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“Light is a thing that cannot be reproduced but must
be represented by something else – by color.”
- Paul Cezanne

vii

viii

TABLE OF CONTENTS
Acknowledgement ................................................................................................................. xi
1. Introduction.......................................................................................................................... 1
1.1. Overview...................................................................................................................... 2
2. Literature review ................................................................................................................. 5
2.1. Colour vision ............................................................................................................... 6
2.2. Colorimetry................................................................................................................ 10
2.3. Chromatic discrimination ........................................................................................ 13
2.3.1. Confusion lines ................................................................................................ 14
2.3.2. Chromatic discrimination measurement methods ..................................... 15
2.4. Chromatic adaptation .............................................................................................. 19
3. Chromatic Discrimination Thresholds towards the Confusion Points ..................... 23
3.1. Introduction ............................................................................................................... 23
3.2. Methods...................................................................................................................... 24
3.2.1. Stimulus ............................................................................................................ 24
3.2.2. Participants ....................................................................................................... 25
3.2.3. Experimental design ....................................................................................... 26
3.2.4. Procedure .......................................................................................................... 31
3.3. Experimental results and analysis.......................................................................... 31
3.3.1. Results in terms of ΔEu’v' colour differences ................................................. 31
3.3.2. Results in terms of cone excitations .............................................................. 41
3.3.3. Results in terms of CIE CAM02-UCS and CAM16-UCS............................ 45
3.4. Discussion .................................................................................................................. 49
3.4.1. CIE 1976 UCS diagram ................................................................................... 49
3.4.2. MacLeod-Boynton diagram ........................................................................... 51
3.4.3. CIE CAM02-UCS and CAM16-UCS ............................................................. 51
3.5. Results ........................................................................................................................ 53
3.5.1. Thesis 1 .............................................................................................................. 53
3.5.2. Thesis 2 .............................................................................................................. 54
3.5.3. Thesis 3 .............................................................................................................. 54
ix

3.5.4. Thesis 4 .............................................................................................................. 54
4. Chromatic Discrimination Ellipses in terms of Adapting Field ................................. 55
4.1. Introduction ............................................................................................................... 55
4.2. Methods...................................................................................................................... 56
4.2.1. Stimulus ............................................................................................................ 57
4.2.2. Visual fields ...................................................................................................... 57
4.2.3. Experimental design, procedure and participants ..................................... 58
4.3. Experimental results and analysis.......................................................................... 60
4.3.1. Ellipses .............................................................................................................. 60
4.3.2. Reference directions vs. ellipse axes ............................................................. 61
4.3.3. Excitation purity vs. axis ratio ....................................................................... 62
4.4. Discussion .................................................................................................................. 63
5. Chromatic Discrimination in Sensory Testing .............................................................. 65
5.1. Introduction ............................................................................................................... 66
5.2. Methods...................................................................................................................... 67
5.2.1. Stimulus ............................................................................................................ 67
5.2.2. Participants (assessors) ................................................................................... 68
5.2.3. Experimental design ....................................................................................... 69
5.2.4. Procedure .......................................................................................................... 71
5.3. Experimental results and analysis.......................................................................... 72
5.3.1. Single LED channels ........................................................................................ 72
5.3.2. Mixed LED channels ....................................................................................... 74
5.4. Discussion .................................................................................................................. 76
5.5. Results ........................................................................................................................ 77
5.5.1. Thesis 5 .............................................................................................................. 77
6. Summary ............................................................................................................................ 77
7. Related publications .......................................................................................................... 87
8. References ........................................................................................................................... 89
9. List of figures ..................................................................................................................... 99
10. List of tables ................................................................................................................... 105

x

ACKNOWLEDGEMENT
I started to collect the names of all the people I would like to thank for help during
this time and realized that this list would be endless. So, to avoid missing someone I
decided to say a general thanks to my supervisors, my colleagues, my teachers, my
students, my parents, my family, my friends and The Best One.
Thanks for all the support and motivation.
Special thanks to everyone who asked me about the progress time by time and to all
who did not ask anything. I really appreciated both.

Budapest, 2022.

Ági

xi

xii

1. INTRODUCTION
Perception is the continuous process which builds a bridge between us and our environment. We gain information through our senses: based on what we see, hear,
touch, smell, and taste. Nevertheless, perception can also be understood as our prison,
since it defines the limits of information we can reach of the world. This amazing process raises many questions: How and what do we actually sense? What kind of signs
do our sensory organs process and how do they transmit the raw information? How
is this raw information converted and combined to complex, cognitive quantities?
These and similar questions keep sensory sciences and many related research fields
moving from century to century.
We can state that we are lucky because we don’t have to learn to operate sensation
and perception. They develop and change with years across the life span, but the
mechanisms are mostly automatically developed. These ‘hidden’ processes induce
that all sciences aiming to understand and model any part of them, face a great challenge.
We can find numerous approaches to perception in literature, such as psychological,
biological, and theoretical. With respect to all approaches, all senses have their own
research fields (Sekuler and Blake, 2002).
Both the beauty and difficulty of understanding and modelling colour perception is
its complexity and variety. In view of the wide range of parameters such as viewing
conditions, temporal and spatial effects, individual differences of the observers, it is
always necessary to make assumptions and simplifications to develop a model.
Comprehensiveness is a universal aim in which analyses of existing models based
on different datasets can provide information about the effect of specific parameters
such as adapting field size (Ma et al., 2020) or chromaticities covering a wide gamut
(Xu et al., 2021).
The motivation of this thesis was to investigate changes in chromatic discrimination,
hence the chromatic resolution of our colour vision. My long-term goal was to model
chromatic adaptation based on chromatic discrimination thresholds. The three main
objectives of the research discussed in this thesis were:
1. To map the chromatic discrimination thresholds of colour-normal people within
a typical display gamut. Measurements were obtained at systematically manipulated
1

reference points in terms of the distance from white. The measurements had two purposes: to create a reference database, and to describe the distribution of the chromatic
discrimination thresholds in a mathematical model.
2. To investigate the role of confusion lines considering chromatic discrimination
thresholds of colour-normals. Measurements were obtained both towards the confusion lines and in equally distributed directions in the CIE 1976 UCS to see if chromatic
discrimination on the confusion lines is distinguished from other directions. Analysis
was executed in different colour spaces to clarify the origin of patterns in the results.
3. To investigate the changes in chromatic discriminative ability related to size and
colour of stimuli determining the state of chromatic adaptation. Chromatic discrimination thresholds were measured under different states of chromatic adaptation, defined by visual environments, varying in size and colour. The purpose was to observe
the dependence of the chromatic discrimination thresholds on the adapting field size.
Besides the above-mentioned research goals, I investigated possible applications of
the changes of chromatic discrimination in terms of chromatic adaptation.

