color perception have been
proposed. Although it seemed impossible at first to know their color perception, a few
individuals have been discovered to have one protanopia, deuteranopia, or tritanopia eye
and one normal eye. These individuals are known to have unilateral protanopia, unilateral
deuteranopia, and unilateral tritanopia respectively. Research on these individuals shows
that a stimulus of 575 nm is perceived as the same yellow, and a stimulus of 475 nm as
the same blue, by trichromats, protanopes, and deuteranopes (Judd, 1949). In the case of

unilateral tritanopia, the corresponding two hues that are viewed similarly by trichromats
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and tritanopes are a red with a dominant wavelength of 660 nm and a blue-green with a
dominant wavelength of approximately 485 nm (Alpern, Kitahara, & Krantz, 1983).
Based on this information, dichromats confusion lines or dichromatic isochromatic
lines, exist and converge at a single point for each type of color vision deficiency (Birch,
1972). The confusion line for protanopia, deuteranopia and tritanopia are shown in Figures
4.1(a) to 4.1(c). Colors represented along such a line are perceived as identical if no

luminance contrast is present.

(@) () (©
Figure 4.1: Confusion lines in the CIE 1931 color space for (a) protanopia; (b)
deuteranopia; (c¢) tritanopia (Daniel, 2010)

Based on these findings, Meyer and Greenberg (1988) proposed a color reproduction
method by utilizing the CIE color matching functions to produce an image that approximates
the image seen by dichromats. Their work is considered a pioneer work in using color
television displays and digitally controlling it to identify dichromatic color perception.
Brettel et al. proposed a computerized simulation of dichromatic vision (Brettel et al.,
1997). Their aims are to reproduce dichromatic color perception and also offer a plausible
dichromatic color appearance to trichromats. Moreover, protanopes and deuteranopes
confirmed that the colors produced by Brettel’s algorithm are accurate. Further experiments
on Brettel’s algorithm by Vienot et al. produced the linear transformations from trichromatic
color perception to dichromatic color perception (Vienot et al., 1999).

Another model to simulate the color perception of dichromats was proposed by Wachtler
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et al. (2004). The key feature of their model is the processing of the photoreceptor signals in
parallel channels with different gains and nonlinearities. Meanwhile, Capilla, Diez-Ajenjo,
et al. (2004) introduced an alternative algorithm called the corresponding-pair procedure .
However, this procedure can only be applied to color models that fulfill certain conditions.
Furthermore, Capilla, Luque, and Diez-Ajenjo (2004) utilized different color vision models
to represent dichromatic color perception. In this method, they implemented either a
cone-loss model, setting the appropriate cone responses to zero, or a cone-replacement
model, in which the L cone becomes an M cone for protanopia and the M cone becomes
an L cone for deuteranopia.

A more recent work conducted by Machado et al. (2009) presents a physiologically
based model to simulate dichromatic color perception. Their model is based on the stage
theory of human color vision and is derived from the data obtained in electrophysiological
studies. Their work not only simulates dichromatic color perception, but it can also be
utilized to represent anomalous trichromacy. Meanwhile, Lee and dos Santos (2011)
modified Brettel’s algorithm (Brettel et al., 1997) using an adaptive fuzzy-based system to
represent the linear transformation of anamolous trichromacy. Furthermore, a two stage
model of dichromatic color perception is introduced by Rodriquez-Pardo and Sharma
(2011). Their model consists of a first sensor stage with per-channel gain control and a
second opponent encoding stage. However, although their model is in agreement with
the perceptual data, they have not performed any psychophysical validation to verify their
model. Of all the models discussed above, Brettel’s algorithm (Brettel et al., 1997; Vienot
et al., 1999) is the most accepted method due to its mathematical simplicity and its usability
in expressing dichromatic color perception.

Utilizing Brettel’s algorithm to simulate dichromatic color perception, several methods

using different strategies have been proposed to enhance the visual details missed by
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dichromats. Most of the recoloring methods proposed for dichromacy focus on protanopia
and deuteranopia. This is due to the fact that protanopia and deuteranopia are from
the red-green deficiency group that corresponds to over 99.9 percent of all color vision
deficiency cases worldwide (Sharpe et al., 1999). Rigden (1999) created color palette for
protanopia and deuteranopia based on the standard 216-color web-safe palette. Another
method for website color modification was proposed by Ichikawa et al. (2003). They
proposed an automatic color arrangement optimization process using a genetic algorithm
known as the robust optimization method. Wakita and Shimamura (2005) proposed a
repainting system called SmartColor which replaces the set of colors used in the original
documents with another set of colors. However, although these methods help designers
plan a proper color scheme for their designs, these methods are not suitable for natural
images since they consist of limited colors. Moreover, the use of a limited number of
colors may harm a designer’s creativity.

To overcome this issue, Yang and Ro (2003) proposed an adaptive recoloring method
that allows color adaptation at anytime and anywhere according to the type and severity
of the color vision deficiency. Their color adaptation method consists of two stages;
hue adaptation and saturation adaptation. Meanwhile, Jefferson and Harvey proposed a
recoloring method that selects key colors from the difference between the original image
and dichromat perceived image histograms (Jefferson & Harvey, 2006). They utilize four
objective functions to preserve brightness, color contrast, colors in available gamut, and
color naturalness.

Another recoloring process was proposed in Anagnostopoulos et al. (2007). Their
method implemented logical image masking in order to modify the colors that are confused,
and to preserved colors that are perceived correctly. To improve the efficiency of this

method, Doliotis et al. (2009) added a color clustering process to automatically differentiate
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between colors that need to be recolored and colors that need to be preserved. However,
this method implemented a complex computational algorithm that may not be suitable for
practical applications.

Rasche et al. (2005a) proposed an automatic recoloring method that implemented an
optimization process using an affine transformation in order to preserve the perceptual
color differences between all pairs of colors. However, this method does not capture
the color variation along many directions and does not ensure that the mapped colors
are all within the available color gamut. To address this limitation, they implemented
a constrained multivariate optimization procedure applied to a reduced set of quantized
color, which are then used to optimize the entire set of colors (Rasche et al., 2005b). Even
though they improved their previous method, they did not take into consideration the
problem of naturalness preservation, and the method can arbitrarily change all the colors
of the original images.

One of the concerns in the recoloring method for dichromats is to preserve the naturalness
of the recolored images. Kuhn et al. (2008) proposed a naturalness-preserving recoloring
method by implementing a mass-spring system to optimize the colors in the input image
and enhance the color contrast for dichromats. However, this method did not preserve
the temporal coherence of the images. Thus, Machado and Oliveira (2010) proposed an
automatic image-recoloring technique for enhancing color contrast for dichromats while
maintaining the temporal coherence of the images. Moreover, due to this characteristic, it
is also suitable for video recoloring. Although this technique is better than Kuhn’s method,
this method is more suitable to recolor scientific visualization images.

In natural images, the number of colors may be less than the whole range of the color
spectrum. Hence, there are a lot of color redundancies that can be utilized. By exploiting

the color redundancies, Ma et al. (2006) proposed a nonlinear transformation method.
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Their method uses the self-organizing map to change the colors. This method has two
advantages: global nonlinearity, which is more effective that linearity or local nonlinearity
and adaptability, which makes the practical implementation more viable.

Huang et al. (2007) developed a recoloring process that can automatically construct a
transformation process which maintains the visual details for dichromats and preserves the
naturalness for trichromats. Their method utilized a rotational process in CIELAB color
space to transform the colors in the image while maintaining the luminance of the original
image. However, the results from this method may not be depictive enough. In Huang et
al. (2009), they proposed another recoloring method that implemented a more depictive
strategy: the Gaussian Mixture Model (GMM) together with the Expectation-Maximization
(EM) algorithm to represent the colors in the images. Using the optimization process, they
determined the optimal mapping to maintain the color contrast between a pair of colors.
The optimal mapping functions are then used in the recoloring process.

Recently, Ribeiro and Gomes (2013) proposed a simpler recoloring method by imple-
menting the Hue-Saturation-Value (HSV) color model. Their main objective is to avoid
confusion between red and green colors. To achieve that, they remapped the confused
colors using trivariate recoloring and hue remapping functions. These functions ensure
that any two different colors are mapped into two distinct colors.

Although all the aforementioned recoloring methods enhance the visual details and
improve the color perception of the red-green deficients, the recolored images may look
nonpleasing to trichromats (Huang et al., 2007; Jeong et al., 2011). Moreover, the
recoloring methods may potentially change all the colors of the original images and thus,
may make the recolored images look unnatural to the red-green deficients as well (Kuhn et
al., 2008). If the recoloring method focuses only on the needs of red-green deficients, these

recolored images may appear awkward to trichromats. On the other hand, if the needs of
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the red-green deficients are not taken into consideration, they may face difficulties when
looking at the images. This may happen in public places such as in airports, shopping
malls, and train stations where color images used in advertisements and maps are observed
by both trichromats and red-green deficients. Thus, it is important to have a recoloring
method that takes into consideration the needs of both parties.

Therefore, this chapter proposes a simple and efficient recoloring method that improves
visual details and color perception of the red-green deficients and also preserves the
naturalness of the recolored images for both trichromats and red-green deficients. The main
advantage of the proposed method is that it recolors the colors confused by the red-green
deficients with colors that have the same hue as the original. Moreover, the recolored
images have the same luminance as the original images. The proposed method consists
of two main parameters: error parameters and a rotation parameter. These parameters
are used to compute the modified error parameters that will be distributed back into the
original colors. The rest of the chapter is organized as follows. Section 4.2 describes the
fundamental algorithm of the color perception of dichromats. The proposed recoloring
method is described in Section 4.3. The performance of the proposed recoloring method
and comparison with other recoloring methods are discussed in Section 4.4. Lastly, the

chapter conclusion is presented in Section 4.5.

4.2 Dichromatic Color Perception Model

Of all the models that represent the dichromatic color perception, Brettel’s algorithm
(Brettel et al., 1997; Vienot et al., 1999) is the most accepted model due to its mathematical
simplicity and its usability in expressing the color discrimination of dichromats. Hence,

this section describes Brettel’s algorithm.
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4.2.1 Brettel’s Algorithm

Brettel’s algorithm (Brettel et al., 1997; Vienot et al., 1999) represents color stimuli as
a vector in a three-dimensional LM S color space. The LM S color space is specified by
the peak responses of the three types of cones for the human eye, which are named after
the human eyes cone photoreceptors which are long (L), medium (M), and short (S).

Thus, to implement Brettel’s algorithm, color images need to be transformed to the
LMS color space. This is done first by transforming the RG B color space to the XY Z color
space using the transformation matrix obtained via Judd-Vos colorimetric modification

(Travis, 1991; Vienot et al., 1999)

X 40.9568 35.5041 17.9167| |R

Y| =121.3389 70.6743 7.98680| |G 4.1)

zZ 1.86297 11.4620 91.2367| |B

Then, the XY Z color space is transformed to LM S color space according to Smith and

Pokorny (1995)
L 0.15514 0.54312 -0.03286| | X

M| = 1-0.15514 0.45684 0.03286 | |Y (4.2)

S 0 0 0.01608 | |Z

For simplification, these computations can be combined as shown below:

L 17.8824  43.5161 4.11935( |R

M| =| 3.45565 27.1554 3.86714| |G (4.3)

S 0.0299566 0.184309 1.46709| |B

To understand the algorithm more clearly, a geometric representation of the algorithm is

shown in Figures 4.2 and 4.3. As shown in Figures 4.2 and 4.3, in dichromatic vision, the
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475 nm

Figure 4.2: Geometric representation of the reduced stimuli surface for protanopia
and deuteranopia (Brettel et al., 1997; Vienot et al., 1999)

Figure 4.3: Geometric representation of the reduced stimuli surface for tritanopia
(Brettel et al., 1997; Vienot et al., 1999)

LMS color space is reduced to two color domains which include the origin O, the nominal
white stimulus W, and the neutral color stimulus E. In these figures, OF represents the
neutral stimuli for dichromats as well as for trichromats. The neutral axis OF divides the
surface of the reduced stimuli into two half-planes, each of which is anchored on a point

specifying an invariant hue for a given type of dichromat.

57



The wings from OFE toward the 475 nm and 575 nm locations represent the reduced
stimuli surface for protanopia and deuteranopia stimulation as shown in Figure 4.2.
Meanwhile, the wings from OF toward the 485 nm and 660 nm locations represent the
reduced stimuli surface for tritanopia as shown in Figure 4.3. For any given stimulus Q
located on the LM S color space, Brettel’s algorithm replaces the undetermined component
of a dichromat by the value corresponding to the projection of Q onto the wing, parallel to
the direction of the missing fundamental axis.

Using vector algebra, the equation for any given stimulus Q’ on a plane defined by
the origin O, the monochromatic anchor stimulus A with coordinates of (L4, M4, S4) and

stimuli E with coordinates of (Lg, Mg, Sg) is given as

(ExA)Q’ =0 (4.4)

since Q’ is always orthogonal to the normal vector E X A of the plane. Solving the plane

relation gives the linear equation of the stimulus Q’ with coordinates (Lo, My, Sp) as

a/LQ + ﬁMQ + ’)/SQ =0 4.5)
with
a = MESA - SEMA (4.6)
B =SgLa— LgSa 4.7)
Y = LgMa — MLy (4.8)

From these relations, the reduction of the normal color domain to the dichromatic color

domain maintains the unaffected values that correspond to the existing photoreceptors.
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Thus, the replacement tristimulus values corresponding to the missing photoreceptor is,

for the protanopia

for the deuteranopia,

and for the tritanopia

[, - M+
a

M, = —(aL +vyS)
B

5 _ ~lal+pM)
Y

where L, M, S are the values obtained in Eq. (4.3).

4.9)

(4.10)

(4.11)

Further experiments by Vienot et al. produced the linear transformation from trichroma-

tic vision to the red-green deficiency using the following transformation matrices (Vienot

et al., 1999). For protanopia,

and for deuteranopia,

0 2.02344 -2.52581

0 1 0
0 0 1
1 0 0

0.494207 0 1.24827

0 0 1

(4.12)

(4.13)

Finally, to form the image viewed by protanopes and deuteranopes, the LM S values

obtained from Eq. (4.12) and Eq. (4.13) are transformed back to the RGB color space

using the inverse of Eq. (4.3).
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Table 4.1 illustrates the color perception of protanopes and deuteranopes using Brettel’s
algorithm for natural images taken from Kuhn et al. (2008), Martin, Fowlkes, Tal, and
Malik (2001), and Rasche et al. (2005b).

Table 4.1: Color perception of the red-green deficiency

Original image Protanopia Deuteranopia
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4.3 Proposed method - Naturalness Preservation Recoloring Method

This section proposes a simple and efficient recoloring method that enhances visual
details and improves the color perception of the red-green deficients. The proposed method
also maintains the naturalness of the recolored image for both trichromats and red-green
deficients. To achieve these objectives, the proposed method adopts two premises. First,
the luminance of the recolored image is the same as the luminance of the original image.
Second, the recolored image has the same hue as the original image.

In the proposed method, the original image and the image perceived by the red-green
deficients are converted into the XY Z color space. The XY Z color space is chosen as the
working domain because it encompasses all color sensations that a human can perceive and
is formulated based on the RG B version of the human eye (Fairchild, 2005). Moreover, the
XY Z color space can be easily mapped to many alternative RGB color spaces by simply
choosing any point of the chromaticity diagram.

To maintain the same luminance, the XY Z tristimulus values for both images are
normalized. The error parameters and rotation parameter are then computed. These
parameters are used to compute the modified error parameters. To obtain the recolored
image, the modified error parameters are distributed back to the original image but in such
a way that it increases the blue stimulation of the recolored image while maintaining the
same hue as the original image. The overall process of the proposed method is summarized
in Figure 4.4.

To start the recoloring process, the original image, R,, G,, B, and the image perceived
by red-green deficients Ry, Gy, B, are converted to X,,Y,, Z, and X, Y, Z; respectively
using Eq. (4.1). Next, both sets of tristimulus values are normalized so that the value
of the luminance Y, and Y; are set to 100. This is so that the luminance of the recolored

image can be maintained as similar to the original one. Thus, the normalized tristimulus

61



Figure 4.4: Overall process flow of the proposed image recoloring method

values of the original image and the image perceived by red-green deficients are given as
Xons Yons Zon and X, Y, Z, respectively.

Based on Brettel’s algorithm (Brettel et al., 1997; Vienot et al., 1999), it is evident that
the red-green deficients have difficulty discriminating colors and thus changing their color
perception. Hence, the error parameters are defined as the absolute difference between
the normalized tristimulus values of the original image and the image perceived by the
red-green deficients. Since Y,, and ¥;, have the same value, there are only two error

parameters that need to be computed, E, and E,.

E, = |X0n - Xml (414)

Ez = |Zon - snl (4-15)

In the proposed method, we modified the error parameters by adopting a rotation
operation in the X Z plane in order to transform the information of X onto the Z-axis. The
rotation operation is performed according to the value of the rotation parameter, ¢. In
order to compute the rotation parameter, ¢, the normalized X and Z values of both the

original image and the image perceived by red-green deficients are plotted on the X Z plane
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as illustrated in Figure 4.5.

Figure 4.5: Angles of elevation of the normalized X and Z values

Based on Figure 4.5, the angles of elevation from the X-axis are computed for both

points and they are defined as

ZO}’!
0,, = tan™! (X ) (4.16)
on
Z
0, = tan™" (X—”) 4.17)
SN

Hence, the rotation parameter, ¢, is defined as the absolute difference between the angles

of elevation, 6,, and 0.

¢ = |90n_9sn| (4“18)

As illustrated in Figure 4.6, the error parameters are plotted on the XZ plane and the
point is rotated according to the rotation parameter, ¢. The rotation operation increases
the value of E, which is related to the error of the blue stimulation and simultaneously

decreases the value of E,. From the rotation operation, the value of E, and E, are
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Figure 4.6: Rotation operation of the error parameters

modified to E, and EZ respectively. Mathematically, E, and EZ can be formulated as

matrix multiplication.

Ex cos¢p —sing| |E,
- (4.19)

sing cos¢ | |E;

Al

The modified error parameters E, and EZ are distributed back to the normalized

tristimulus values of the original image X, Yon, Zon as shown below.

X, =X,, + E, (4.20)
Y, =Y (4.21)
7= Zon + (Ex + EZ) 4.22)

The E  and EZ are both added into Z,, in order to increase the blue stimulation of the

recolored image so as to enhance the color perception of the red-green deficients. Moreover,
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the distribution process recolored the original image with the colors of the same hue so as
to preserve the naturalness of the original image from a trichromat’s point of view.
Finally, the recolored tristimulus values 5(\,1, ?n, Zn are un-normalized and converted back
to the RGB values using the inverse relation of Eq. (4.1). The recolored image perceived
by red-green deficients can be observed using Brettel’s algorithm (Brettel et al., 1997;

Vienot et al., 1999).

4.4 Experimental Studies

In this section, two experimental studies were performed to evaluate the proposed
method. The naturalness error, E,,; (Huang et al., 2007; Jeong et al., 2011) and the
Feature Similarity chrominance (FSIMc) index (Zhang, Zhang, Mou, & Zhang, 2011)
were computed to objectively evaluate the effectiveness of the proposed method and other
recoloring methods in preserving the naturalness of the recolored images. Moreover, a
visual comparison of the protanopic and deuteranopic views of the recolored images was
also performed.

Lastly, paired comparison tests (Thurstone, 1927) were conducted with trichromats and
red-green deficients in order to evaluate the performance of the proposed method in terms
of the naturalness preservation of the recolored images and the overall preference.

Prior to the studies, the LCD was calibrated using X-Rite i1Display 2 based on sSRGB
color space and white point of D65. The gamma correction parameter, y was set to 2.2.
The calibration process ensures that the preciseness of color reproduction on LCD display

is within a very small range of error (Tanaka et al., 2011).

4.4.1 Objective Evaluations
In this experiment, 6 natural images taken from Kuhn et al. (2008), Martin et al. (2001),

and Rasche et al. (2005b) were utilized. The proposed method was compared with two
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recoloring methods: Huang’s (Huang et al., 2009) and Ribeiro’s methods (Ribeiro &
Gomes, 2013). These two methods were chosen for comparison because they implemented
a similar recoloring framework as the proposed method in which the original images are
recolored instead of the images perceived by the red-green deficients.

The images were recolored using the proposed method, Huang’s method (Huang et al.,
2009), and Ribeiro’s method (Ribeiro & Gomes, 2013). Then, to observe how protanopes
and deuteranopes view the recolored images, the recolored images were simulated using
Brettel’s algorithm (Brettel et al., 1997; Vienot et al., 1999). To objectively evaluate the
performance of these three recoloring methods, the naturalness error, E,,; (Huang et al.,
2007; Jeong et al., 2011) of the recolored images was computed. The naturalness error is
defined as

2 (4.23)

Enar = Z ”Cz - éi
i

where i ranges over the colors contained in the images, C is the original image and C is the
recolored image. Table 4.2 shows that the proposed method produced recolored images
that have the smallest naturalness errors. This means that the proposed method produces
recolored images that have a better degree of correspondence with the original images than
the other two recoloring methods.

Table 4.2: Naturalness error, E, , of the recolored images

Original image  Proposed method Huang’s method Ribeiro’s method

Red Berries 1,817 2,772 3,093
Apples 4,138 4,180 6,746
Red Flowers 3,051 9,915 4,049
Orange Flower 2,275 7,024 2,374
Peppers 2,408 3,702 3,761
Flowers 4,259 8,198 7,129
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In addition, the chrominance information of the recolored images with respect to
the original images was computed using Feature Similarity chrominance (FSIMc) index
(Zhang et al., 2011). Higher FSIMc index shows that the chrominance information of the
recolored images is closer to the chrominance information of the original images. Hence,
the recolored images with a higher FSIMc index look almost similar to the original images
from a trichromat’s point of view. As shown in Table 4.3, the recolored images from
the proposed method obtained the highest FSIMc index as compared to the other two
recoloring methods.

Table 4.3: Feature Similarity (FSIMc) index of the recolored images

Original image Proposed method Huang’s method Ribeiro’s method

Red Berries 0.986 0.974 0.965
Apples 0.974 0.889 0.920
Red Flowers 0.961 0.949 0.944
Orange Flower 0.988 0.928 0.973
Peppers 0.990 0.987 0.932
Flowers 0.967 0.953 0.917

Next, a visual comparison was conducted between the recolored images of the proposed
method and the other two recoloring methods. As shown in Tables 4.4 and 4.5, the
recolored images from the proposed method look more similar to the original images than
the recolored images from the other two recoloring methods. This is in agreement with the
results obtained in Tables 4.2 and 4.3. Since the proposed method recolors the red-green
deficients confused colors with colors that have the same hue as the original, the recolored
images maintain the naturalness of the original images as much as possible.

On the other hand, in Huang’s and Ribeiro’s methods, the recolored images lose
their naturalness as the red-green deficients’ confused colors are recolored with colors

that have different hues. Moreover, Huang’s method has the tendency to recolor colors
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Table 4.4: Recolored images and images perceived by the red-green deficients

Original image Perceived by protanopes  Perceived by deuteranopes

Proposed method

Recolored image Perceived by protanopes  Perceived by deuteranopes

Huang’s method

Recolored image Perceived by protanopes  Perceived by deuteranopes

Ribeiro’s method

Recolored image Perceived by protanopes  Perceived by deuteranopes

whose differences are perfectly visible to trichromats to colors that look identical to them

(Simon-Liedtke & Farup, 2016). Therefore, their recolored images may look weird and
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Table 4.5: Recolored images and images perceived by the red-green deficients

Original image Perceived by protanopes  Perceived by deuteranopes

Proposed method

Recolored image Perceived by protanopes  Perceived by deuteranopes

Huang’s method

Recolored image Perceived by protanopes  Perceived by deuteranopes

Ribeiro’s method

Recolored image Perceived by protanopes  Perceived by deuteranopes

unnatural. This can be observed from Table 4.4 where the color of the red berries are

recolored to orange and light blue by Huang’s and Ribeiro’s methods respectively. The
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same happened to the color of the red apples in Table 4.5 where Huang’s and Ribeiro’s
methods recolored the red apples with purple and blue respectively.

Images perceived by red-green deficients can also be observed in Tables 4.4 and 4.5.
From the results, it can be observed that all three methods enhance the visual details of
the original images. Moreover, compared to the original images perceived by red-green
deficients, all the recolored images improve the color perception of the red-green deficients.
As shown in Table 4.4, the red berries of the recolored images perceived by red-green
deficients are more visible as compared to the original image perceived by them. In
addition, the recolored images perceived by red-green deficients in Table 4.5 show the
difference between the green and red apples more clearly than the original image perceived
by them. However, in order to further evaluate the effectiveness of the proposed method and

other recoloring methods, subjective evaluations were conducted in the next experiment.

4.4.2 Paired Comparison Tests

In this experiment, paired comparison tests (Thurstone, 1927) were conducted with
trichromats and red-green deficients. The main objective of this experiment is to evaluate
the performance of the proposed method with Huang’s (Huang et al., 2009) and Ribeiro’s
methods (Ribeiro & Gomes, 2013) in terms of the naturalness preservation of the recolored
images and the overall preference by the trichromats and red-green deficients. Twenty-four
test images were utilized for protanopia and deuteranopia paired comparison tests and
these images are shown in Table 4.6.

There were a total of 36 pairs of test images for each paired comparison test and these
images were arranged side-by-side; (Or, P), (Or, H), (Or, R), (P, H), (P, R), and (H, R)
where Or stands for original image, P for the image recolored by the proposed method, H
for Huang’s method, and R for Ribeiro’s method. To avoid habituation, the order of the

images in each pair, as well as the order of each pair were defined randomly. These images
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Table 4.6: Images used in the paired comparison test

Original image Recolored images for protanopia test Recolored images for deuteranopia test
Proposed Huang’s Ribeiro’s Proposed Huang’s Ribeiro’s
method method method method method method

were displayed on a DELL S2440L LCD display at approximately 60 cm from the subject.

The trichromat subjects consisted of 15 volunteers between the ages of 20 and 34 years
with a mean age of 26.33. Meanwhile, for red-green deficients, the subjects consisted
of 11 male volunteers who declared themselves as color vision deficient. Their age
ranged between 11 and 37 years with a mean age of 27.64. The color vision deficient
volunteers were subjected to the Ishihara test (S. Ishihara, 1979) to confirm their color
vision deficiency. Based on the outcome of the Ishihara test, the 11 male volunteers were

classified as deuteranopes. It should be noted here that the Ishihara test cannot achieve a
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precise diagnosis of protanopia and deuteranopia. In order to obtain precise results, they
would have been required to submit to an anomaloscope test.

The subjects were then grouped into two groups; trichromats and deuteranopes. Each
subject is the trichromats group underwent two paired comparison tests. The first paired
comparison test was to evaluate the protanopia recolored images and the second one was
to evaluate the deuteranopia recolored images. Each subject in the deuteranopes group
underwent the paired comparison test for deuteranopia recolored images. During the
paired comparison test, each subject was asked to indicate their binary preference in terms
of the naturalness and their overall preference for the images.

The results obtained for the paired comparison tests were analyzed using Thurstone’s
Law of Comparative Judgment (Thurstone, 1927). Case V Law of Comparative Judgment
is a classical tool that ranks items based on subjective choices, which allows one to measure
individuals’ preference orderings for some stimuli from a set of discrete binary choices
(Kuhn et al., 2008). Moreover, we used the maximum a posteriori estimation method in
our analysis. The maximum a posteriori estimation method was chosen because it is an
optimal approach to estimation and can be solved efficiently as a convex optimization
problem (Tsukida & Gupta, 2011). We also computed the corresponding 95% confidence
intervals using the formulation in Montag (2006). The 95% confidence intervals are shown
as vertical bars in Figures 4.7 to 4.9.

The preference scores of protanopia paired comparison test by trichromats are shown in
Figure 4.7(a) for naturalness and Figure 4.7(b) for overall preference. Since the original
images are recolored to match the reduced color gamut of protanopia, it can be observed
that trichromats preferred the original images more than the recolored images in terms of
naturalness and overall preference. However, between the recolored images, the results

show that trichromats preferred images recolored using the proposed method.
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(a)

(b)

Figure 4.7: Preference scores of protanopia paired comparison test by trichromats,
(a) Naturalness, (b) Overall preference

The same thing was observed from the results of the deuteranopia paired comparison
test by trichromats. They preferred the original images more than the recolored images
in terms of naturalness and overall preference. Images recolored using the proposed
method achieved slightly higher preference scores than images recolored using Huang’s
method and significantly higher preference scores than images recolored using Ribeiro’s
method. Figure 4.8(a) shows preference for naturalness and Figure 4.8(b) for overall
preference. Thus, these results show that the proposed method maintained the naturalness
of the original images, and enhanced the visual details better than the two other recoloring
methods for both protanopia and deuteranopia recolored images.

The preference scores for the deuteranopia paired comparison test by deuteranopes are
shown in Figure 4.9(a) for naturalness and Figure 4.9(b) for overall preference. It can be
deduced that most of the deuteranopes preferred the original images in terms of naturalness
and overall preference. This is because they are used to their color perception when looking

at natural images such as flowers and fruits (Oliveira, 2013). Moreover, deuteranopes
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(a)

(b)

Figure 4.8: Preference scores of deuteranopia paired comparison test by trichromats,
(a) Naturalness, (b) Overall preference

(a)

(b)

Figure 4.9: Preference scores of deuteranopia paired comparison test by deuterano-
pes, (a) Naturalness, (b) Overall preference

prefer saturated yellow compared to other colors (Alvaro et al., 2015). As such, most of the
recolored images used in this test did not look natural to them. However, among the three

recoloring methods, in terms of naturalness and overall preference, deuteranopes preferred
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the recolored images from the proposed method more than the other two recoloring
methods. Hence, these results show that the proposed method produced images that look
natural to deuteranopes and also enhanced their visual details better than Huang’s and
Ribeiro’s methods.

In addition, a second paired comparison test was conducted to evaluate the proposed
method with the recoloring method that recolored the images perceived by the red-green
deficients instead of the original images. Applying the same setup as the previous paired
comparison test, we compared the effectiveness of the proposed method with Kuhn’s
method (Kuhn et al., 2008) in terms of the naturalness preservation of the recolored images
and the overall preference. Since in Kuhn’s method the recolored images remained in the
reduced color space of red-green deficients, the second paired comparison test was only
conducted to the deuteranopes.

Here, the same set of the original and recolored images from the proposed method used
in the previous deuteranopia paired comparison test and the recolored images from Kuhn
et al. (2008) as shown in Figure 4.10 were utilized. Hence, there were a total of 18 pairs
of test images for the second deuteranopia paired comparison test and these images were
arranged side-by-side; (Or, P), (Or, K), and (P, K) where Or, P, and K stand for original
image, image recolored by the proposed method and Kuhn’s method respectively.

Applying Thurstone’s Law of Comparative Judgment (Thurstone, 1927) with the
maximum a posteriori estimation method and the corresponding 95% confidence intervals
(Montag, 2006), the preference scores for naturalness and overall preference are shown in
Figure 4.11. The 95% confidence intervals are shown as vertical bars.