1.1. Overview
The thesis discusses characteristics of human chromatic discrimination under different states of chromatic adaptation. Following the introduction and the literature review, the results are presented in three chapters.
In Chapter 3 chromatic discrimination thresholds measured towards the confusion
lines are analysed in terms of the reference chromaticity of the pseudoisochromatic
test-figures of the Cambridge Colour Test. Results are analysed in the CIE 1976 UCS
diagram, in the MacLeod-Boynton diagram based on cone excitations, and in terms of
CIE CAM02-UCS and CAM16-UCS. As the summary of the results, four theses are
framed. Results describe changes in discrimination under unchanged lighting environment, based on the change of the reference chromaticity only.
In Chapter 4 chromatic discrimination ellipses measured under different states of
chromatic adaptation are compared. The differences in adaptation were defined by the
structure of the visual fields. Chromatic discrimination ellipses elongated and rotated
in accordance with the stimulus.

2

In Chapter 5 the phenomenon described in Chapter 4 was applied in sensory testing:
the design and verification of a masking environment is introduced. As a result, a general method of designing masking light is formed as a thesis.

3

4

2. LITERATURE REVIEW
Colour vision is a good topic for investigation, as nearly everyone is affected: except
for people with special visual defects, when we think about something visual, a coloured image comes to our mind. This happens because the complex mechanisms of
our vision give information about the colour of some objects or the environment automatically. Therefore, colour should be interpreted in a way that corresponds to the
levels of the complex system of our vision.
The triple definition of colour is a good reflection of this complexity. We can define
colour as a physical stimulus, as the perceived sign generated by the stimulus in the
eye and even as the perception built in the observer’s mind.
Physical stimulus is defined as electromagnetic radiation of wavelengths between
380 nm and 780 nm. It depends only on the physical parameters of the object and the
environment and does not depend on the observer at all.
The psychophysical definition explains the response on the stimulus generated in
the organ of perception. Therefore, at this level colour depends both on the stimulus
and the sensitivity of the receptors in the eye.
The psychological colour occurs in the observer’s mind and eventually that is the
perception that we can use for further operations such as comparing, naming, remembering. This perception is built up from the psychophysical colour, the processes in the
neural system and other mechanisms such as learning or memory.
During the design process of an experiment that aims to measure parameters of human colour vision, all these definitions and the connections between them should be
considered.
Since the main topic of this thesis is human chromatic discrimination, the aim of the
literature review is to give an overview of the fundamentals of colour vision, colorimetry, chromatic discrimination, and chromatic adaptation. The introductions of Chapters 3, 4, and 5 include supplementary literature reviews, discussing literature relevant
to the given experiments.
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2.1. Colour vision
The first step towards understanding colour vision is to observe the responsible organ: the eye. This organ collects the major part of the sensory information from the
environment (Sekuler and Blake, 2002).
Even though the eye can be understood as an optical system containing only a few
optical components, it performs quite well under a wide range of conditions. Each eye
has a monocular field of view (about 65° to 95° distributed unevenly along the visual
field), providing a binocular field with a lateral extent of about 120°.
A schematic figure of the horizontal section of the eye is shown in Fig. 2-1.
The first-level control of the amount of light entering the eye is done by the iris. The
zonules are responsible for holding the lens in place and work with the ciliary muscles
in accommodation – changing focus in a wide range. Light enters the eye through the
pupil, the cornea, the aqueous, the lens and the vitreous, finally reaching the retina.
There are two special regions in the retina: the fovea and the optic disc. The fovea is
responsible for sharp vision: approximately half of the information carried by the optic
nerve is originating from there. The optic disk is the point where the ganglion cell axons leave the retina and form the optic nerve after leaving the eye.

Fig. 2-1: Schematic horizontal section of the eye (Bass, Enoch and Lakshminarayanan, 2010)

The observed objects are projected to the retina, where an inverted image is formed.
The retina is carpeted with light-sensitive photoreceptors: the rods and cones (see Fig.
2-2), which play a particular role in vision and colour vision, as they are responsible
6

for converting the light energy into neural signals. Rods are responsible for achromatic
night vision, there is only one type of them. Cones have three different types: longwavelength sensitive or Protos (L or P); middle-wavelength sensitive or Deuteros (M
or D), and short-wavelength sensitive or Tritos (S or T). They are responsible for chromatic vision in daytime.

Fig. 2-2: Illustration of a rod and a cone (Fairchild, 2013).

Before reaching the photoreceptors, light must pass through the complex, layered
organization of the retina (see Fig. 2-3).

Fig. 2-3: Schematic structure of the retina (Fairchild, 2013).
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Once the light reaches the photoreceptors, the photon is absorbed by the photoreceptor and the energy of the absorbed photon is converted (transduced) to an electrical
neural signal. This neural signal passes through the network of the neural elements in
the retina: the horizontal cells, the bipolar cells, and the amacrine cells. The recombined
photoreceptor signals are finally passed on to the retinal ganglion cells, leaving the eye
at the optic disk (Sekuler and Blake, 2002; Bass, Enoch and Lakshminarayanan, 2010;
Stockman, 2016).
Speaking of photoreceptors, the intrinsically photo sensitive retinal ganglion cells
(ipRGC) should be mentioned as well. These ganglion cells respond to light due to
their unique photopigment, the melanopsin. The ipRGCs play a role in visual functions such as the circadian rhythm, pupillary light reflex, visual responses, and adaptation (Pickard and Sollars, 2012; Fairchild, 2013).
The distribution of rods and cones on the retina should also be noted (see Fig. 2-4).
There are about 120 million rods, they are absent in the fovea centralis (the central
0.3 mm diameter area of the fovea). Rod density peaks at about 20° eccentricity from
the visual axis (directing to the fovea). Altogether there are about 6 to 7 million cones,
they are much more concentrated in the fovea. There are no rods and cones overlying
the optic disk.