Similar to the previous deuteranopia paired comparison test, most of the deuteranopes
preferred the original images more than the recolored images from both methods due

to their previous color experiences. However, the proposed method has slightly higher
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(a) (b) (©

(d) (e) ®)
Figure 4.10: Images recolored using Kuhn’s method

(a)

(b)

Figure 4.11: Preference scores of the second deuteranopia paired comparison test
by deuteranopes, (a) Naturalness, (b) Overall preference

preference scores than Kuhn’s method for both naturalness and overall preference.
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4.5 Summary

Color images in public places such as in airports, shopping malls, and train stations
are observed by everyone. However, loss of information may occur when the images
are viewed by red-green deficients. Various recoloring methods have been proposed
to overcome this problem. However, the recolored images may look non-pleasing to
trichromats. Moreover, the recoloring methods may change all the colors of the images,
and as a result, the recolored images may look unnatural to the red-green deficients as well.
Therefore, it is essential that recoloring methods take into consideration the needs of both
trichromats and red-green deficients.

Thus, in this chapter, a simple and efficient recoloring method that considers the needs
of both trichromats and red-green deficients is proposed. The proposed method improves
visual details and enhances the color perception of the red-green deficients while preserving
the naturalness of the recolored images for both trichomats and red-green deficients. The
main advantage of the proposed method is that it recolors the colors confused by the
red-green deficients with the colors that have the same hue as the original ones. Moreover,
the recolored images have the same luminance as the original images.

Results obtained from the experimental studies show that the proposed method performed
better than three other existing methods. The proposed method not only improves visual
details and enhances the color perception of the red—green deficients, but it also preserves

the naturalness of the recolored images for both trichromats and red—green deficients.
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CHAPTER 5: CONCLUSIONS

Color vision deficiency is the inability to discriminate certain shades of colors. This
inability arises from the differences in the pigmentation of the cones in the human eye.
Color vision deficiency can be categorized as acquired or inherited color vision deficiencies.
In acquired color vision deficiency, elderly people suffer from certain degrees of color
perception loss while some people with inherited color vision deficiency have difficulty in
distinguishing between red and green colors. Thus, people with color vision deficiency
may experience some difficulty in performing their daily activities. In order to improve
their quality of life and ease their physical limitations, this thesis describes research on
human color perception that has been conducted. The main objectives of this thesis are to
propose a mathematical formulation of the uniform yellowing pigmentation to model the
color perception of the elderly, and to introduce an image recoloring method for red-green
deficients that enhances the visual details and preserves the naturalness of the original
image.

Previous studies in color perception of the elderly utilized the non-uniform yellowing
pigmentation model. However, recent clinical studies indicate that uniform yellowing
pigmentation occurs on the human lens as human age increases. Therefore, to understand
the effect of the uniform yellowing pigmentation on the color perception of the elderly, a
mathematical formulation of the uniform yellowing pigmentation is proposed in Chapter
3. It uses three effective tristimulus ratios to form the uniform yellowing pigmentation.
Experimental studies verified that the uniform yellowing pigmentation is in agreement
with the results from clinical studies. In the experiments, the color perception of the
elderly is simulated using the uniform yellowing pigmentation. The artificial SPP3 color

perception test was conducted to compare the proposed method with the non-uniform
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yellowing pigmentation method and the clinical data. Results from the artificial SPP3 color
perception test show that the proposed method performed better than the non-uniform
yellowing pigmentation method. In addition, the results from the proposed method are
closer to the clinical data.

In Chapter 4, a naturalness preserving recoloring method for the red-green deficients is
proposed. The proposed method considers the needs of both trichromats and red-green
deficients. The main advantages of the proposed method are that it recolors the confused
colors with the colors that have the same hue as the original ones, and the recolored
images have the same luminance as the original ones. Therefore, the proposed method
improves the visual details of the recolored image and also preserves the naturalness
from both trichromats’ and red-green deficients’ points of view. In objective evaluations,
recolored images from the proposed method obtained better scores in term of naturalness
preservation and chrominance similarity index than the other two recoloring methods that
implemented similar recoloring framework. Moreover, in the paired comparison tests, the

proposed method achieved higher preference scores than three other recoloring methods.

5.1 Future Research Directions

There are still many possibilities for extensions of the proposed methods and impro-
vement for the applications discussed in this thesis. In the study of the color perception of
the elderly, one possible future research direction is to formulate an image enhancement
method to mitigate the effect of the uniform yellowing pigmentation on color perception of
the elderly. Moreover, non-natural color images such as scientific visualization (SciVis)
and information visualization (InfoVis) require contrast enhancement for the red-green
deficients. In future research, the proposed naturalness preservation recoloring method
can be extended to cater to this requirement of color contrast enhancement. In addition,

both of the methods proposed in this thesis can also be extended to video recoloring.
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APPENDIX A: TRANSMITTANCE FUNCTIONS OF THE LCD

Table A.1: Transmittance Functions of the LCD

Wavelength, 4 (nm)  Red filter, f ~ Green filter, f;  Blue filter, f},

(x107%) (x10™%) (x10™%)
400 0.103 0.085 0.184
410 0.295 0.285 0.514
420 0.423 0.405 2.050
430 0.519 0.530 9.470
440 0.744 0.750 18.400
450 0.818 0.871 22.000
460 0.730 0.774 16.900
470 0.638 0.782 9.800
480 0.639 1.970 4.700
490 0.654 3.240 2.590
500 0.914 8.160 3.120
510 1.910 26.400 4.740
520 2.050 29.800 2.510
530 1.520 19.200 1.230
540 1.070 10.800 0.841
550 0.875 6.390 0.717
560 0.662 2.380 0.601
570 0.581 1.350 0.552
580 1.270 6.150 0.616
590 1.210 1.720 0.467
600 2.650 2.310 0.500
610 24.300 14.400 0.680
620 07.270 4.100 0.547
630 17.800 9.340 0.594
640 10.200 5.430 0.577

650 24.800 12.600 0.955




APPENDIX B: SPECTRAL ENERGY DISTRIBUTION OF THE CIE
STANDARD ILLUMINANT D65

Table B.1: D65 Spectral Energy Distribution

Wavelength, A (nm)  Spectral Energy, E(Q)

400 82.755
410 91.486
420 93.432
430 86.682
440 104.865
450 117.008
460 117.812
470 114.861
480 115.923
490 108.811
500 109.354
510 107.802
520 104.790
530 107.689
540 104.405
550 104.046
560 100.000
570 96.334
580 95.788
590 88.686
600 90.006
610 89.599
620 87.699
630 83.289
640 83.699

650 80.027




APPENDIX C: CIE1931 COLOR MATCHING FUNCTIONS

Table C.1: CIE1931 Color Matching Functions

Wavelength, A (nm)  x(1) ¥(2) Z(A)

400 0.014 0.000 0.068
410 0.044 0.001 0.207
420 0.134  0.004 0.646
430 0.284 0.012 1.386
440 0.348 0.023 1.747
450 0.336  0.038 1.772
460 0.291 0.060 1.669
470 0.195 0.091 1.288
480 0.096 0.139 0.813
490 0.032  0.208  0.465
500 0.005 0323 0272
510 0.009 0.503 0.158
520 0.063 0.710 0.078
530 0.166 0.862 0.042
540 0.290 0.954 0.020
550 0.434 0995 0.009
560 0.595 0.995 0.004
570 0.762 0.952 0.002
580 0916 0.870 0.002
590 1.026  0.757  0.001
600 1.062 0.631 0.000
610 1.003  0.503 0.000
620 0.854 0.381 0.000
630 0.642 0.265 0.000
640 0.448 0.175 0.000

650 0.284 0.107  0.000




APPENDIX D: SOURCE CODE FOR THE UNIFORM YELLOWING
PIGMENTATION METHOD

\%

\% Uniform yellowing pigmentation method

\%

\%

\% se : Spectral energy of CIE standard illuminant (D65)

\% x_hat, y_hat, z_hat : XYZ color matching values (CIE 1931)

\% fr, fg, fb : Transmittance functions of LCD display

\% F : Spectral transmission factor

\% Xr, Yr, Zr : Tristimulus values through red filter for standard observer

\% Xg, Yg, Zg : Tristimulus values through green filter for standard observer
\% Xb, Yb, Zb : Tristimulus values through blue filter for standard observer

\% Xr_e, Yr_e, Zr_e : Tristimulus values through red filter for elderly age A
\% Xg_e, Yg_e, Zg_e : Tristimulus values through green filter for elderly age A
\% Xb_e, Yb_e, Zb_e : Tristimulus values through blue filter for elderly age A
\% X_2, Y_2, Z_2 : Total tristimulus values of standard observer

\% X_e, Y_e, Z_e : Total tristimulus values of elderly age A

\% X_ratio, Y_ratio, Z_ratio : Effective tristimulus ratios

\% S : Rate of retinal illuminance

\% X_o, Y_o, Z_o : Original image in XYZ color space

\% elderly_X, elderly_Y, elderly_Z : Elderly perceived image in XYZ color space

\%

\%

\& Tristimulus values through red, green, and blue filters of standard observer
last = 0;
for i = 1:1:26

X_r = last + (se(i,1)*x_hat(i,1)*fr(i,1));

last = X_r;

Xr = last;

end

last = 0;

for i = 1:1:26



X_g = last + (se(i,1)*x_hat(i,1)*fg(i,1));
last = X_g;

Xg = last;

end

last = 0;

for i =1:1:26

X_b = last + (se(i,1)*x_hat(i,1)*fb(i,1));
last = X_b;
Xb = last;

end

last = 0;

for i = 1:1:26

Y_r = last + (se(i,1)*y_hat(i,1)*fr(i,1));
last = Y_r;
Yr = last;

end

last = 0;

for i = 1:1:26

Y_g = last + (se(i,1)*y_hat(i,1)*fg(i,1));
last = Y_g;
Yg = last;

end

last = 0;

for i = 1:1:26
Y_b = last + (se(i,1)xy_hat(i,1)*fb(i,1));
last = Y_b;
Yb = last;

end

last = 0;
for i =1:1:26

Z_r = last + (se(i,1)*z_hat(i,1)*fr(i,1));
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last = Z_r;
Zr = last;

end

last = 0;

for i = 1:1:26
Z_g = last + (se(i,1)*z_hat(i,1)*fg(i,1));
last = Z_g;
Zg = last;

end

last = 0;

for i = 1:1:26
Z_b = last + (se(i,1)*z_hat(i,1)*fb(i,1));
last = Z_b;
Zb = last;

end

\& Tristimulus values through red, green, and blue filters of elderly people age A
last = 0;
for i = 1:1:26

X_r_hat = last + (se(i,1)*x_hat(i,1)*fr(i,1)*F(i,1));

last = X_r_hat;

Xr_e = last;

end

last = 0;

for i = 1:1:26
X_g_hat = last + (se(i,1)*x_hat(i,1)*fg(i,1)*F(i,1));
last = X_g_hat;
Xg_e = last;

end

last = 0;
for i =1:1:26

X_b_hat = last + (se(i,1)*x_hat(i,1)*fb(i,1)*F(i,1));
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last = X_b_hat;
Xb_e = last;

end

last = 0;

for i = 1:1:26
Y_r_hat = last + (se(i,1)*y_hat(i, 1)*fr(i,1)*F(i,1));
last = Y_r_hat;
Yr_e = last;

end

last = 0;

for i = 1:1:26
Y_g_hat = last + (se(i,1)*y_hat(i,1)*fg(i,1)*F(i,1));
last = Y_g_hat;
Yg_e = last;

end

last = 0;

for i = 1:1:26
Y_b_hat = last + (se(i,1)*y_hat(i,1)*fb(i,1)*xF(i,1));
last = Y_b_hat;
Yb_e = last;

end

last = 0;

for i = 1:1:26
Z_r_hat = last + (se(i,1)*z_hat(i,1)*fr(i,1)*F(i,1));
last = Z_r_hat;
Zr_e = last;

end

last = 0;
for i =1:1:26
Z_g_hat = last + (se(i,1)*z_hat(i,1)*fg(i,1)*F(i,1));

last = Z_g_hat;
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Zg_e = last;

end

last = 0;

for i = 1:1:26
Z_b_hat = last + (se(i,1)*z_hat(i,1)*fb(i,1)*F(i,1));
last = Z_b_hat;
Zb_e = last;

end

\& Total tristimulus values of standard observer
X_2 = Xr + Xg + Xb;
Y_2 =Yr + Yg + Yb;

2.2 = 1Ir + 7g + Zb;

\& Total tristimulus values of elderly people age A
X_e = Xr_e + Xg_e + Xb_e;
Y_e = Yr_e + Yg_e + Yb_e;

Z_e =17Ir_e + Zg_e + Zb_e;

\% Effective tristimulus ratios
X_ratio = X_e/X_2;
Y_ratio = Y_e/Y_2;

Z_ratio = Z_e/Z_2;

\% Elderly color perception in XYZ color space
elderly_X = S*(X_ratio*X_o);
elderly_Y = S*(Y_ratio*Y_o);

elderly_7Z = S*(Z_ratio*Z_o);

\%
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APPENDIX E: SOURCE CODE FOR THE NATURALNESS PRESERVATION

\%

\%

\%

\%

\%

\%

\%

\%

\%

\%

\% phy : Rotation parameter

\% Ex_bar, Ez_bar : Modified error parameters

\% X_enhance, Y_enhance, Z_enhance : Recolored image in XYZ color space
\%

\%

\% Normalization

X_on = (X_0./Y_0)*100;

Y_on = (Y_0./Y_0)*100;

RECOLORING METHOD FOR THE RED-GREEN DEFICIENTS

Naturalness preservation recoloring method for the red-green deficients

X_o, Y_o, Z_o : Original image in XYZ color space

X_s, Y_s, Z_s : Image perceived by the red-green deficients in XYZ color space

X_on, Y_on, Z_on :

X_sn, Y_sn, Z_sn :

Theta_on, Theta_sn

Normalized values for original image
Normalized values for image perceived by the red-green deficients

: Angles of elevation

Ex, Ez : Error parameters

Z_on = (Z_0./Y_0)*100;

X_sn = (X_s./Y_s)*100;
Y_sn = (Y_s./Y_s)*100;
Z_sn = (Z_s./Y_s)*100;

\%

Ex

Ez

\%

Error Parameters

abs(X_on - X_sn);

abs(Z_on - Z_sn);

Angle of elevation,

theta_on

Theta_on = atand (Z_on./X_on);

Theta_on(isnan(Theta_on)) = 0;
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\% Angle of elevation, theta_sn
Theta_sn = atand (Z_sn./X_sn);

Theta_sn(isnan(Theta_sn)) = 0;

\% Rotation parameter

phy = abs(Theta_on - Theta_sn);

\% Rotation operation to get modified error parameters

Ex_bar = (Ex.*cosd(phy)) - (Ez.*sind(phy));

Ez_bar = (Ex.*sind(phy)) + (Ez.*cosd(phy));

Ex_bar(isnan(Ex_bar))

1
[

1
[

Ez_bar(isnan(Ez_bar))

\% Redistribution of error
X_enhance = X_on + Ex_bar;

Y_enhance = Y_on;

Z_enhance = Z_on + (Ez_bar + Ex_bar);

\% Recolored image in XYZ color space
X_enhance = (X_enhance./100).*Y_o;
Y_enhance = (Y_enhance./100).*Y_o;

Z_enhance = (Z_enhance./100).*Y_o;

\%
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CHAPTER 1: INTRODUCTION

1.1 Overview

An image is an object that portrays visual perception. It can be two-dimensional, such
as a photograph and a map, and it can also be three-dimensional, such as a hologram. In
the current world of digital information technology that we live in, two-dimensional color
images play an important role in human lives. Color images not only embody information
but are also used as a medium of communication among people. Hence, the usage of
color images in distributing information via websites and smartphone applications has
increased in the 21st century. Electronic devices such as laptops and smartphones have
become essential items as millions of color images are shared on Facebook (Thomas,
2012) and Instagram (DesMarais, 2013) everyday. Moreover, color images are also utilized
in advertisement boards, traffic maps. and signboards in public places such as airports,
shopping malls, and train stations.

Color is an attribute of visual sensation and the color appearance of an object depends
on the interaction between three main components; light sources, objects and the human
visual system (Fairchild, 2005). The interaction between the light sources and the physical
and chemical properties of an object creates a modulated energy that will be processed by
the human visual system to produce the perceptions of color. The ability to distinguish
the set of signals that are produced by the modulated energy is known as human color
perception (Fairchild, 2005). The modulated energy reacts with the three types of cone
photoreceptors in the human eye. Each of the cone photoreceptors is sensitive to either
short (S), medium (M), and long (L) wavelength light, and each wavelength light exhibits
bluish, greenish, and reddish sensitivity respectively (Hunt, 2004; Pascale, 2003).

However, a percentage of people have some kind of color vision deficiency that arise




from differences in the pigmentation of the cone photoreceptors in their eyes (Wandell,
1995). Thus, they are unable to distinguish certain shades of colors. This inability may
create barriers in terms of physical capabilities (Hassan & Paramesran, 2017). Some of
them may have difficulty finding goods in stores, and some may even bump into a glass
door due to the confusion that occurs to their color perception (K. Ishihara, Ishihara,
Nagamachi, Hiramatsu, & Osaki, 2001). Moreover, the reaction time and cognitive time of
the elderly are slower compared to younger people (T. Suzuki, Okajima, & Funai, 2012;
T. Suzuki, Yi, Sakuragawa, Tamura, & Okajima, 2005). In addition, their social life and
even their career may be affected due to their inability to discriminate colors (Cole, 2007,
Tagarelli et al., 2004).

Color vision deficiency can be categorized as acquired and inherited (Simunovic,
2016; Verriest, 1963). In acquired color vision deficiency, color perception loss is due to
medication, aging, disease, or accidents. As reported by the Department of Statistics, there
are about 2.5 million people over the age of 60 in Malaysia (Hassan, Kugimiya, Tanaka,
Tanaka, & Paramesran, 2015), and this number is expected to grow by 2020 (Chua, Chang,
& Lim, 2015). This trend is also reflected globally (Hegde & Bishop, 2018). Hence, it
is important to understand the difficulties experienced by the elderly in order to provide
various support systems to assist them during their daily activities (Bright & Egger, 2008;
Hegde & Bishop, 2018).

Thus, much has been conducted on acquired color vision deficiencies due to aging.
Earlier studies have confirmed that as human age increases, the thickness of the lens
continues to grow and the accumulation of yellow pigmentation occurs (Artigas, Felipe,
Navea, Fandino, & Artigas, 2012; Norren & Vos, 1974; Pokorny, Smith, & Lutze, 1986;
Romano et al., 2011; Ruddock, 1965a; Said & Weale, 1959; Weale, 1961a). This yellowing

pigmentation effects the transparency of the human crystalline lens (Alio, Schimchak,




Negri, & Montes-Mico, 2005). Apart from the yellowing pigmentation, the size of human
pupil also reduces with age (Applegate, Donnelly, Marsack, & Koenig, 2007; Birren,
Casperson, & Botwinick, 1950; Bitsios, Prettyman, & Szabadi, 1996; Kadlecova, Peleska,
& Vasko, 1958; Ortiz, Bowyer, & Flynn, 2013; Said & Sawires, 1972; Winn, Whitaker,
Elliott, & Phillips, 1994) which causes the reduction of the effective light reaching the
retina (Sloan, 1939; Weale, 1961a, 1961b; Werner, Peterzell, & Scheetz, 1990). Due
to these reasons, elderly people experience yellowish and darker color perception than
younger people.

A lot of effort has been poured into research on the elderly color perception model. The
effect of yellowing pigmentation to the human lens-density spectrum has been studied in
Pokorny et al. (1986), Savage, Haegerstrom-Portnoy, Adams, and Hewlett (1993), Weale
(1988), and Xu, Pokorny, and Smith (1997) while the investigation of pupil size has been
studied in Birren et al. (1950), Said and Sawires (1972), and Winn et al. (1994). To
replicate the experience of elderly color perception, experimental studies using artificial
uniform yellowing filter have been conducted in K. Ishihara et al. (2001), Schneck, Adams,
Huie, and Lee (1993), and Yoshida and Sakuraba (1996). Computerized simulations of
elderly color perception have also been conducted in Okajima and Takase (2001) and
Tanaka et al. (2011). Based on the non-uniform yellowing pigmentation method by Tanaka
et al. (2011), several image enhancement methods to improve the elderly color perception
have been proposed in R. Suzuki et al. (2012), Ueda, Azetsu, Suetake, and Uchino (2015a),
Ueda, Azetsu, Suetake, and Uchino (2015b, 2016), and Ueda et al. (2016).

Meanwhile, for inherited color vision deficiency, color loss occurs due to the changes of
the cone photoreceptors in the human eyes. About eight percent of the male population is
color vision deficient (Ching & Sabudin, 2010; Lee & dos Santos, 2011; Semary & Marey,

2014). One type of inherited color vision deficiency is dichromacy, which occurs when




one type of cone photoreceptors is absent or not functioning. People with dichromacy are
also known as dichromats. Dichromacy can be classified into three categories: protanopia,
deuteranopia, or tritanopia depending on whether the missing cone is the L-cone, M-cone,
or S-cone respectively (Neitz & Neitz, 2011). Protanopia and deuteranopia are also called
red-green deficiencies (Moreira, Alvaro, Melnikova, & Lillo, 2018). People with either
protanopia and deuteranopia have difficulty in distinguishing between these two colors
(Ching & Sabudin, 2010; Judd, 1949). Another type of dichromacy is called tritanopia
with which people have difficulty distinguishing shades of blue and yellow. However,
people with tritanopia constitute less than one percent of the male population (Moreira et
al., 2018).

To simulate dichromatic color perception, various algorithms have been proposed in
Brettel, Vienot, and Mollon (1997), Capilla, Diez-Ajenjo, Luque, and Malo (2004), Capilla,
Luque, and Diez-Ajenjo (2004), Lee and dos Santos (2011), Machado, Oliveira, and
Fernandes (2009), Meyer and Greenberg (1988), Rodriquez-Pardo and Sharma (2011),
Vienot, Brettel, and Mollon (1999), and Wachtler, Dohrmann, and Hertel (2004). Due
to its mathematical simplicity and its usability in expressing color discrimination of the
people with dichromacy, Brettel’s algorithm (Brettel et al., 1997; Vienot et al., 1999) is the
most accepted model in modeling dichromatic color perception.

Based on Brettel’s algorithm, researchers have proposed image recoloring methods to
improve the color perception of people with dichromacy, in particular, red-green deficiency.
Many strategies have been utilized for the image recoloring and these methods have
been presented in Anagnostopoulos, Tsekouras, Anagnostopoulos, and Kalloniatis (2007),
Doliotis, Tsekouras, Anagnostopoulos, and Athitsos (2009), Huang, Chen, Jen, and Wang
(2009), Huang, Tseng, Wu, and Wang (2007), Ichikawa et al. (2003), Jefferson and Harvey

(2006), Kuhn, Oliviera, and Fernandes (2008), Ma, Gu, and Wang (2006), Machado and




Oliveira (2010), Rasche, Geist, and Westall (2005a), Rasche, Geist, and Westall (2005b),
Ribeiro and Gomes (2013), Rigden (1999), Suetake, Tanaka, Hashii, and Uchino (2012),
Wakita and Shimamura (2005), and Yang and Ro (2003).

Although all the aforementioned methods for elderly and red-green deficients color
perception enable us to understand more about their color perception, there are certain

issues that need to be addressed.

1.2 Problem Statement

In the field of elderly color perception, non-uniform yellowing pigmentation has been
utilized to simulate their color perception. Recently, results in clinical studies (Artigas et
al., 2012; Romano et al., 2011) of elderly color perception confirm that uniform yellowing
pigmentation occurs on human crystalline lenses. However, the uniform yellowing
pigmentation has not been represented mathematically, and this creates a gap in the
research of elderly color perception. Hence, it has becomes a motivation to develop a
mathematical model of the uniform yellowing pigmentation and assess the color perception
experienced by the elderly.

Meanwhile, most of the recolored images for red-green deficients lose their naturalness
when viewed by those with normal color vision (Huang et al., 2007; Jeong, Kim, Wang,
& Yoon, 2011). Thus, the recolored images are not suitable for use in advertisements,
signboards, and maps in public places such as airports, shopping malls, and train stations.
Some of the image recoloring methods may also change all the colors of the original image.
As consequence, the recolored images tend to look unnatural to the red-green deficients as
well (Kuhn et al., 2008).

In addition, apart from lack of naturalness preservation, several of the recoloring
algorithms for red-green deficiency may not be suitable for practical use due to complex

and iterative algorithms (Doliotis et al., 2009; Ichikawa et al., 2003), high computational




time (Rasche et al., 2005a, 2005b), recoloring process performed in the reduced color
space of dichromats (Kuhn et al., 2008), and limited color options in their recoloring
process (Rigden, 1999; Wakita & Shimamura, 2005). Hence, there are opportunities for
improvement for the enhancement of the color perception for people with color vision

deficiency, in particular the elderly people and the red-green deficients.

1.3 Objectives
The main aim of this research is to enhance the color perception for people with color
vision deficiency. In order to achieve this aim, this thesis has two objectives. The objectives

of this thesis are:

I. To improve the computerized simulation method of elderly color perception by
introducing a mathematical representation of the uniform yellowing pigmentation to
mimic elderly color perception
It is shown in medical reports that elderly people sufter from certain degrees of color
perception loss. Previous works on elderly color perception utilized a non-uniform
yellowing pigmentation method. However, results from recent medical studies
show that uniform yellowing pigmentation occurs on human crystalline lens as
human age increases. This provides motivation and new opportunities to expand
the research work in elderly color perception. Thus, a mathematical representation
of the uniform yellowing pigmentation is formulated to improve the computerized
simulation method of elderly color perception. The simulated uniform yellowing

pigmentation is used to mimic the color perception of elderly (Chapter 3).

2. To improve the image recoloring method for the red-green deficients by proposing a

naturalness preservation image recoloring method




Although there are various image recoloring methods that enhance the visual details
and improve the color perception of the red-green deficients, the recolored images
may look non-pleasing to people with normal color vision. This may happen in
public places such as airports, shopping malls, and train stations where color images
used in maps and advertisements are viewed by everyone. Moreover, the recolored
images may look unnatural to the red-green deficients as well since all the colors
of the original images are changed during the recoloring process. To overcome
this issue, a naturalness preservation image recoloring method is introduced which
enhances visual details while maintaining the naturalness of the recolored images as

much as possible (Chapter 4).

1.4 Organization of the Thesis

This thesis, as was pointed out carlicr in this chapter, describes improved methods to
enhance the color perception for people with color vision deficiency. A uniform yellowing
pigmentation method is introduced to simulate the color perception of the elderly. An
image recoloring method that enhances the color perception of the red-green deficients
and also maintains the naturalness of the image is also introduced.

The following is a summary of the content of each chapter.

Chapter 2: Human Color Vision. This chapter presents an overview of human color
vision. Information on the human visual system is described here. The developments of
the CIE color matching functions that corresponds to the response of the human eye are
presented. Based on the CIE color matching functions, XYZ color space was formulated.
The basic formulation of the XYZ tristimulus values and its chromaticity diagram are
described in this chapter. XYZ color space is utilized as the main working domain for the
methods proposed in this thesis. Moreover, the mathematical relationship between XYZ

and RGB color spaces is also presented in this chapter. This information is essential as all




color images utilized in the proposed methods are transformed from RGB color space to
XYZ color space. The types of color vision deficiencies are also described in this chapter.

Chapter 3: Color Perception of the Elderly. This chapter discusses the research
developments in elderly color perception. Findings from earlier research works show that
the color perception of the elderly people is degraded due to yellowing pigmentation that
occurs on the human crystalline lens. In addition, reduction in the human pupil size also
affects the ability of elderly people to differentiate colors. To mimic color perception of the
elderly, previous works utilized the non-uniform yellowing pigmentation method. However,
results from recent clinical studies have shown that uniform yellowing pigmentation occurs
on the human crystalline lens. To study the effects of the uniform yellowing pigmentation
on the color perception of the elderly, a mathematical method representing the uniform
yellowing pigmentation is proposed. Using the uniform yellowing pigmentation, color
perception of the elderly is simulated, and the experimental results are compared with the
results from medical studies for validation. In addition, results from experimental studies
show that the proposed method produces images that are closer to the results from medical
studies and perform better than the results from the non-uniform yellowing pigmentation
method.

Chapter 4: Color Perception of Red-green Deficients. This chapter presents an
overview of the color perception of red-green deficients. A simulation method to reproduce
their color perception is described in this chapter. Some of the research done with
the specific aim of improving the color perception of the red-green deficients is briefly
discussed in this chapter. Although previous works enhance the color perception of
red-green deficients, the recolored images lose their naturalness. These color images
used in advertisements in public places may look non-pleasing to the people with normal

color vision as well as to red-green deficients. Thus, the chapter proposes a naturalness




preserving recoloring method that enhances the color perception of the red-green deficients
and also maintains the naturalness of the recolored images to both parties. Experimental
results are presented to validate this claim, and a comparison between the state-of-the-art
method and two other existing methods show that the proposed recoloring method achieves
better objective and subjective scores.

Chapter 5: Conclusion. The thesis is concluded, summarizing the contents of the

thesis and discussing the possibilities of future work in this direction.

1.5 Contributions

One of the contributions of this thesis is that it proposes a mathematical representation
of the uniform yellowing pigmentation that occurs on the human crystalline lens. The
simulated uniform yellowing pigmentation is utilized to model the color perception of
the elderly. This work has been published in Hassan, Paramesran, Tanaka, and Tanaka
(2018). The proposed method is essential in order for us to really understand the difficulties
faced by the elderly. Moreover, it is imperative to consider a good visual presentation
through color in order to enable the elderly to experience the surrounding environment
safely and with confidence. Based on the proposed method, improvements such as the
usage of better color schemes to represent information can be considered, thus avoiding
miscommunication and misinterpretation. This, in turn, can improve the quality of life of
the elderly. Therefore, the proposed method contributes to the development of the field of
color perception of the elderly.

Some of the current image recoloring methods for red-green deficients may potentially
change all the colors of the original image. As a result, the recolored image may look
non-pleasing to both red-green deficients as well as people with normal color vision.
Therefore, the second contribution of this thesis is the construction of a naturalness

preserving recoloring method for red-green deficients. This work has been published in
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Hassan and Paramesran (2017). The proposed method takes into consideration the needs
of red-green deficients as well as people with normal color vision. By maintaining the
luminance and the hue of the original image, the proposed method enhances the color
perception of the red-green deficients and maintains the naturalness of the recolored
images to both parties. This is important for images used in public places such as airports,
shopping malls, and train stations where color images such as maps and advertisements

are viewed by everyone.




CHAPTER 2: HUMAN COLOR VISION

This chapter presents an overview of human color vision. A description of the human
visual system is briefly represented. Research developments on color matching functions
that correspond to the response of the human eyes are also discussed. All the color
sensations that a human perceives can be encompassed using XYZ color space. Thus,
information on the XYZ color space and its chromaticity diagram are also described in this
chapter. However, due to the non-uniformity of the XYZ color space, for color reproduction
in digital world, transformation to RGB color space is required. Hence, the chapter
describes the RGB color space and the mathematical transformation process between the

two color spaces. Lastly, the chapter presents the types of color vision deficiencies.