Fig. 2-4 The distribution of the rods and cones along the retina (left) and a schematic cone mosaic
(right) (Ábrahám Gy et al., 2015)

In the fovea mostly L and M cones are located, S cones are located on the periphery
as the schematic cone mosaic illustrates in Fig. 2-4 (right). This difference of the density
8

of the cone-types lead to the definition of the 2°and 10° colorimetric observers, which
will be referred to in Fig. 2-5, and detailed in Chapter 2.2.
Even though three types of cones were introduced, it is important to note, that the
effect of an absorbed photon in a photoreceptor is independent of its wavelength: the
output of each photoreceptor is univariant.
Spectral sensitivity functions reflect to the probability that a photon with an actual
wavelength will be absorbed by the cones. Differences in probability (and so spectral
sensitivity) are linked to molecular differences, changing the initiation energy necessary for phototransduction (Stockman, 2016).
In colour science cones are also noted as long- middle- and short-sensitive, and as
Protan, Deutan and Tritan. In this thesis both notations are used.
Human cone spectral sensitivities (or cone fundamentals) are shown in Fig. 2-5.

Fig. 2-5: Human cone relative spectral sensitivities (or cone fundamentals) of the 2° and the 10°observers (CVRL, 2021), based on (Stockman, Sharpe and Fach, 1999; Stockman and Sharpe, 2000).

In the history of colour science, the nineteenth century played an important role,
when the Young-Helmholtz theory of trichromacy and Hering’s theory of opponent
colours were proposed.
The Young-Helmholtz theory was the first scientific manifestation where colour vision was linked to the univariant responses of the three cone-types, stating therefore
that human colour vision is trichromatic. Beyond that, in 1924 Helmholtz published
the three spectral sensitivity curves shown in Fig. 2-6. He stated that the spectral curves
overlap and that the stimulation of the three types excites the sensations of red, green
and violet (Kaiser and Boynton, 1996).
9

Fig. 2-6: Helmholtz’s three overlapping spectral sensitivity curves (Kaiser and Boynton, 1996)

While the trichromatic theory is mostly based on colour matching, Hering’s approach was rather based on subjective colour appearance. He observed that there are
some colour combinations that we can never see, such as greenish red or blueish yellow. His theory suggested that the answer is the process of opponent systems: white
and black, red and green, and blue and yellow.
Later, the two theories were combined and the postreceptoral stages of the visual
system were modelled by two chromatic and an achromatic postreceptoral mechanisms, based on the three cone types (Kaiser and Boynton, 1996).

Fig. 2-7: Model of the early postreceptoral stages of the visual system (Bass, Enoch and
Lakshminarayanan, 2010).

2.2. Colorimetry
For a clear and objective description of colours, the International Commission on Illumination (CIE) adopted its trichromatic colorimetric system. Based on colour matching
experiments, three colour matching functions (CMFs) were defined (see Fig. 2-8).

10

Fig. 2-8: Colour matching functions (CMFs) transformed from the CIE (2006) LMS cone fundamentals
(CVRL, 2021).

Following the standardization of the conditions, two standard colorimetric observers
were defined: the CIE 1931 standard colorimetric observer for a 2° foveal stimulus,
while the CIE 1964 standard colorimetric observer for a 10° wide field, partly parafoveal stimulus.
The X, Y and Z tristimulus values (the amounts of the three primary lights required
to match the colour of the considered stimulus) can be calculated based on the CMFs
and the spectral power distribution of the colour stimulus, following Eq. (2-1).
780

𝑋 = 𝑘 ∫380 𝑥̅ (𝜆)𝜙(𝜆)𝑑𝜆
780

𝑌 = 𝑘 ∫380 𝑦̅(𝜆)𝜙(𝜆)𝑑𝜆

(2-1)

780

𝑍 = 𝑘 ∫380 𝑧̅(𝜆)𝜙(𝜆)𝑑𝜆
where:
𝑘 is a constant,
𝑥̅ (𝜆), 𝑥̅ (𝜆), and 𝑥̅ (𝜆) denote the CIE CMFs, and
𝜙(𝜆) denotes the spectral power distribution of the observed colour stimulus.

From the tristimulus values the x,y chromaticity coordinates can be obtained following Eq. (2-2) .
𝑋

𝑥 = 𝑋+𝑌+𝑍

(2-2)

𝑌

𝑦 = 𝑋+𝑌+𝑍
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With the x,y chromaticity coordinates colour stimuli can be represented in the CIE
1931 xy chromaticity diagram (see Fig. 2-9).

Fig. 2-9: The CIE 1931 xy chromaticity diagram (Bass, Enoch and Lakshminarayanan, 2010).

MacAdam’s famous experiment showed the imperfection of the xy chromaticity diagram regarding uniformity (MacAdam, 1942). Based on his work further chromaticity diagrams were proposed: the CIE 1960 uniform-chromaticity scale (UCS) diagram
(u,v), and the 1976 uniform-chromaticity scale diagram (u’,v’). The CIE 1976 UCS diagram is the basis of the experiments described in the thesis.
Uniform colour spaces aim to link perceptual and computational colours in a uniform space provided that equal perceived colour differences correspond to equal colour differences. Therefore, on the two sides of the equation there is the definition of
the colour difference – and so the main parameters, calculation methods and relevant
conditions, versus the perceived colour difference – leading to questions relevant to
the measurement of stimuli and validation based on empirical data.
Seeing that colour is a complex psychophysical quantity, in colourimetry the declaration of the relevant parameters is always a fundamental step, and it is often challenging to generalize theories. A wide number of colour difference formulae can be
found both in the literature and applications (Robertson, 1977; Melgosa, 2000; Luo, Cui
and Rigg, 2001; Hunt and Pointer, 2011; Gómez-Polo et al., 2016) and because of the
difficulty of generalization, performance analyses and comparison of uniformity are
usually linked to a group of parameters, such as small colour differences (Xu and
Yaguchi, 2005; Wang et al., 2012; Morillas and Fairchild, 2018), large colour differences
12

(Xu, Yaguchi and Shioiri, 2001; Abasi, Amani Tehran and Fairchild, 2020), or other,
mostly application- or viewing condition-specific parameters (Huang et al., 2011;
Karimipour and Gorji Kandi, 2017; Thorstenson, Pazda and Elliot, 2017; Xu et al., 2021).
The two most prevalent colour appearance models recently developed by the CIE
are the CAM02 and CAM16. Both provide definitions of uniform colour spaces, based
on E colour differences (Moroney et al., 2002; Li et al., 2017). Analyses and extensions
of CAM16 are already published in terms of selected parameters (Liu et al., 2018; Gao
et al., 2021). As we can see the colour difference definition is far from concluded and
several research studies are going on currently to determine formulae for specific and
maybe general use.

2.3. Chromatic discrimination
A prevalent way to answer research questions regarding colour vision is observing
chromatic discrimination ability, which may be quantified by measuring just-noticeable differences (JNDs). JNDs can be understood as the thresholds of chromatic discrimination, in other words, the inverse of the sensitivity of chromatic discrimination
(Fairchild, 2013).
Discrimination thresholds can be measured in different dimensions such as light
levels, wavelength ranges, chromaticity coordinates (Kaiser and Boynton, 1996; Smith
and Pokorny, 2003). When measuring thresholds in terms of chromaticity, the physiological properties of the applied chromaticity diagram are essential.
The chromaticity diagram proposed by MacLeod and Boynton (MacLeod and
Boynton, 1979) is widely used to represent perceived chromaticity and to evaluate
physiological tests (Cole and Hine, 1992; Smith and Pokorny, 1996; Danilova and
Mollon, 2012). The MacLeod-Boynton diagram shows cone excitation by equiluminant
stimuli in terms of the signals of the two physiological pathways: 𝐿/(𝐿 + 𝑀) against
𝑆/(𝐿 + 𝑀), where 𝐿, 𝑀, and 𝑆 represent the excitations of the long-, middle-, and shortwavelength sensitive cones, respectively. These axes were later on noted as "cardinal"
axes (Krauskopf, Williams and Heeley, 1982).
A fundamental measurement of JNDs in terms of chromaticity was carried out and
published first by MacAdam (MacAdam, 1942). A filtered light source generated stimuli, and the JNDs were calculated from the standard deviation of the results of colour
matching tasks. Even though results were plotted in the CIE 1931 xyY chromaticity
13

diagram, MacAdam's experiment provided data for analyses of chromaticity measurements in cone-excitation spaces. A classical analysis of Le Grand interpreted MacAdam's data in terms of cone excitations (Le Grand, 1949; Le Grand, Boynton and
Knoblauch, 1994) and concluded that in the case of pure chromatic differences, only
the two physiological dimensions corresponding to the two dimensions of the chromaticity plane need to be analysed (Kaiser and Boynton, 1996). Another analysis published by Nagy et al. (Nagy, Eskew and Boynton, 1987) confirmed Le Grand's conclusions with analysis based on extended data.
Although many studies can be found interpreting experimental results of JNDs, contradictions can be found among the results and the conclusions. Contradictions are
understandable, since chromatic discrimination strongly depends on experimental
conditions, such as the stimuli, the field of view, the state of adaptation, the reference
white, or the luminance (Kawamoto et al., 2003). The complexity of these correspondences requires caution regarding the experimental design, measurements, and the
analysis and publication of results. Although analysis based on cone-excitations provides physiologically helpful information, it is also prevalent to find the CIE chromaticity diagrams as the base of experimental design and analysis (i.e. the CIE 1931 xyY
chromaticity diagram representing the xy chromaticity plane at a luminance (Y) level,
the CIE 1976 uniform-chromaticity-scale (UCS) diagram, or the 1976 L*a*b* colour
space).

2.3.1. CONFUSION LINES
Confusion lines are directions from any chromaticity point to one of the three confusion points in the CIE 1931 or 1976 UCS diagram. Dichromats typically confuse chromaticities lying along the confusion lines.
These special directions can be derived from the many to one correspondence of the
reduction of the three-dimensional tristimulus space to a bi-dimensional one (Oleari et
al., 1996).
The three confusion points correspond to the chromaticities defined by the fundamental primaries of the L, M and S cones (or Protos, Deuteros and Tritos) (Luo, 2016).
Even though, experimental data regarding the exact chromaticity coordinates of the
confusion points shows the general variability of colour science (Walraven, 1976; Fry,
1992).
14

In the experiments described in the following chapters, the confusion points were
defined in the CIE 1976 UCS diagram according to the instructions of the Cambridge
Colour Test (CCT) manual: Protan (0.6579; 0.5013), Deutan (–1.2174; 0.7826), and Tritan
(0.2573; 0.0000) (Regan, Reffin and Mollon, 1994; Mollon and Regan, 2000). Fig. 2-10
shows the confusion directions to the confusion points applied in the experiments.

Fig. 2-10: Protan (solid red lines), Deutan (dashed green lines), and Tritan (dotted blue lines) confusion
directions, plotted in the CIE 1976 UCS diagram.

2.3.2. CHROMATIC DISCRIMINATION MEASUREMENT METHODS
In measuring chromatic discrimination, the following parameters must be precisely
defined: the field of view, the luminance, and the spectral content (or chromaticity) –
each regarding both the reference and the target stimuli.
2.3.2.1. Colour matching tests
In the case of colour matching, the task is to create a colour stimulus as the additive
mixture of predefined primary colours matching a target colour, both displayed in
separate fields of an aperture. In this case the main parameters are the reference colour
stimulus and the primary colours of the mixing light.
For colour matching examination a practical example is the anomaloscope, where
subjects must match a yellow reference stimulus with the additive mixture of red and
green primary colours in a visual field of 2°. Fig. 2-11 shows the user interface of the
test.

15

Fig. 2-11: User interface of anomaloscope test evaluation (OCULUS, 2015).

Besides the anomaloscope, MacAdam used this method in his experiment which
provides a fundamental database of chromatic discrimination ellipses (known as MacAdam ellipses), which are still widely used as reference in colorimetry (MacAdam,
1942).
2.3.2.2. Colour ranking tests
Another frequently used method is colour ranking, where the task is to rank the
coloured samples based on one or more colorimetric parameters (most often the chromaticity). In this case the perceptible difference between the successive samples is the
main parameter, which can be defined as brightness, saturation, chromaticity, or any
combination of these. For this test method two prevalent examples are the FarnsworthMunsell 100 HUE and the D-15 tests (Farnsworth, 1943). Colour ranking tests are recommended in standard for the validation of normal colour vision of sensory assessors
as well (ISO 8586:2012, 2012; MSZ EN ISO 8586:2014, 2014).