21 Introduction

The human visual system (HVS) consists of the human eyes, part of the brain, and the
pathway connecting them. It is part of the human central nervous system which interprets
information from the visible light spectrum to form a visual perception of the surrounding
world. The human eye can be thought of as an optical path and is the main recipient of the
visible light spectrum. Thus, human visual perception is initiated and strongly influenced
by the anatomical structure of the human eyes. Figure 2.1 shows a schematic illustration
of the optical structure of the human eye.

Some of the key components of the human eye shown in Figure 2.1 are briefly described

below (Fairchild, 2005; Malacara, 2011):

1. The Cornea
The cornea is the transparent outer surface in front of the eye through which light

passes. [ts normal ideal shape is nearly spherical.







nm, with almost perfect transparency 550-650 nm.

5. The Retina
The optical image formed by the eye is projected onto the retina. The retina is formed
by several layers: cell and fiber nerves are in the internal layer while rods and cones
are in the last layer. Rods and cones are photoreceptors that serve to transduce the
information present in the optical image into chemical and electrical signals. These
signals are then transmitted to the later stages of the HVS.

6. The Fovea
The fovea is the arc on the retina where we have the best spatial and color visions.
The fovea contains only cones in a dense random array. Outside the fovea the main
light-sensitive elements are the rods, which are responsible for scotopic vision.

7. The Optic Nerve
The optic nerve is made up of the axons of the ganglion cells, the last level of neural

processing in the retina.

As mentioned above, the retina includes several layers of neural cells. Among the
cells, there are two photoreceptors: the rods and the cones. The names are derived from
their prototypical shapes. There are about 100 million rods and 5 million cones in each
human eye (Wandell, 1995). There is only one type of rod receptor with a peak spectral
responsivity at approximately 510 nm (Fairchild, 2005). There are three types of cones
that are denoted as long (L), medium (M), and short (S) cones. Each cone is sensitive to
red, green, and blue stimulation respectively. The three cones enable color vision while
the rods are incapable of color vision. Thus, at low luminance levels (< 0.003 ca‘/mz), the
rods are active; this is referred to as scotopic vision. When the cones are active in high
luminance levels (> 3 cd/m?), vision is referred to as photopic vision. In intermediate

luminance levels, both rods and cones are active, and this is referred to as mesopic vision.










However, by the 1960s, it was realized that the cones were present in a larger area of the
eye than previously believed, and so in 1964, the 10° Standard Observer was developed.
The difference between the two viewing angles is that at a viewing distance of 50 ¢cm, a 2°
field of view would be a circle with diameter equal to approximately 1.7 cm while a 10°
field of view would be a circle with diameter equal to approximately 8.8 cm.

Thus, another color matching functions experiment based the 10° Standard Observer
was conducted by Stiles and Burch (Stiles & Burch, 1959, 1955a). From this experiment,
CIE adopted another set of color matching functions ¥p(4), ¥10(4), and Zjp(2) for 10°
Standard Observer also known as CIE1964 color matching functions. Both sets of color

matching functions are illustrated in Figure 2.4.
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Figure 2.4: CIE color matching functions

Since the color matching functions are intended to correspond to the response of the
human eye, both the CIE1931 and CIE1964 color matching functions have profoundly
affected the development of modern imaging systems and applications. The CIE1931 color
matching functions are used, almost exclusively in color appearance models (Fairchild,

2005).




23 XYZ Tristimulus Values and Chromaticity Diagram

Utilizing the color matching functions, XYZ tristimulus values were formulated. The
XYZ tristimulus values were formulated so that the Y value has a spectral sensitivity that
corresponds to the lightness sensitivity of human vision (Poynton, 1995). When the Y
value is augmented with the X and Z values, they embed the spectral properties of human
color vision (Poynton, 1995).

The XYZ tristimulus values for colored stimuli are calculated generally using the

equations below (Fairchild, 2005)

X=k / D(1)F(A)dA @2.1)
A

Y =k f D) F(1)dA 2.2)
A

Z=k f D(1)z(1)dA 2.3)
A

where ®(1) is the spectral power distribution of the stimulus, x(1), ¥(1), and Z(A)are the

color matching functions, and k is a normalizing constant which is defined as

k = L (2.4)

[LE(Q)3(2)da

where E(A) is the relative spectral power distribution of the light source or illuminant
(Fairchild, 2005).

For reflective objects, the XYZ tristimulus values are represented as
X=k fE(,{)p(fl)f(fl)d/i (2.5)
A

Y=k f E()p(2)5(A)dA (2.6)
P
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where ®(1) from Egs. (2.1) to (2.3) is defined as the product of the spectral reflectance
factor of the object, p(1) and the relative spectral power distribution of the light source
or illuminant, E(A) (Fairchild, 2005). The most common illuminant used in colorimetric
application is the CIE Illuminant D65 which represents average daylight with a correlated
color temperature of 6504 K.

Utilizing the XYZ tristimulus values, the color of a stimulus can be represented. However,
to provide a convenient two-dimensional representation of colors in term of conceptual
understanding and computation, a chromaticity diagram was developed (Fairchild, 2005;
Poynton, 1995). To accomplish this, a standardized procedure for normalizing the XYZ

tristimulus values were performed using the projective transformation shown below.

X

= 2.8

Yt Xiv+z 2:8)
Y

: 2.9

Y X3Y+2Z 2.9)

z=1-x-y (2.10)

To form the chromaticity diagram, only the x and y values are needed. Thus, the
representation of colors is simplified from 3-dimensional to 2-dimensional values. However,
the transformation process from XYZ tristimulus values to xyz representation removes
the luminance information represented by the ¥ value (Pascale, 2003). Therefore, it is
common practice to report the Y value when dealing with the chromaticity diagram. The
xyY chromaticity diagram with Y equal to 100 is illustrated below.

Moreover, using the Y value and the chromaticity coordinates, the other two tristimulus







To solve this problem, a mathematical transformation process to RGB color space was
proposed. The RGB color space is an addictive color system in which red, green, and blue
lights are added together to reproduce a broad array of colors. This color space is based on
human color perception, and the main objective is for the representation and display of
images in electronic systems such as televisions and computers. Thus, RGB color space is
a device dependent color space that will have different coordinates for the same color for
various output media (Pascale, 2003).

There are various RGB color spaces proposed in the last decades. One of the RGB
color spaces that is practical and commonly used is the standard Red Green Blue (sRGB)
color space. sRGB was created cooperatively by HP and Microsoft in 1996 for use on
monitors, printers and the Internet, and subsequently standardized by the International
Electrotechnical Commission (IEC) as IEC 61966-2-1:1999 (Pascale, 2003). Since then, it
has often been used as the default color space for images in the digital world.

CIE XYZ color space can be transformed to and from any RGB color spaces by a 3 x 3
transformation matrix. Transformation from CIE XYZ into RGB can be performed using

the transformation matrix as below.

R anr o ai| | X
G| = |aay @z an| |Y (2.13)
B az w3y a3l |Z

Meanwhile, the value of RGB can be transformed back to CIE XYZ using the inverse
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transformation matrix of Eq. (2.13) as below.

X air ap a3 R B Bz Bz R

Y| = |aa an axp G| = B B PB23| |G 2.14)
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2.5 Color Vision Deficiency

Color vision deficiency arises from the differences in the pigmentation of the cones
in the human eye (Wandell, 1995). The vision of trichromats is characterized by three
types of cones which collectively allow the reception of long (L), medium (M), and short
(S) wavelengths of the visible spectrum. These long (L), medium (M), and short (S)
wavelengths exhibits bluish, greenish, and reddish sensitivities respectively (Hunt, 2004;
Pascale, 2003). However, people with color vision deficiency are unable to process the
three wavelengths and thus, they cannot distinguish certain shades of colors.

Color vision deficiency can be categorized as either acquired or inherited color vision
deficiencies (Verriest, 1963; Simunovic, 2016). In acquired color vision deficiency, color
perception loss is due to medication, aging, disease or accidents. Meanwhile, in inherited
color vision deficiency, color loss occurs due to changes in the cones in the human eye.
Inherited color vision deficiency can be further classified into three types: dichromacy,
monochromacy, and anamolous trichromacy.

Dichromacy occurs when one of the cones is absent or not functioning, and colors
are reduced to two dimensions. The rarest type of inherited color vision deficiency is
monochromacy. It occurs when two or three cones are absent or not functioning. Thus,
people with monochromacy (monochromats) can only see shades of gray ranging from

black to white. Anamolous trichromacy occurs in people with altered cones. Although all
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three cones exist, one of the cones is slightly out of alignment. This misalignment affects

the way they perceive colors depending on which cone is misaligned.

2.6 Summary

In the chapter, a theoretical overview of the human visual system and color perception
have been given. Research developments in color matching functions are also described
in this chapter. The formulation and relationship between XYZ and RGB color spaces
are described as well. Both color spaces are utilized in the formulation of the proposed
methods to improve the color perception of people with color vision deficiency in this

thesis.

23




CHAPTER 3: COLOR PERCEPTION OF THE ELDERLY

This chapter provides an overview of the color perception of the elderly. Fundamental
theorems for color perception of the elderly are also described. The earlier works considered
a non-uniform yellowing pigmentation model to mimic the color perception of the elderly.
Recently, two clinical studies have shown that uniform yellowing pigmentation occurs
on the human crystalline lens. Thus, a mathematical model of the uniform yellowing

pigmentation is proposed in this chapter.

3.1 Introduction

Color images used by highly visual applications and services on websites and smartphone
applications play an important role in distributing information to users of various ages
(Soundararajan & Bovik, 2013; Yamazaki & Eto, 2015). As humans age, the functional
ability of the eyes wane (Lerman, 1983; Salvi, Akhtar, & Currie, 2006; Weale, 1961a,
1961b; Werner et al., 1990) especially the ability to discriminate colors (Ball & Pollack,
1989; Fiorentini, Porciatti, Morrone, & Burr, 1996; Roy, Podgor, Collier, & Gunkel, 1991;
Ruddock, 1965a, 1965b; Shinomori, 2005; Verriest, 1963; Werner et al., 1990). Color
perception ability is the ability to recognize the set of signals that are produced when the
three cones that are sensitive in the red, green, and blue spectral range in the human eye
react with the incoming wavelength light (Hunt, 2004). The red, green, and blue spectral
range are generally represented by the long (L), medium (M), and short (S) wavelengths
respectively.

Throughout human life, the lens thickness continues to grow, and the accumulation
of yellow pigmentation occurs (Artigas et al., 2012; Norren & Vos, 1974; Pokorny et
al., 1986; Romano et al., 2011; Ruddock, 1965a; Said & Weale, 1959; Weale, 1961a).

Norren and Vos (1974) state that the yellowing pigmentation process occurs after the age
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of 30. The yellow pigmentation contributes to a gradual reduction in the transparency of
the human crystalline lens (Alio et al., 2005). Due to the yellowing pigmentation, the
lens absorbs more short wavelength which reduces the amount of blue light entering the
eyes (Fiorentini et al., 1996, K. Ishihara et al., 2001; Ruddock, 1965a; Salvi et al., 2006;
Shinomori, 2005; Tanaka et al., 2011; Verriest, 1963; Xu et al., 1997). In addition, light
scattering in the human lens of the elderly is much higher compared to the young (Boettner
& Wolter, 1962). To describe the effect of the yellowing pigmentation to the human
lens-density spectrum, several models were introduced: the two-factor model (Pokorny
et al., 1986), the exponential model (Weale, 1988), and the linear model (Savage et al.,
1993). A comparative experiment between the three models shows that the two-factor
model produces better results (Xu et al., 1997).

In addition to yellowing, the size of the human pupil also reduces with age (Applegate
et al., 2007; Birren et al., 1950; Bitsios et al., 1996; Kadlecova et al., 1958; Ortiz et al.,
2013; Said & Sawires, 1972; Winn et al., 1994). Birren et al. (1950) investigated pupil size
measurements and formulated a parabola relation between the pupil diameter and human
age. Measurements performed by Said and Sawires show that pupil size reduces linearly
with age (Said & Sawires, 1972). The concept of a linear relation between pupil size and
human age is further strengthen by Winn et al. (1994) when they formulated mathematical
linear relations between pupil size and human age. The reduced pupil size causes the
effective light reaching the retina to reduce proportionally (Sloan, 1939; Weale, 1961a,
1961b; Werner et al., 1990). Moreover, the pupil’s reflexive response also reduces with
age (Bitsios et al., 1996) which in turn increases the reaction time of the elderly (T. Suzuki
etal., 2012, 2005).

In Malaysia, the number of people aged 65 and above is expected to increase from

4.5% in 2009 to 7% by 2020 (Chua et al., 2015). The increase in the number of elderly
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The idea of uniform yellowing pigmentation on human crystalline lens was first initiated
and implemented in Weale (1961a). Using this idea, Weale calculated the effective
pathlength of the human crystalline lens. Said and Weale (1959) found that the white point
in the chromaticity diagram moves nearer to the spectrum locus as humans age. It was
stated in Werner and Steele (1988) that all three types of cones lose overall sensitivity at a
similar rate; this is further supported in experiments performed by Nguyen, Overbury, and
Faubert (2003).

Several experiments using artificial uniform yellowing filters that mimic the color vision
of the elderly have been conducted (K. Ishihara, Ishihara, Nagamachi, & Osaki, 1997;
K. Ishihara et al., 2001; Schneck et al., 1993; Yoshida & Sakuraba, 1996). Schneck et
al. designed a three-layer filter that consists of a neutral density filter, a spectral filter
and a scratched plastic sheet (Schneck et al., 1993). This ‘sandwich’ filter reduces the
blue-yellow chromatic perception and mimics the color vision loss of the elderly. Yoshida
et al. (Yoshida & Sakuraba, 1996) and Ishihara et al. (K. Ishihara et al., 1997, 2001),
on the other hand, designed a yellowing filter using yellow films to study the effect of
yellowing on the color perception of the elderly. When young observers wore the yellowing
filter, they had difficulty differentiating colors due to the confusion that occurred when
looking at multiple colored objects. Recently, clinical studies using enucleated human
eyes performed by Artigas et al. (Artigas et al., 2012) and Romano et al. (Romano et al.,
2011) showed that as human age increases, the chromaticity of the human crystalline lens
shifts towards the yellow region of the chromaticity diagram.

Results from recent clinical studies (Artigas et al., 2012; Romano et al., 2011) have
shown that uniform yellowing pigmentation occurs on the human crystalline lens. However,
the uniform yellowing pigmentation is not represented mathematically. Hence, this

has become the main motivation for developing a mathematical model of the uniform
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yellowing pigmentation and assessing the color perception experienced by the elderly.
By understanding the process of color perception of the elderly, website designers and
smartphone application developers can factor this consideration when choosing suitable
color schemes to represent their information and avoid misinterpretation by the elderly.
Moreover, it is also important for designers and architects to consider a good visual color
presentation in order to enable the elderly to experience the built environment safely and
with confidence. The chapter is therefore organized as follows. Section 3.2 describes
the fundamental theorems used in the color perception of the elderly. Section 3.3 shows
the proposed uniform yellowing pigmentation method. The performance of the proposed
method and comparisons with the non-uniform yellowing pigmentation are shown and

discussed in Section 3.4. Section 3.5 concludes this chapter.

32 Fundamental Theorems in Color Perception of the Elderly
This section describes the two fundamental theorems that are used in the study of the
color perception of the elderly. The two fundamental theorems are the two-factor model

and the retinal illuminance model.