Fig. 2-12: Farnsworth-Munsell 100 HUE test colour samples.
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2.3.2.3. Pseudoisochromatic tests
A well-known method to avoid luminance mechanisms in colour vision research is
applying pseudoisochromatic tests (Wenzel and Samu, 2012). Pseudoisochromatic
tests have two main components: the figures and the algorithm.
Pseudoisochromatic figures in general consist of dots of random size and luminance
on a uniform disk. All dots vary in luminance, and dots are grouped as background
(reference) and target, differing in chromaticity. The task is to discriminate the target
from the background. Discrimination can be confirmed in various ways, such as identifying characters or the orientation of symbols or in dynamical implementations by
following movements. The correct answer indicates that the subject can discriminate
the actual target from the background. Therefore, the perceived difference between
them is higher than the subject's just-noticeable difference.
Therefore, the reference pattern and the target are the main characteristics of the
figure, which define the actual observed quantity: the perceptible difference between
them.
Algorithms correspond with the aim of the actual test: if the objective is to identify
a particular group of subjects, it is enough to count the scores collected for each figure
and decide if the subject reached the criteria. An example of this case is the Ishihara
test (Ishihara, 1972), a paper-based test designed for identifying anomalous trichromacy. The task is to read numbers, and in case the subject does not reach the expected number of correct answers, the subject can be considered an anomalous trichromat. The main concept of the method is that the chromaticities of the backgrounds and
the targets of the test images lie along the Protan or the Deutan confusion lines, therefore anomalous trichromat observers cannot, or hardly can discriminate them.
In another type of measurement, the aim is to approximate the exact value of the
discrimination threshold. In this case, paper-based tests with printed figures give limited opportunity, while computer-based tests are beneficial because of the application
of adjustable stimuli and dynamic algorithms. A widely used example for this type of
measurement is the Cambridge Colour Test (CCT), a computerized pseudoisochromatic test (Regan, Reffin and Mollon, 1994; Hasrod and Rubin, 2015) measuring JNDs
towards assigned directions from the reference chromaticity point in the CIE 1976 UCS
diagram (Mollon and Regan, 2000).
2.3.2.3.1 Cambridge Colour Test
17

In the case of CCT the target is a Landolt C character, shown in Fig. 2-13. The target
is randomly presented in one of four orientations while the task is to detect the orientation of the character.

Fig. 2-13: The test figure of the Cambridge Colour Test (CCT) demonstrating the relative sizes of the
target and the background (B.C.Regan and J.D.Mollon, 1995). The target is demonstrated with darker
dots compared to the reference. In reality these two areas of the pseudoisochromatic figure differ in
chromaticity instead of lightness.

Therefore, the field of view most relevant to the target is the angle under which the
gap of the Landolt C character is seen. In case the gap is seen under 1°, the outer diameter of the Landolt-C character is seen under 4.3° and the inner diameter is seen
under 2.2° (B.C.Regan and J.D.Mollon, 1995). Binocular summation does not affect
chromatic discrimination thresholds of normal colour observers measured with CCT,
therefore results of CCT measurements obtained monocularly and binocularly can be
analysed together (Costa et al., 2006).
The native colour space of the CCT is the CIE 1976 UCS diagram, therefore the chromaticity of the reference and the target is defined as (u',v') coordinates. During a test
procedure the reference chromaticity is constant while the target chromaticity varies
towards the reference chromaticity in the UCS diagram following a staircase protocol
based on the answers of the subject: after a right answer the distance is decreased, and
in case of a wrong answer the distance is increased by the algorithm.
The uniform disk behind the reference and target dots is dark and achromatic while
the pseudoisochromatic test-figures are displayed. Between two test-figures the disk
appears in the chromaticity of the actual background chromaticity for 1 sec. The luminance of the dots is individually randomized in predefined range and levels (Regan,
Reffin and Mollon, 1994; Mollon and Regan, 2000).
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Regarding the measurement directions there are two options of the CCT: the Ellipse
Test and the Trivector Test. In the Ellipse Test measurement directions are equidistant
directions around the reference point. Besides the actual JNDs, the result is an ellipse
fitted with the least-squares method estimating the area in which the subject cannot
discriminate chromaticity. In the Trivector test, there are three measurement directions, defined by the reference point and the (Protan, Deutan, and Tritan) confusion
points. Both the Ellipse and the Trivector test are effective for screening anomalous
trichromacy, while the chromatic resolution of the ViSaGe MKII system allows us to
screen differences even between normal colour observers.
It is important to note that beside the advantages of a computerized test, researchers
always must take into consideration the colorimetric parameters of the applied display
both in the experimental design and in the evaluation of the results (Wenzel K, 2004).
The photometric parameters of the CRT display applied in the CCT measurements are
described in Chapter 3.2.1.

2.4. Chromatic adaptation
Basically, if two colour stimuli have the same CIE XYZ tristimulus values, the observer perceives them as the same colour. However, certain conditions must be met
for this to happen, otherwise the statement fails. These conditions can be related to the
part of the retina reached by the stimulus, the visual angle of the stimulus or the luminance level. Furthermore, the environment, the background, the shape, or the size of
the stimulus can also be influential factors.
However, even under certain conditions, the human visual system can reflect on
varied circumstances. One of the most important components of this ability is adaptation, where the visual system adapts to the changes of illumination, so the appearance
of a given object does not change, despite the changed circumstances.
Adaptation is one of the most strictly controlled processes of the human visual system which provides accurate vision under a wide range of circumstances. The circumstances regarding colour vision can be modelled by stimuli such as different luminance
levels and spectral distributions (Kaiser and Boynton, 1996). Therefore, one way to
understand adaptation more is to observe and understand the effects of the abovementioned stimuli (Wenzel, 1999).
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If the difference between two stimuli can be described as the change of the luminance levels, light adaptation is mentioned. Our visual system performs in a range of
~1012 levels of luminance, while a typical postreceptoral neuron can operate only over
a range of ~103 (Stockman, 2016). Rods are optimised for low (scotopic < 0.005 cd/m2)
light levels, while cones are optimised for higher (photopic > 5 cd/m2) light levels (CIE
191:2010, 2010). The transition between these two luminance levels is called the
mesopic range, where rod and cone vision function together can give an initiative but
not a comprehensive solution to maintain the performance over the above-mentioned
luminance range.
Moreover, since the photoreceptors used in daylight are the three cones having different spectral sensitivity, the spectral distribution of the stimuli can have different
impact on the cones. This is called chromatic adaptation.
In general, adaptation can be explained as reduced steady-state responsiveness of
neurons, produced by prolonged stimulation (Sekuler and Blake, 2002). At photoreceptor and transduction level, adaptation is speeding up the visual response, therefore
reducing the integration time of the system (Stockman, 2016). From a perceptual approach the phenomenon attending chromatic adaptation is colour constancy: even
though the spectral distribution of the light in the environment changes, the perceived
colour of the objects remains similar.
Studies dealing with the mechanism and the process of adaptation have different
approaches (Fairchild, 2013). One may investigate low level, physiological processes,
such as regulating pupil size, switching between cones and rods, or regulating receptor sensitivity; and higher-order adaptation mechanisms as well, just as when the visual system responds to noise, motion, and spatial frequencies. Cognitive mechanisms
also affect the efficiency of chromatic adaptation: prior knowledge or memory of the
object, and even the optimal expectation towards the object (Uchikawa, K., Morimoto,
T., Matsumoto, 2017) can be influencing factors. The accuracy of the adaptation and
the speed of the transient state can also vary.
The International Lighting Vocabulary (ILV) by the CIE has a list of terms regarding
chromatic adaptation (see Table 2-1).
The 2nd edition of the International Lighting Vocabulary (ILV) was created as the
harmonisation of the 1st edition of the ILV, the IEC 60050-845 “International Electrotechnical Vocabulary. Lighting”, and ISO 80000-7 “Quantities and units – Part 7: Light
and radiation” (CIE, 2020).
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After the Memorandum of Understanding, signed by the ISO, CIE and IEC in December 1986 acknowledged the scopes of the organisations to avoid overlapping of
their work in light and lighting, the CIE is recognised as an international standards
organisation by the ISO in Council Resolution 10/1989 (CIE, 2019).
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Table 2-1: Terms of the International Lighting Vocabulary (ILV) by CIE regarding chromatic adaptation (CIE S 017/E:2020 - ILV, 2020)

CIE ILV Term

Definition
visual process whereby approximate com-

chromatic adaptation

pensation is made for changes in the col-

(17-22-013)

ours of stimuli, especially in the case of
changes in illuminants

state of adaptation

state of the visual system after an adapta-

(17-22-015)

tion process has been completed

incomplete adaptation
(17-22-0149)

phenomenon in which the adopted white
in a given viewing environment does not
actually appear white to an observer

adopted white point,

computational reference white point used

<colour appearance model>

by a colour appearance model

(17-32-033)
colour stimulus that an observer who is
adapted white

adapted to the viewing environment

(17-23-081)

would judge to be perfectly achromatic
and to have a luminance factor of unity
change in the perceived colour of an object

illuminant colour shift

caused solely by change of illuminant in

(17-22-115)

the absence of any change in the observer's
state of chromatic adaptation
mathematical adjustment in chromaticity

adaptive colorimetric shift

and luminance factor of an object colour

(17-22-113)

stimulus to correct for a change in chromatic adaptation

adaptive colour shift
(17-22-116)

change in the perceived colour of an object
caused solely by a change of chromatic adaptation

resultant colour shift

combined illuminant colour shift and

(17-22-117)

adaptive colour shift
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3. CHROMATIC DISCRIMINATION THRESHOLDS TOWARDS THE
CONFUSION POINTS
In the experiment described in the following chapter, Just Noticeable Differences
(JNDs) of colour-normal subjects measured towards the Protan, Deutan, and Tritan
confusion points are presented as a function of the chromaticity of reference points.
Measurements were carried out with the Cambridge Colour Test Trivector test in equidistant reference points towards eight directions equally spaced and centred on the
neutral reference point in the CIE 1976 UCS diagram.
Results were evaluated as the function of the distance between the reference points
and the neutral point. The reference points were the chromaticities of the backgrounds
of the pseudoisochromatic plates in the test, and the neutral point was defined as equal
energy white. The evaluation was performed considering ∆𝐸𝑢′𝑣′ differences, 𝐿′ =
𝐿/(𝐿 + 𝑀) and 𝑆 ′ = 𝑆/(𝐿 + 𝑀) ratios of the cone-excitations and CIE CAM-UCS metrics.
Chromatic discrimination thresholds exceeded the normative upper limit of colournormal subjects in ∆𝐸𝑢′𝑣′ units at extreme reference points. Shifting the reference
points from the neutral point towards the confusion points indicated an increase of
Just Noticeable Differences measured towards the confusion points following quadratic polynomials. Based on the results a model estimating the JNDs expressed in
∆𝐸𝑢′𝑣′ units towards the confusion points was recommended.
Even though the CIE 1976 UCS diagram is not a perceptually uniform colour space,
the Just Noticeable Differences measured with the CCT correlate with the corresponding 𝐿′ and 𝑆′ cone excitations. This confirms the basic applicability of the CIE 1976 UCS
diagram for characterizing JNDs. For complete perceptual analysis, the use of coneexcitation-based metrics is still essential and recommended.

3.1. Introduction
Normative values for JNDs measured with the CCT are available in terms of different age groups (Paramei, 2012; Paramei and Oakley, 2014; Shinomori, Panorgias and
Werner, 2016) or different colour-vision abilities (Ventura et al., 2003, 2005). However,
these normative results generally represent data measured close to the neutral reference point that compares different groups of subjects.
23

No normative data was found in the literature regarding CCT results in reference
points providing information about the perceived chromaticity diagram as a whole.
The experiment detailed in this chapter aimed to describe chromatic discrimination
characteristics depending on the reference (background) colour. Chromatic discrimination thresholds of normal colour observers were measured in 66 reference points
covering the whole gamut of a CRT display. The JNDs were observed towards the
Protan, Deutan, and Tritan confusion lines; hence the results describe the 𝐿, 𝑀, and 𝑆
cone responses separately.
Results were interpreted in the CIE1976 UCS diagram, in a cone excitation space
based on the Stockman and Sharpe (2000) 2° cone fundamentals, and in the
CIE CAM02 UCS and CIE CAM16 UCS.

3.2. Methods
3.2.1. STIMULUS
A MultiSync® FP2141SB™ CRT Display with 20 inches diagonal image size
(1600x1200 pixels) was used to display stimuli controlled with ViSaGe MkII. Gamma
correction was performed with a ColorCAL MkII colorimeter (Cambridge Research
System).
Fig. 3-1 shows the spectral power distribution of the CRT display applied in the experiments.

Fig. 3-1: The spectral power distribution of the CRT display applied in the experiments
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The chromaticity coordinates of the phosphors and the peak luminance values are
shown in Table 3-1.
Table 3-1: The chromaticity coordinates and peak luminance values of the primary colors of the applied CRT display

Primary channel

𝒖′

𝒗′

𝑳𝑽 , 𝒄𝒅/𝒎𝟐

Red

0.4189

0.5250

22.08

Green

0.1186

0.5627

76.11

Blue

0.1704

0.1811

12.97

The pseudoisochromatic figures were displayed full screen. The diameter of the
whole stimulus was 11.7 inches. The viewing distance was 3 meters providing that the
gap of each Landolt-C figure was shown under 1° visual angle. The luminance of each
dot was randomly selected from 6 levels between 2 cd/m2 and 8 cd/m2.
The neutral point was defined as the chromaticity of the equal energy white: (0.2024;
0.4684). Fig. 3-2 shows the spectral power distribution of the neutral point displayed
by the CRT display.