3.21 Two-factor model

One of the fundamental models used in elderly color perception methods is the two-
factor model proposed by Pokorny et al. (1986). This model describes the optical density
of humans lens as a function of wavelength, A and age, A and expresses it using the
age-dependent 7L and age-independent components, 'L, as below:
L(A, A)=

[1.00 +0.02(A - 32)]TL; +TLy  for20 < A < 60
3.1)

[1.56 + 0.0667(A — 60)]TL; + TLy for A > 60
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where T'L; is the portion changed by aging after age 20 and T'L, is the portion independent
of age.

The optical density L(1, A) can also be expressed in terms of the spectral intensities as
below:

(3.2)

L(A, A) =logp (@)

I;(4)

where [;(1) and /,(1) are the intensity of incident light and transmitted light respectively.

Thus, the spectral transmittance of the human lens can be described as

(L A) = % = 107 (3.3)

Spectral transmittance of the human lens for several ages are illustrated in Figure 3.2.
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Figure 3.2: Spectral transmittances of human lens for several ages

In order to simulate the lens transmittance of an elderly person of aged A as seen by a
young observer of age 32, the spectral transmission factor of the human lens can be derived
from Eq. (3.3) as below:

(A, A) 1074

T({L32) - IO—L(J!.SZ) (3.4)

F(,A,32) =
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Age 32 years old is chosen as a standard age for young people because it was the mean age

used in the color matching experiment by Stiles and Burch (Stiles & Burch, 1955b).

3.2.2 Retinal Illuminance Model

Another model that is considered in elderly color perception methods is the retinal
illuminance model. The model is based on the relation between pupil size and human age
proposed in Winn et al. (1994). According to Winn et al., pupil size decreases linearly
with age at all illuminance levels as shown in Figure 3.3. Thus, pupil size can be expressed

in terms of age, A as below:

d(A) = -0.011A + 1.557 (3.5)
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Figure 3.3: Pupil size decreases by aging

As in Tanaka et al. (2011), the rate of retinal illuminance of the elderly aged A as

compared to the young observer aged 32 years old can be computed as below:

d(A) -0.011A + 1.557
SR = d32) ~ 1.205 (36)
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33 Proposed Method - Uniform Yellowing Pigmentation Method

This section proposes a new method that utilizes the uniform yellowing pigmentation
of the human crystalline lens to simulate the color perception of the elderly. The proposed
method implements the same basic mathematical framework related to elderly color
perception as applied in Tanaka et al. (2011). In Tanaka’s method, 9 components called
effective components were formulated to compute the non-uniform yellowing pigmentation
(Hassan et al., 2015; Tanaka et al., 2011). Using this approach, at a particular age, the RGB
components of the original image lose their overall sensitivity at a different rate. Thus,
the non-uniform yellowing pigmentation formulated varies depending on the colors in the
original image as shown in Figure 3.1(b).

Meanwhile, in the proposed method, the uniform yellowing pigmentation is formed
using 3 components called the effective tristimulus ratios. In this approach, at a particular
age, the RGB components in the original image lose their overall sensitivity at a similar
rate which is in agreement with the results found in Nguyen et al. (2003) and Werner and
Steele (1988). Figure 3.1(d) shows the uniform yellowing pigmentation in a person aged
80 years old. The simulated images as perceived by an elderly person of 80 years old using
both methods are also illustrated in Figure 3.1.

In the proposed method, the original image is converted to CIE XYZ color space. CIE
XYZ color space encompasses all the color sensations that a human perceives and is
formulated based on the RGB version of the human eyes (Fairchild, 2005). Meanwhile,
the measured transmittance functions and the spectral transmission factor (Pokorny et al.,
1986) are utilized to compute the total tristimulus values at a particular age. Based on these
values, the effective tristimulus ratios are computed. The uniform yellowing pigmentation
is simulated using the effective tristimulus ratios. To simulate the color perception of the

elderly, the XYZ tristimulus values of the original image are multiplied with the effective

31




tristimulus ratios of the uniform yellowing pigmentation and the rate of retinal illuminance
(Tanaka et al., 2011; Winn et al., 1994). The overall process of the proposed method is

summarized in Figure 3.4.
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Figure 3.4: Overall process flow of the proposed method

Generally, the tristimulus values of reflected light can be represented as

650
X=k Y EMIDp(A) (3.7)

A=400

650

Y=k Y EQ5)p) (3.8)

A=400

650
Z=k ) Ep(A) (3.9)
=400
where E(1) is the spectral energy for wavelength, (1), #(4) and Z(1) are the standard CIE
color matching functions, p(1) is the spectral reflectance, k is the normalization factor and
the wavelength interval of 10nm.

However, since the image is presented on the Liquid Crystal Display (LCD), and the
backlight of the LCD is observed through red, green, and blue filters, the proposed method
utilizes the transmittance functions for red f;, green f;, and blue fj, filters of the LCD. The
transmittance functions of the LCD are measured using a spectral luminance radiometer in
a darkroom environment.

In the proposed method, the spectral reflectance p(1) in Eq. (3.7) to Eq. (3.9) are

replaced with the respective transmittance functions and the spectral transmission factor
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F(A, A, 32) as given in Eq. (3.4) (Pokorny et al., 19806).
Thus, the tristimulus values through the red, green, and blue filters for any given age A

can be expressed as

630
Xa(A) =k ) EQOFA) fuA)F(A A,32) (3.10)
A=400

650

YA =k D EQ)FA) fu(DF(A, A,32) 3.11)
A=400

650
Zu(A) =k ) B fuDF (A, 4,32) (3.12)

1=400
where f,,(1) is the transmittance functions of the LCD and m = r, g, b. Then, the total

tristimulus values X, Y, Z for any given age, A can be computed using the summation of

tristimulus value of each light component represented in Eq. (3.10) to (3.12).

X(A) = X, (A) + Xg(A) + Xp(A) (3.13)
Y(A) = Y (A) + Yy (A) + Yp(A) (3.14)
Z(A) = Z,(A) + Zg(A) + Zp(A) (3.15)

The effective tristimulus ratios X,, Y, and Z, for the elderly aged A as compared to the

young observer aged 32 years old can be expressed as

_X(A)

% = §an (3.16)
YA

%= ya2) (3.17)
_Z(4)

Z= 55 (3.18)
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Finally, the tristimulus values of the elderly aged A are computed as

Xo(A) = X.SX; (3.19)
Yo(A) = X.SY; (3.20)
Zy(A) = Z.SZ; (3.21)

where § is the rate of retinal illuminance as given in Eq. (3.6), X,. Y., Z, are the effective
tristimulus ratios, and Xj, ¥;, Z; are the tristimulus values of the color image converted

using the sRGB to CIE XYZ transformation matrix as shown below.

Xi 0.4124 0.3576 0.1805| |R;

Y| = 102126 0.7152 0.0722| |G; (3.22)

7| 10.0193 0.1192 0.9505| | B;

To simulate the image perceived by the elderly, X,(A), Y,(A), and Z,(A) are transformed

to RGB values using the inverse of Eq. (3.22).

3.4 Experimental Studies

A number of experimental studies were performed to evaluate the proposed method.
The transmittance functions of the LCD were measured to model the uniform yellowing
pigmentation and then verified with the results from previous works. Using several type of
images, the transition of the color perception of the elderly from different age groups were
also observed. Lastly, an artificial SPP3 color perception test was conducted to young
subjects and comparisons were made with the results from the clinical color perception
test provided by eye doctors (Tanaka et al., 2011).

Prior to the experimental studies, the LCD was calibrated using X-Rite i1Display 2
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based on sRGB color space and white point of D65. The gamma correction parameter, y
was set to 2.2. The calibration process ensures that the preciseness of color reproduction

on the LCD is within a very small range of error (Tanaka et al., 2011).

34.1 Simulation of Uniform Yellowing Pigmentation

In this experiment, firstly, the transmittance functions of the LCD DELL S2440L
were measured using a Konica Minolta CS-2000 spectral luminance radiometer in a
darkroom environment. It should be noted here, the transmittance functions may vary
slightly depending on the LCDs (Gibson & Fairchild, 2000). The normalized transmittance

functions of the LCD are shown in Figure 3.5.
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Figure 3.5: Normalized transmittance functions of LCD used in the experiment

Utilizing the values of the transmittance functions, the D65 spectral energy distribution,
and the CIE1931 color matching functions, the effective tristimulus ratios were computed.
Then, the effective tristimulus ratios were converted into the effective RGB values. The
effective RGB values computed represent the simulated image of the proposed uniform
yellowing pigmentation. The simulated images of the uniform yellowing pigmentation are

illustrated in Figure 3.6. It can be observed that as age increases, the simulated uniform
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decreases significantly after the age of 60, which is in agreement with the results in Artigas

et al. (2012), Pokorny et al. (1986), and Said and Weale (1959).
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Figure 3.7: Age-related change of the effective RGB values for the simulated uniform
yellowing pigmentation

The D65 white point was simulated using the proposed method, and the chromaticity
points were plotted together with the results from the clinical studies ( Artigas et al., 2012;

Romano et al., 2011) as shown in Figure 3.8. The results in Artigas et al. (2012) were
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Figure 3.8: Comparison of the chromaticity points of the D65 white point between
the proposed method and the results from the clinical studies

obtained from human eyes used for corneal transplants while the results in Romano et al.
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(2011) were obtained from freshly enucleated human eyes.

It can be observed that as age increases, the chromaticity of the simulated D65 white
point shifts to the yellow region of the chromaticity diagram. This is consistent with the
results obtained in Artigas et al. (2012) and Romano et al. (2011). Based on the results of
both tests, it can be deduced that the uniform yellowing pigmentation simulated by the
proposed method has similar characteristics with the yellowing of the human crystalline

lens.

34.2 Simulation of the Color Perception of the Elderly

To observe the transition of the color perception of the elderly from different age
groups, three Macbeth ColorCheckers color patches (blue sky, green, and moderate red),
three synthesized images created using Munsell colors, and three real images from LIVE
database (Sheikh, Sabir, & Bovik, 2006) as perceived by the elderly aged 60, 70 and 80
years old were simulated using the proposed method. The original and simulated images
are shown in Tables 3.1 to 3.3.

As shown in Table 3.1, as age increases, the blue sky color patch loses its bluish element.
This is because the uniform yellowing pigmentation absorbs more blue stimulation than the
red and green stimulations of the image. This is similar to the results in Norren and Vos
(1974), Pokorny et al. (1986), Ruddock (1965b), and Said and Weale (1959). Their work
shows that as human age increases, the amount of blue light that arrives into human eyes
is less than green and red light. Moreover, all three color patches become darker as age
increases. Other than the uniform yellowing pigmentation, this is also due to the retinal
illuminance model in which the reduced pupil size causes the effective light reaching the
retina to reduce proportionally (Weale, 1961a, 1961b; Werner et al., 1990).

It can also be observed from Table 3.2 that as age increases, the purple and light blue

color blocks from the first synthesized image look like brown and beige respectively. In
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images from the proposed method and Tanaka’s method (Tanaka et al., 2011). As shown

in Figure 3.13, a rectangular section from number 5 on the test image no.2(57), number

2 on the test image no.3(42), and number 9 on the test image no.6(98) were cut and the

circles were numbered according to their color. Circles 1 and 3 represent the colors of the

number on the test images while circles 2 and 4 represent the background colors.

The rectangular sections were simulated as perceived by the 80-year-old using both

methods and the CIEDE2000 color difference, AEgy (Sharma, Wu, & Dalal, 2005) of the

adjacent circles were computed. Tables 3.5 to 3.7 show the color difference values between

the adjacent circles for both simulated images.

Table 3.5: Color difference AEy, of the adjacent circles of the rectangular section

from test image no.2(57)

Circles

Proposed method  Tanaka’s method

1 and 2
1and 3
1 and 4
2and 3
2and 4

3and 4

3.8443
2.2282
5.1708
4.9888
5.8732

7.0896

5.2762
3.8877
4.7688
4.3213
6.9330

8.1193

Table 3.6: Color difference AEy, of the adjacent circles of the rectangular section

from test image no.3(42)

Circles

Proposed method  Tanaka’s method

1 and 2
land 3
1 and 4
2and 3
2and 4

3and 4

12.9225
4.4172
19.9488
15.4046
3.6512

19.7509

157776
4.0841
20.8867
16.0424
4.9521

17.7028
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Table 3.7: Color difference AEy of the adjacent circles of the rectangular section
from test image no.6(98)

Circles  Proposed method  Tanaka’s method

1 and 2 16.5334 16.7848
1 and 3 2.0988 3.6148
1 and 4 4.4597 18.1432
2and 3 10.1937 10.6438
2and 4 4.0640 3.3931
Jand 4 18.9405 15.6612

It can be seen from the tables that most of the color differences AEy between horizontal
adjacent circles of the proposed method are smaller than those of Tanaka’s method. This
means that the colors of circles 1 and 3 are almost similar to the colors of circles 2 and 4.
It is more difficult for the subjects to recognize number 5, number 2, and number 9 on
the simulated test images from the proposed method than the simulated test images from
Tanaka’s method. Therefore, the error rate of the proposed method is higher than the error
rate of Tanaka’s method. Moreover, the results from the proposed method are closer to the

results of the clinical color perception test.

35 Summary

Currently, color images are extensively used to showcase information via websites
and smartphone applications. Due to the yellowing on the human crystalline lens, the
ability of humans to differentiate colors reduces as age increases, and this may cause
confusion and misinterpretation of information by the elderly. Hence, understanding color
perception of the elderly is essential in order to minimize this problem. Previous works on
color perception of the elderly utilized the non-uniform yellowing pigmentation method.
However, recent clinical studies have shown that a uniform yellowing pigmentation occurs

on the human crystalline lens. Therefore, in this chapter, we have proposed a mathematical
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model of the uniform yellowing pigmentation to mimic the color perception experienced
by the elderly.

Results obtained from the experimental studies conducted are in agreement with the
results obtained from previous works on color perception of the elderly. In the artificial
color perception test, the proposed method performed better than the non-uniform yellowing
pigmentation method. Moreover, the results from the proposed method are also closer
to the results of the clinical color perception test. Based on these results, the effect
of the uniform yellowing pigmentation on the color perception of the elderly has been
identified. Therefore, implementing the inverse computation of the proposed method,
website designers and smartphone application developers can choose better color schemes
to represent their information. Thus, misinterpretation of information by the elderly can be
avoided. Moreover, designers and architects can produce better visual color representations

for the elderly to experience the built environment safely and with confidence.
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CHAPTER 4: COLOR PERCEPTION OF RED-GREEN DEFICIENTS

This chapter presents an overview of the color perception of red-green deficients.
Mathematical algorithms that model their color perception are also described. Some of the
image recoloring methods for red-green deficients are briefly discussed. However, each
method has its own disadvantages, especially in preserving the naturalness of the recolored
images. Therefore, this chapter proposes a simple and efficient recoloring method that
enhances color perception and also maintains the naturalness of the images perceived by

red-green deficients.

4.1 Introduction

Color vision, which interprets information from the visible light to form the visual color
perception of the surrounding world, is one of the process carried out by the human central
nervous system. People with normal color vision, or trichromats, have three independent
channels to convey information of colors (Vienot, Brettel, Ott, M’Brek, & Mollon, 1995).
These three independent channels are cone photoreceptors which are sensitive in the red,
green, and blue spectral range in human eyes, and they are generally represented by the long
(L), medium (M), and short (S) cone respectively (Hassan et al., 2015; Hunt, 2004; Vienot
et al., 1995). About eight percent of the male population have some kind of inherited color
vision deficiencies (Ching & Sabudin, 2010; Semary & Marey, 2014). These are caused
by alterations in the opsin gene array in the X chromosome (Sharpe, Stockman, Jagle, &
Nathans, 1999). Dichromacy is one of the inherited color vision deficiencies, and it occurs
when one of the cones is absent or not functioning. Thus, individuals with dichromacy, or
dichromats, experience color perception in a two-dimensional color space (Judd, 1949;
Vienot et al., 1995).

Dichromacy can be further classified into three categories depending on which cone
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carries the defect (Neitz & Neitz, 2011). Protanopia, also known as red-deficiency,
occurs when the defect is on the L-cone that carries red sensitivities. Deuteranopia also
known as green-deficiency, occurs when the M-cone that carries green sensitivities is
deficient. People with red-deficiency and green-deficiency are called protanopes and
deuteranopes respectively. Both these categories are also called red-green deficiency
(Alvaro, Linhares, Moreira, Lillo, & Nascimento, 2017; Moreira et al., 2018). People
with red-green deficiency have difficulty in distinguishing between these two colors (Judd,
1949; Ching & Sabudin, 2010); they view red and green as yellow, orange, and beige
(Alvaro, Moreira, Lillo, & Franklin, 2015; Alvaro et al., 2017). This creates confusion
and may cause misinterpretation of information (Suetake et al., 2012). Another type
of dichromacy is called tritanopia, in which the S cone that carries blue sensitivities is
deficient. Tritanopia is also known as blue-yellow deficiency where people with tritanopia
have difficulty to distinguish shades of blue and yellow. However, people with tritanopia,
or tritanopes, comprise less than one percent of the male population (Moreira et al., 2018).

People with dichromacy or any other type of color vision deficiency experience great
difficulty with color discrimination that not only affects their social life but may also
affect their careers (Cole, 2007; Tagarelli et al., 2004). In order to understand color
experience of dichromats, several methods to simulate their color perception have been
proposed. Although it seemed impossible at first to know their color perception, a few
individuals have been discovered to have one protanopia, deuteranopia, or tritanopia eye
and one normal eye. These individuals are known to have unilateral protanopia, unilateral
deuteranopia, and unilateral tritanopia respectively. Research on these individuals shows
that a stimulus of 575 nm is perceived as the same yellow, and a stimulus of 475 nm as
the same blue, by trichromats, protanopes, and deuteranopes (Judd, 1949). In the case of

unilateral tritanopia, the corresponding two hues that are viewed similarly by trichromats
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etal. (2004). The key feature of their model is the processing of the photoreceptor signals in
parallel channels with different gains and nonlinearities. Meanwhile, Capilla, Diez-Ajenjo,
et al. (2004) introduced an alternative algorithm called the corresponding-pair procedure .
However, this procedure can only be applied to color models that fulfill certain conditions.
Furthermore, Capilla, Luque, and Diez-Ajenjo (2004) utilized different color vision models
to represent dichromatic color perception. In this method, they implemented either a
cone-loss model, setting the appropriate cone responses to zero, or a cone-replacement
model, in which the L cone becomes an M cone for protanopia and the M cone becomes
an L cone for deuteranopia.

A more recent work conducted by Machado et al. (2009) presents a physiologically
based model to simulate dichromatic color perception. Their model is based on the stage
theory of human color vision and is derived from the data obtained in electrophysiological
studies. Their work not only simulates dichromatic color perception, but it can also be
utilized to represent anomalous trichromacy. Meanwhile, Lee and dos Santos (2011)
modified Brettel’s algorithm (Brettel et al., 1997) using an adaptive fuzzy-based system to
represent the linear transformation of anamolous trichromacy. Furthermore, a two stage
model of dichromatic color perception is introduced by Rodriquez-Pardo and Sharma
(2011). Their model consists of a first sensor stage with per-channel gain control and a
second opponent encoding stage. However, although their model is in agreement with
the perceptual data, they have not performed any psychophysical validation to verify their
model. Of all the models discussed above, Brettel’s algorithm (Brettel et al., 1997; Vienot
et al., 1999) is the most accepted method due to its mathematical simplicity and its usability
in expressing dichromatic color perception.

Utilizing Brettel’s algorithm to simulate dichromatic color perception, several methods

using different strategies have been proposed to enhance the visual details missed by
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dichromats. Most of the recoloring methods proposed for dichromacy focus on protanopia
and deuteranopia. This is due to the fact that protanopia and deuteranopia are from
the red-green deficiency group that corresponds to over 99.9 percent of all color vision
deficiency cases worldwide (Sharpe et al., 1999). Rigden (1999) created color palette for
protanopia and deuteranopia based on the standard 216-color web-safe palette. Another
method for website color modification was proposed by Ichikawa et al. (2003). They
proposed an automatic color arrangement optimization process using a genetic algorithm
known as the robust optimization method. Wakita and Shimamura (2005) proposed a
repainting system called SmartColor which replaces the set of colors used in the original
documents with another set of colors. However, although these methods help designers
plan a proper color scheme for their designs, these methods are not suitable for natural
images since they consist of limited colors. Moreover, the use of a limited number of
colors may harm a designer’s creativity.

To overcome this issue, Yang and Ro (2003) proposed an adaptive recoloring method
that allows color adaptation at anytime and anywhere according to the type and severity
of the color vision deficiency. Their color adaptation method consists of two stages;
hue adaptation and saturation adaptation. Meanwhile, Jefferson and Harvey proposed a
recoloring method that selects key colors from the difference between the original image
and dichromat perceived image histograms (Jefterson & Harvey, 2006). They utilize four
objective functions to preserve brightness, color contrast, colors in available gamut, and
color naturalness.

Another recoloring process was proposed in Anagnostopoulos et al. (2007). Their
method implemented logical image masking in order to modify the colors that are confused,
and to preserved colors that are perceived correctly. To improve the efficiency of this

method, Doliotis et al. (2009) added a color clustering process to automatically differentiate
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between colors that need to be recolored and colors that need to be preserved. However,
this method implemented a complex computational algorithm that may not be suitable for
practical applications.

Rasche et al. (2005a) proposed an automatic recoloring method that implemented an
optimization process using an affine transformation in order to preserve the perceptual
color differences between all pairs of colors. However, this method does not capture
the color variation along many directions and does not ensure that the mapped colors
are all within the available color gamut. To address this limitation, they implemented
a constrained multivariate optimization procedure applied to a reduced set of quantized
color, which are then used to optimize the entire set of colors (Rasche et al., 2005b). Even
though they improved their previous method, they did not take into consideration the
problem of naturalness preservation, and the method can arbitrarily change all the colors
of the original images.

One of the concerns in the recoloring method for dichromats is to preserve the naturalness
of the recolored images. Kuhn et al. (2008) proposed a naturalness-preserving recoloring
method by implementing a mass-spring system to optimize the colors in the input image
and enhance the color contrast for dichromats. However, this method did not preserve
the temporal coherence of the images. Thus, Machado and Oliveira (2010) proposed an
automatic image-recoloring technique for enhancing color contrast for dichromats while
maintaining the temporal coherence of the images. Moreover, due to this characteristic, it
is also suitable for video recoloring. Although this technique is better than Kuhn’s method,
this method is more suitable to recolor scientific visualization images.

In natural images, the number of colors may be less than the whole range of the color
spectrum. Hence, there are a lot of color redundancies that can be utilized. By exploiting

the color redundancies, Ma et al. (2006) proposed a nonlinear transformation method.
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Their method uses the self-organizing map to change the colors. This method has two
advantages: global nonlinearity, which is more effective that linearity or local nonlinearity
and adaptability, which makes the practical implementation more viable.

Huang et al. (2007) developed a recoloring process that can automatically construct a
transformation process which maintains the visual details for dichromats and preserves the
naturalness for trichromats. Their method utilized a rotational process in CIELAB color
space to transform the colors in the image while maintaining the luminance of the original
image. However, the results from this method may not be depictive enough. In Huang et
al. (2009), they proposed another recoloring method that implemented a more depictive
strategy: the Gaussian Mixture Model (GMM) together with the Expectation-Maximization
(EM) algorithm to represent the colors in the images. Using the optimization process, they
determined the optimal mapping to maintain the color contrast between a pair of colors.
The optimal mapping functions are then used in the recoloring process.

Recently, Ribeiro and Gomes (2013) proposed a simpler recoloring method by imple-
menting the Hue-Saturation-Value (HSV) color model. Their main objective is to avoid
confusion between red and green colors. To achieve that, they remapped the confused
colors using trivariate recoloring and hue remapping functions. These functions ensure
that any two different colors are mapped into two distinct colors.

Although all the aforementioned recoloring methods enhance the visual details and
improve the color perception of the red-green deficients, the recolored images may look
nonpleasing to trichromats (Huang et al., 2007; Jeong et al., 2011). Moreover, the
recoloring methods may potentially change all the colors of the original images and thus,
may make the recolored images look unnatural to the red-green deficients as well (Kuhn et
al., 2008). If the recoloring method focuses only on the needs of red-green deficients, these

recolored images may appear awkward to trichromats. On the other hand, if the needs of
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the red-green deficients are not taken into consideration, they may face difficulties when
looking at the images. This may happen in public places such as in airports, shopping
malls, and train stations where color images used in advertisements and maps are observed
by both trichromats and red-green deficients. Thus, it is important to have a recoloring
method that takes into consideration the needs of both parties.

Therefore, this chapter proposes a simple and eflicient recoloring method that improves
visual details and color perception of the red-green deficients and also preserves the
naturalness of the recolored images for both trichromats and red-green deficients. The main
advantage of the proposed method is that it recolors the colors confused by the red-green
deficients with colors that have the same hue as the original. Moreover, the recolored
images have the same luminance as the original images. The proposed method consists
of two main parameters: error parameters and a rotation parameter. These parameters
are used to compute the modified error parameters that will be distributed back into the
original colors. The rest of the chapter is organized as follows. Section 4.2 describes the
fundamental algorithm of the color perception of dichromats. The proposed recoloring
method is described in Section 4.3. The performance of the proposed recoloring method
and comparison with other recoloring methods are discussed in Section 4.4. Lastly, the

chapter conclusion is presented in Section 4.5.

4.2 Dichromatic Color Perception Model

Of all the models that represent the dichromatic color perception, Brettel’s algorithm
(Brettel et al., 1997; Vienot et al., 1999) is the most accepted model due to its mathematical
simplicity and its usability in expressing the color discrimination of dichromats. Hence,

this section describes Brettel’s algorithm.
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4.2.1 Brettel’s Algorithm

Brettel’s algorithm (Brettel et al., 1997; Vienot et al., 1999) represents color stimuli as
a vector in a three-dimensional LM S color space. The LM § color space is specified by
the peak responses of the three types of cones for the human eye, which are named after
the human eyes cone photoreceptors which are long (L), medium (M), and short (S).

Thus, to implement Brettel’s algorithm, color images need to be transformed to the
LMS color space. This is done first by transforming the RG B color space to the XY Z color
space using the transformation matrix obtained via Judd-Vos colorimetric modification

(Travis, 1991; Vienot et al., 1999)

X 40.9568 35.5041 17.9167| (R

Y| =(21.3389 70.6743 7.98680( |G 4.1

zZ 1.86297 11.4620 91.2367| | B

Then, the XY Z color space is transformed to L MS color space according to Smith and

Pokorny (1995)
L 0.15514 0.54312 -0.03286| | X

M| =1[-0.15514 0.45684 0.03286 | |Y 4.2)

S 0 0 0.01608 | | Z

For simplification, these computations can be combined as shown below:

L 17.8824 435161 4.11935( |R

M| = 345565 27.1554 3.86714| |G (4.3)

S 0.0299566 0.184309 1.46709| |B

To understand the algorithm more clearly, a geometric representation of the algorithm is

shown in Figures 4.2 and 4.3.  As shown in Figures 4.2 and 4.3, in dichromatic vision, the
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475 nm

Figure 4.2: Geometric representation of the reduced stimuli surface for protanopia
and deuteranopia (Brettel et al., 1997; Vienot et al., 1999)

Blue 485 nm

Figure 4.3: Geometric representation of the reduced stimuli surface for tritanopia
(Brettel et al., 1997; Vienot et al., 1999)

LMS color space is reduced to two color domains which include the origin O, the nominal
white stimulus W, and the neutral color stimulus E. In these figures, OF represents the
neutral stimuli for dichromats as well as for trichromats. The neutral axis OF divides the
surface of the reduced stimuli into two half-planes, each of which is anchored on a point

specifying an invariant hue for a given type of dichromat.
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The wings from OE toward the 475 nm and 575 nm locations represent the reduced
stimuli surface for protanopia and deuteranopia stimulation as shown in Figure 4.2.
Meanwhile, the wings from OFE toward the 485 nm and 660 nm locations represent the
reduced stimuli surface for tritanopia as shown in Figure 4.3. For any given stimulus Q
located on the LM S color space, Brettel’s algorithm replaces the undetermined component
of a dichromat by the value corresponding to the projection of Q onto the wing, parallel to
the direction of the missing fundamental axis.

Using vector algebra, the equation for any given stimulus Q* on a plane defined by
the origin O, the monochromatic anchor stimulus A with coordinates of (L, M4, S4) and

stimuli E with coordinates of (Lg, Mg, Sg) is given as

(ExA)Q =0 (4.4)

since Q’ is always orthogonal to the normal vector E x A of the plane. Solving the plane

relation gives the linear equation of the stimulus Q” with coordinates (Lg, Mg, Sp) as

aLg +BMg +ySp =0 4.5)
with
@ = MgSs— SgMy (4.6)
B=SpLa— LgSa 4.7)
y=LgMy—MgLy (4.8)

From these relations, the reduction of the normal color domain to the dichromatic color

domain maintains the unaffected values that correspond to the existing photoreceptors.
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Thus, the replacement tristimulus values corresponding to the missing photoreceptor is,

for the protanopia

—(BM +v§
L,= M 4.9
14
for the deuteranopia,
My = L+ 79) (4.10)
B
and for the tritanopia
—(aL M
S, = % 4.11)

where L, M, S are the values obtained in Eq. (4.3).
Further experiments by Vienot et al. produced the linear transformation from trichroma-
tic vision to the red-green deficiency using the following transformation matrices (Vienot

et al., 1999). For protanopia,

Ly 0 2.02344 -2.52581||L

M,| = |0 1 0 (4.12)
Sy 0 0 1

and for deuteranopia,
Lqg 1 0 0
My 0.494207 0 1.24827 (4.13)
Sc.’ 0 0 |

Finally, to form the image viewed by protanopes and deuteranopes, the LM S values
obtained from Eq. (4.12) and Eq. (4.13) are transformed back to the RGB color space

using the inverse of Eq. (4.3).
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4.3 Proposed method - Naturalness Preservation Recoloring Method

This section proposes a simple and efficient recoloring method that enhances visual
details and improves the color perception of the red-green deficients. The proposed method
also maintains the naturalness of the recolored image for both trichromats and red-green
deficients. To achieve these objectives, the proposed method adopts two premises. First,
the luminance of the recolored image is the same as the luminance of the original image.
Second, the recolored image has the same hue as the original image.

In the proposed method, the original image and the image perceived by the red-green
deficients are converted into the XY Z color space. The XY Z color space is chosen as the
working domain because it encompasses all color sensations that a human can perceive and
is formulated based on the RG B version of the human eye (Fairchild, 2005). Moreover, the
XY Z color space can be easily mapped to many alternative RGB color spaces by simply
choosing any point of the chromaticity diagram.

To maintain the same luminance, the XY Z tristimulus values for both images are
normalized. The error parameters and rotation parameter are then computed. These
parameters are used to compute the modified error parameters. To obtain the recolored
image, the modified error parameters are distributed back to the original image but in such
a way that it increases the blue stimulation of the recolored image while maintaining the
same hue as the original image. The overall process of the proposed method is summarized
in Figure 4.4.