Fig. 3-2: Spectral power distribution of the neutral point

3.2.2. PARTICIPANTS
A total of 78 colour-normal participants (22.8 ± 1.4 years old) participated in the
study. Normal colour vision of the participants was validated by their Trivector results
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measured in the neutral reference point. Participants were not considered colour-normals, and they were excluded from the experiment if their measured JNDs in terms of
ΔEu’v' exceeded 100 × 10-4 towards either the Protan or the Deutan confusion point or
150 × 10-4 towards the Tritan confusion point (Mollon and Regan, 2000).
The experiments were approved by the United Ethical Review Committee for Research in Psychology (EPKEB, Hungary, reference number: 04/2016). All participants
signed written consent, agreeing to participate in the measurements after verbal and
written orientation.

3.2.3. EXPERIMENTAL DESIGN
Input and output chromaticity coordinates (u'; v') and the measured discrimination
thresholds (∆𝐸𝑢′𝑣′ ) are interpreted in the CIE 1976 UCS diagram, following the definitions of the CCT manual (Mollon and Regan, 2000).
The experimental design followed the main parameters of the CCT Trivector test:
the chromaticity coordinates of the reference points, the chromaticity coordinates of
the confusion points, the range, and the number of levels of the luminance noise over
the pseudoisochromatic plates.
In the experimental design the following definitions are used: the reference direction
is the direction of reference points from the neutral point to the reference point (denoted by δ); the measurement direction is the direction in which the colour of the Landolt C character changes with respect to the reference point (denoted by μ); and ϑ indicates the direction of the major axis of the ellipses. The directions are defined relative
to the u’ abscissa in each case.
3.2.3.1. Control variables
Display luminance levels were reduced to the range between 2 cd/m2 and 8 cd/m2,
differing from the values set in the CCT manual (Mollon and Regan, 2000). Our goal
was to cover the whole display gamut to increase the number of visualized reference
points. Luminance levels were selected in 6 levels according to the default settings of
the CCT.
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The luminance range of 5 ± 3 cd/m2 is not only lower than the luminance values recommended in the CCT manual but approximates the upper limit of the mesopic luminance range based on visual performance (5 cd/m2) proposed by the corresponding
CIE document (CIE 191:2010, 2010). Vision under mesopic conditions is a topic of research from many aspects (Zele and Cao, 2015). Rod activation even in daylight conditions was studied and reported (Tikidji-Hamburyan et al., 2017). A study of Walkey
et al. (Walkey et al., 2001) observing chromatic sensitivity in the mesopic range
(0.004-45 cd/m2) concluded that although chromatic discrimination thresholds increase towards the Tritan confusion point by the reduction of luminance (until
0.09 cd/m2), chromatic discrimination may not be impaired by scarce rod activation in
a foveal and near-peripherical visual field. Adding that the measurements were obtained at the upper limit of the mesopic luminance range, we assumed that the reduced
display luminance levels and the dark room might increase variability, but changes
were not expected in the measured JNDs caused by the activated rod-cone interactions. Considering all these arguments we concluded that our luminance levels induce
cone driven visual perception.
Confusion points were fixed to the chromaticity coordinates introduced in Chapter
2.3.1: Protan (0.6579; 0.5013), Deutan (–1.2174; 0.7826), Tritan (0.2573; 0.0000). The neutral point was defined as the chromaticity of the equal energy white: (0.2024; 0.4684).
3.2.3.2. Independent variables
The systematically manipulated independent variables were the reference points.
Reference chromaticities were equidistant points towards eight directions (further on:
reference directions, noted by δ) equally spaced and centred on the neutral point in the
CIE 1976 UCS diagram, covering the gamut of the display. The reference directions are
denoted in the form (𝑘), where 𝑘 = 𝛿/(𝜋/4). The distance of the reference points was
defined in harmony with an experiment which is not described in this thesis, but further comparison of the results is planned. The 66 reference points and the reference
directions labelled from (0) to (7) are shown in Fig. 3-3.
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Fig. 3-3: Gamut of the display and the 66 reference points equally spaced with ΔEu'v' = 0.027 along with
the eight directions centred on the neutral point, covering the gamut of the display. The eight directions (further on noted as reference directions) are labelled from (0) to (7), as shown in the bottom
right corner. Reference points -5 and 3 along reference direction (3) are labelled.

The reference points are denoted along the reference directions as a function of reference distance. The reference distance increases along the arrows in the lower right
corner of Fig. 3-3, so that the neutral point is set to 0 along each reference direction.
The separation unit is ∆𝐸𝑢′𝑣′ = 0.027. Reference distance numbers were later used during analysis as the label.
3.2.3.3. Dependent variables
The measured quantities, the JNDs towards the Protan, Deutan, and Tritan confusion points (further on ΔP, ΔD, and ΔT values) were the dependent variables.
3.2.3.4. Confusion lines vs. reference directions
The relation between the reference directions and the confusion lines originating
from the neutral point should be noted. As Fig. 3-4 shows, Protan confusion line approximates reference direction (0), Deutan confusion line runs between reference directions (7) and (0), while Tritan confusion line approximates reference direction (4).
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Fig. 3-4: The reference directions and the confusion lines originating from the neutral point.

As the abscissa of the Deutan confusion point is negative, in the CCT Trivector test
the Deutan direction is mirrored onto the reference point and measured along with the
confusion line but towards the increasing abscissas.
Since confusion points were fixed and reference points varied in the experiment, the
direction towards the confusion points from the reference point (further on noted as
measurement directions) varied with the reference points, as shown in Fig. 3-5.

Fig. 3-5: The Protan (solid), Deutan (dashed), and Tritan (dotted) confusion lines directed from reference point -4 on reference direction (3) (bottom), reference point -3 on reference direction (7) (middle),
and reference point 2 on reference direction (5) (top).

Since the reference directions run radially from the neutral white point, in the three
reference directions, which approximate the confusion lines ((0), (4), and (7) in Fig.
3-4), the JNDs may be interpreted as saturation differences. In the other reference directions, the JNDs may have a component of hue change towards the chromaticities of
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the confusion points. As an example, reference point -4 on reference direction (3), reference point -3 on reference direction (7), and reference point 2 on reference direction
(5) are shown in Fig. 3-5. In these three cases reference directions (light grey lines) differ from the measurement directions (red (solid), green (dashed), and blue (dotted)
lines.
3.2.3.5. Within-subjects and between-subjects designs
The experiment was composed as a combination of within-subjects and betweensubjects designs. In the between-subjects design, four sets of reference points were
considered. In each set, the reference points of perpendicular pairs of reference directions were grouped. Combining perpendicular reference directions instead of adjacent
reference directions was to minimize the effect of directions throughout the gamut.
The four sets were the following: Set I (reference directions (0) & (4)) consisted of 20
reference points; Set II (reference directions (1) & (5)) consisted of 18 reference points;
Set III (reference directions (2) & (6)) consisted of 17 reference points; Set IV (reference
directions (3) & (7)) consisted of 18 reference points as shown in Fig. 3-6.