To start the recoloring process, the original image, R,, G, B, and the image perceived
by red-green deficients Ry, Gy, By are converted to X,, Y,, Z, and Xy, Y,, Z, respectively
using Eq. (4.1). Next, both sets of tristimulus values are normalized so that the value
of the luminance Y, and ¥ are set to 100. This is so that the luminance of the recolored

image can be maintained as similar to the original one. Thus, the normalized tristimulus
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as illustrated in Figure 4.5.

2\

-
X

Figure 4.5: Angles of elevation of the normalized X and Z values

Based on Figure 4.5, the angles of elevation from the X-axis are computed for both
points and they are defined as

Z
Opn = tan™! (—) (4.16)

on

Z,
Osn = tan™! (—] 4.17)

in
Hence, the rotation parameter, ¢, is defined as the absolute difference between the angles
of elevation, 6, and 0y,.

¢ = |Oon — Onl (4.18)

As illustrated in Figure 4.6, the error parameters are plotted on the X Z plane and the
point is rotated according to the rotation parameter, ¢. The rotation operation increases
the value of E. which is related to the error of the blue stimulation and simultaneously

decreases the value of E,. From the rotation operation, the value of E, and E. are
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Figure 4.6: Rotation operation of the error parameters

modified to Ex and E respectively. Mathematically, Ex and E can be formulated as

matrix multiplication.
By cosd —sing| |E,
= (4.19)
E: sing cos¢ | | E:

The modified error parameters E. and E. are distributed back to the normalized

tristimulus values of the original image X,,,,, Yy, Z,, as shown below.

Xy =Xon+ Ey (4.20)
ﬁr =Y, 4.21)
2}! =Zont (E\ + E‘) (4.22)

The f-fx and l:f are both added into Z,, in order to increase the blue stimulation of the

recolored image so as to enhance the color perception of the red-green deficients. Moreover,
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the distribution process recolored the original image with the colors of the same hue so as
to preserve the naturalness of the original image from a trichromat’s point of view.
Finally, the recolored tristimulus values )?,,, i’:,, Z, are un-normalized and converted back
to the RGB values using the inverse relation of Eq. (4.1). The recolored image perceived
by red-green deficients can be observed using Brettel's algorithm (Brettel et al., 1997;

Vienot et al., 1999),

4.4 Experimental Studies

In this section, two experimental studies were performed to evaluate the proposed
method. The naturalness error, E,, (Huang et al., 2007; Jeong et al., 2011) and the
Feature Similarity chrominance (FSIMc) index (Zhang, Zhang, Mou, & Zhang, 2011)
were computed to objectively evaluate the effectiveness of the proposed method and other
recoloring methods in preserving the naturalness of the recolored images. Moreover, a
visual comparison of the protanopic and deuteranopic views of the recolored images was
also performed.

Lastly, paired comparison tests (Thurstone, 1927) were conducted with trichromats and
red-green deficients in order to evaluate the performance of the proposed method in terms
of the naturalness preservation of the recolored images and the overall preference.

Prior to the studies, the LCD was calibrated using X-Rite i1Display 2 based on sSRGB
color space and white point of D65. The gamma correction parameter, y was set to 2.2,
The calibration process ensures that the preciseness of color reproduction on LCD display

is within a very small range of error (Tanaka et al., 2011).

44.1 Objective Evaluations
In this experiment, 6 natural images taken from Kuhn et al. (2008), Martin et al. (2001),

and Rasche et al. (2005b) were utilized. The proposed method was compared with two
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recoloring methods: Huang’s (Huang et al., 2009) and Ribeiro’s methods (Ribeiro &
Gomes, 2013). These two methods were chosen for comparison because they implemented
a similar recoloring framework as the proposed method in which the original images are
recolored instead of the images perceived by the red-green deficients.

The images were recolored using the proposed method, Huang's method (Huang et al.,
2009), and Ribeiro’s method (Ribeiro & Gomes, 2013). Then, to observe how protanopes
and deuteranopes view the recolored images, the recolored images were simulated using
Brettel’s algorithm (Brettel et al., 1997; Vienot et al., 1999). To objectively evaluate the
performance of these three recoloring methods, the naturalness error, E,, (Huang et al.,
2007; Jeong et al., 2011) of the recolored images was computed. The naturalness error is

defined as

Epar = Z ”C{ - C’\'J"”2 (423)

where [ ranges over the colors contained in the images, C is the original image and C is the
recolored image. Table 4.2 shows that the proposed method produced recolored images
that have the smallest naturalness errors. This means that the proposed method produces
recolored images that have a better degree of correspondence with the original images than
the other two recoloring methods.

Table 4.2: Naturalness error, E,,, of the recolored images

Original image  Proposed method  Huang’s method  Ribeiro’s method

Red Berries 1,817 2,772 3.093
Apples 4,138 4,180 6,746
Red Flowers 3,051 9915 4,049
Orange Flower 2,275 7,024 2,374
Peppers 2,408 3,702 3,761
Flowers 4,259 8,198 7,129
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In addition, the chrominance information of the recolored images with respect to
the original images was computed using Feature Similarity chrominance (FSIMc) index
(Zhang et al., 2011). Higher FSIMc index shows that the chrominance information of the
recolored images is closer to the chrominance information of the original images. Hence,
the recolored images with a higher FSIMc index look almost similar to the original images
from a trichromat’s point of view. As shown in Table 4.3, the recolored images from
the proposed method obtained the highest FSIMc index as compared to the other two
recoloring methods.

Table 4.3: Feature Similarity (FSIMc) index of the recolored images

Original image  Proposed method ~ Huang’s method  Ribeiro’s method

Red Berries 0.9855 0.9738 0.9648
Apples 0.9744 0.8892 0.9202
Red Flowers 0.9610 0.9487 0.9442
Orange Flower 0.9877 0.9282 0.9726
Peppers 0.9897 0.9870 0.9318
Flowers 0.9668 0.9526 0.9166

Next, a visual comparison was conducted between the recolored images of the proposed
method and the other two recoloring methods. As shown in Tables 4.4 and 4.5, the
recolored images from the proposed method look more similar to the original images than
the recolored images from the other two recoloring methods. This is in agreement with the
results obtained in Tables 4.2 and 4.3. Since the proposed method recolors the red-green
deficients confused colors with colors that have the same hue as the original, the recolored
images maintain the naturalness of the original images as much as possible.

On the other hand, in Huang’s and Ribeiro’s methods, the recolored images lose
their naturalness as the red-green deficients’ confused colors are recolored with colors

that have different hues. Moreover, Huang’s method has the tendency to recolor colors
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same happened to the color of the red apples in Table 4.5 where Huang’s and Ribeiro’s
methods recolored the red apples with purple and blue respectively.

Images perceived by red-green deficients can also be observed in Tables 4.4 and 4.5.
From the results, it can be observed that all three methods enhance the visual details of
the original images. Moreover, compared to the original images perceived by red-green
deficients, all the recolored images improve the color perception of the red-green deficients.
As shown in Table 4.4, the red berries of the recolored images perceived by red-green
deficients are more visible as compared to the original image perceived by them. In
addition, the recolored images perceived by red-green deficients in Table 4.5 show the
difference between the green and red apples more clearly than the original image perceived
by them. However, in order to further evaluate the effectiveness of the proposed method and

other recoloring methods, subjective evaluations were conducted in the next experiment.

4.4.2 Paired Comparison Tests

In this experiment, paired comparison tests (Thurstone, 1927) were conducted with
trichromats and red-green deficients. The main objective of this experiment is to evaluate
the performance of the proposed method with Huang’s (Huang et al., 2009) and Ribeiro’s
methods (Ribeiro & Gomes, 2013) in terms of the naturalness preservation of the recolored
images and the overall preference by the trichromats and red-green deficients. Twenty-four
test images were utilized for protanopia and deuteranopia paired comparison tests and
these images are shown in Table 4.6.

There were a total of 36 pairs of test images for each paired comparison test and these
images were arranged side-by-side; (Or, P), (Or, H), (Or, R), (P, H), (P, R), and (H, R)
where Or stands for original image, P for the image recolored by the proposed method, H
for Huang’s method, and R for Ribeiro’s method. To avoid habituation, the order of the

images in each pair, as well as the order of each pair were defined randomly. These images
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precise diagnosis of protanopia and deuteranopia. In order to obtain precise results, they
would have been required to submit to an anomaloscope test.

The subjects were then grouped into two groups; trichromats and deuteranopes. Each
subject is the trichromats group underwent two paired comparison tests. The first paired
comparison test was to evaluate the protanopia recolored images and the second one was
to evaluate the deuteranopia recolored images. Each subject in the deuteranopes group
underwent the paired comparison test for deuteranopia recolored images. During the
paired comparison test, each subject was asked to indicate their binary preference in terms
of the naturalness and their overall preference for the images.

The results obtained for the paired comparison tests were analyzed using Thurstone’s
Law of Comparative Judgment (Thurstone, 1927). Case V Law of Comparative Judgment
is a classical tool that ranks items based on subjective choices, which allows one to measure
individuals’ preference orderings for some stimuli from a set of discrete binary choices
(Kuhn et al., 2008). Moreover, we used the maximum a posteriori estimation method in
our analysis. The maximum a posteriori estimation method was chosen because it is an
optimal approach to estimation and can be solved efficiently as a convex optimization
problem (Tsukida & Gupta, 2011). We also computed the corresponding 95% confidence
intervals using the formulation in Montag (2006). The 95% confidence intervals are shown
as vertical bars in Figures 4.7 to 4.9.

The preference scores of protanopia paired comparison test by trichromats are shown in
Figure 4.7(a) for naturalness and Figure 4.7(b) for overall preference. Since the original
images are recolored to match the reduced color gamut of protanopia, it can be observed
that trichromats preferred the original images more than the recolored images in terms of
naturalness and overall preference. However, between the recolored images, the results

show that trichromats preferred images recolored using the proposed method.
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the recolored images from the proposed method more than the other two recoloring
methods. Hence, these results show that the proposed method produced images that look
natural to deuteranopes and also enhanced their visual details better than Huang’s and
Ribeiro’s methods.

In addition, a second paired comparison test was conducted to evaluate the proposed
method with the recoloring method that recolored the images perceived by the red-green
deficients instead of the original images. Applying the same setup as the previous paired
comparison test, we compared the effectiveness of the proposed method with Kuhn's
method (Kuhn et al., 2008) in terms of the naturalness preservation of the recolored images
and the overall preference. Since in Kuhn's method the recolored images remained in the
reduced color space of red-green deficients, the second paired comparison test was only
conducted to the deuteranopes.

Here, the same set of the original and recolored images from the proposed method used
in the previous deuteranopia paired comparison test and the recolored images from Kuhn
et al. (2008) as shown in Figure 4.10 were utilized. Hence, there were a total of 18 pairs
of test images for the second deuteranopia paired comparison test and these images were
arranged side-by-side; (Or, P), (Or, K), and (P, K) where Or, P, and K stand for original
image, image recolored by the proposed method and Kuhn’s method respectively.

Applying Thurstone’s Law of Comparative Judgment (Thurstone, 1927) with the
maximum a posteriori estimation method and the corresponding 95% confidence intervals
(Montag, 2006), the preference scores for naturalness and overall preference are shown in
Figure 4.11. The 95% confidence intervals are shown as vertical bars.

Similar to the previous deuteranopia paired comparison test, most of the deuteranopes
preferred the original images more than the recolored images from both methods due

to their previous color experiences. However, the proposed method has slightly higher
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4.5 Summary

Color images in public places such as in airports, shopping malls, and train stations
are observed by everyone. However, loss of information may occur when the images
are viewed by red-green deficients. Various recoloring methods have been proposed
to overcome this problem. However, the recolored images may look non-pleasing to
trichromats. Moreover, the recoloring methods may change all the colors of the images,
and as a result, the recolored images may look unnatural to the red-green deficients as well.
Therefore, it is essential that recoloring methods take into consideration the needs of both
trichromats and red-green deficients.

Thus, in this chapter, a simple and efficient recoloring method that considers the needs
of both trichromats and red-green deficients is proposed. The proposed method improves
visual details and enhances the color perception of the red-green deficients while preserving
the naturalness of the recolored images for both trichomats and red-green deficients. The
main advantage of the proposed method is that it recolors the colors confused by the
red-green deficients with the colors that have the same hue as the original ones. Morcover,
the recolored images have the same luminance as the original images.

Results obtained from the experimental studies show that the proposed method performed
better than three other existing methods. The proposed method not only improves visual
details and enhances the color perception of the red—green deficients, but it also preserves

the naturalness of the recolored images for both trichromats and red—green deficients.
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CHAPTER 5: CONCLUSIONS

Color vision deficiency is the inability to discriminate certain shades of colors. This
inability arises from the differences in the pigmentation of the cones in the human eye.
Color vision deficiency can be categorized as acquired or inherited color vision deficiencies.
In acquired color vision deficiency, elderly people suffer from certain degrees of color
perception loss while some people with inherited color vision deficiency have difficulty in
distinguishing between red and green colors. Thus, people with color vision deficiency
may experience some difficulty in performing their daily activities. In order to improve
their quality of life and ease their physical limitations, this thesis describes research on
human color perception that has been conducted. The main objectives of this thesis are to
propose a mathematical formulation of the uniform yellowing pigmentation to model the
color perception of the elderly, and to introduce an image recoloring method for red-green
deficients that enhances the visual details and preserves the naturalness of the original
image.

Previous studies in color perception of the elderly utilized the non-uniform yellowing
pigmentation model. However, recent clinical studies indicate that uniform yellowing
pigmentation occurs on the human lens as human age increases. Therefore, to understand
the effect of the uniform yellowing pigmentation on the color perception of the elderly, a
mathematical formulation of the uniform yellowing pigmentation is proposed in Chapter
3. It uses three effective tristimulus ratios to form the uniform yellowing pigmentation.
Experimental studies verified that the uniform yellowing pigmentation is in agreement
with the results from clinical studies. In the experiments, the color perception of the
elderly is simulated using the uniform yellowing pigmentation. The artificial SPP3 color

perception test was conducted to compare the proposed method with the non-uniform
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yellowing pigmentation method and the clinical data. Results from the artificial SPP3 color
perception test show that the proposed method performed better than the non-uniform
yellowing pigmentation method. In addition, the results from the proposed method are
closer to the clinical data.

In Chapter 4, a naturalness preserving recoloring method for the red-green deficients is
proposed. The proposed method considers the needs of both trichromats and red-green
deficients. The main advantages of the proposed method are that it recolors the confused
colors with the colors that have the same hue as the original ones, and the recolored
images have the same luminance as the original ones. Therefore, the proposed method
improves the visual details of the recolored image and also preserves the naturalness
from both trichromats’ and red-green deficients’ points of view. In objective evaluations,
recolored images from the proposed method obtained better scores in term of naturalness
preservation and chrominance similarity index than the other two recoloring methods that
implemented similar recoloring framework. Moreover, in the paired comparison tests, the

proposed method achieved higher preference scores than three other recoloring methods.

5.1 Future Research Directions

There are still many possibilities for extensions of the proposed methods and impro-
vement for the applications discussed in this thesis. In the study of the color perception of
the elderly, one possible future research direction is to formulate an image enhancement
method to mitigate the effect of the uniform yellowing pigmentation on color perception of
the elderly. Moreover, non-natural color images such as scientific visualization (SciVis)
and information visualization (InfoVis) require contrast enhancement for the red-green
deficients. In future research, the proposed naturalness preservation recoloring method
can be extended to cater to this requirement of color contrast enhancement. In addition,

both of the methods proposed in this thesis can also be extended to video recoloring.
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