Fig. 3-6: The four sets of reference points grouped in the between-subjects design. Reference points of
perpendicular reference directions were grouped as Set I: (0) and (4), top left; Set II: (1) and (5), top
right; Set III: (2) and (6), bottom left and Set IV: (3) and (7), bottom right.

The neutral point was included in each set as a reference for the four sets of measurements.
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Each set of measurements was considered as a within-subjects design. Participants
accomplished the CCT Trivector test in each reference point with no repetition. Reference points were selected in a randomized order. A total of 20 participants accomplished the measurements in each set.
Participants were invited to participate in a single set of measurements; however,
involvement in more sets was also allowed. Two participants accomplished two sets
of measurements; therefore, the 78 participants accomplished the 80 sets of measurements.

3.2.4. PROCEDURE
Measurements were performed binocularly in a dark room. Before measurements,
two minutes were provided for dark adaptation while instructions were explained.
During the explanation a test figure was displayed on the CRT display, therefore luminance distribution was identical to the circumstances of the experiment.
Participants had to detect the orientation of pseudoisochromatic Landolt-C figures
in sequences using a controller with four keys. Test images were shown until response,
but for 3 seconds at the longest. In the test sequence between two test images, the uniform background disk without the pseudoisochromatic figure was displayed for
0.5 second in the chromaticity of the actual reference chromaticity. Chromatic discrimination thresholds were measured using a staircase procedure (Tom N. Cornsweet,
1962; Regan, Reffin and Mollon, 1994).
Accomplishing one set of measurements took approximately one hour, including
dark adaptation, prior instructions, trial tests, the main test sequence, and short breaks.

3.3. Experimental results and analysis
Results were analysed in the CIE1976 UCS diagram, in terms of cone excitations, and
in the CIE CAM02-UCS and CIE CAM16-UCS.

3.3.1. RESULTS IN TERMS OF ΔEU’V' COLOUR DIFFERENCES
Results of the measurements are shown in Fig. 3-7. The diagrams show the average
JNDs and standard deviations towards the Protan, Deutan, and the Tritan confusion
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points (ΔP, ΔD, and ΔT values) in the function of reference point locus in the CIE 1976
UCS diagram. Dotted lines show second-order polynomials fitted to the data detailed
later in Chapter 3.3.1.4.

Fig. 3-7: The means and standard deviations (±1 SD) of the measured JNDs towards the Protan, Deutan and Tritan confusion points as a function of the reference point location in the CIE 1976 UCS diagram. The abscissa is the ordinal number of reference points, as explained in the description of the experimental design. Data is shown for reference directions from (0) to (7) following the left ordinates.
The right ordinates represent the distances within the CIE 1976 UCS diagram multiplied by 104. The
scales of the subplots are 0-200.

Upper limits for colour normal participants in the CCT Trivector test published in
the CCT manual are 100 × 10–4 (Protan and Deutan) and 150 × 10–4 (Tritan) (Mollon and
Regan, 2000). A study observing normal colour observers from a range of age like our
participants (18 to 30 years old), interpreted even lower thresholds: 70 × 10–4 (Protan),
85 × 10–4 (Deutan) and 115 × 10–4 (Tritan) (Ventura et al., 2010). ΔP and ΔD values approximate in reference direction (6) and (7) and exceed in reference direction (0) even
the higher published upper limit within the range of reference points. ΔT values exceed the corresponding (higher) upper limit in reference direction (4) and approximate
in reference direction (3), (5), and (6) (see Fig. 3-7).
3.3.1.1. Comparing results measured in the neutral point
Datasets were corrected to a normal distribution with excluding outliers. However,
since variances were unequal, Student's t-test was not applicable, so Welch's unequal
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variances t-test was applied to compare the results measured in the neutral reference
point in different sets of measurements (I, II, III, IV) to compare the results of the between-subjects approach.
Welch's tests were evaluated pairwise for each combination. Since p-values were
higher than 0.05 in each case, we did not see the reason to conclude that there were
significant differences between the results of participants participating in the four different sets of measurements. Therefore between-subjects results were pooled in the
evaluation.
3.3.1.2. Correlation between ΔP-ΔD, ΔP-ΔT, and ΔD-ΔT datasets
Fig. 3-7 indicate a strong relationship between Protan and Deutan data; therefore,
correlation analysis was carried out.
Fig. 3-8 shows the scatter plot of the average JNDs measured towards the Protan and
the Deutan confusion points in each reference point. The scatterplot of the pooled data
shows a strong, positive, linear relationship between the chromatic discrimination
thresholds measured towards the Protan and the Deutan directions.

Fig. 3-8: Scatter plot of the average JNDs measured towards the Protan and the Deutan confusion
points in each reference point. Different markers show data corresponding to the eight measurement
directions as in Fig. 3-19 and Fig. 3-20.

The strength and the significance of the relationship vary in the different measurement directions. Spearman's correlation coefficients and the corresponding p-values
between the averages of the datasets in ΔP-ΔD, ΔP-ΔT, and ΔD-ΔT combinations, towards the 8 measurement directions are shown in Table 3-2.
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Table 3-2: Spearman correlation coefficients (ρ) and p-values describing the relationship between the
average JNDs.

Protan

Protan

Deutan

Deutan

Tritan

Tritan

ρ

p

ρ

p

ρ

p

(7)

0.90

0.0009

0.78

0.0125

0.93

0.0002

(6)

0.88

0.0008

0.64

0.0479

0.85

0.0016

(5)

0.60

0.0667

0.68

0.0289

0.81

0.0289

(4)

0.52

0.0800

– 0.43

0.1667

0.05

0.8799

(3)

0.73

0.0246

– 0.62

0.0769

– 0.28

0.4600

(2)

0.83

0.0212

– 0.18

0.7017

– 0.02

0.9694

(1)

0.93

0.0009

– 0.17

0.6932

0.02

0.9554

(0)

0.95

0.0001

0.10

0.7980

0.15

0.7001

3.3.1.3. Effect of the reference point
To find if the chromaticity of the reference point has a significant effect on JNDs, raw
data measured in each reference point was compared with the data measured in the
neutral reference point using Welch's test.
Fig. 3-9 shows the boundaries of the approximated areas in which the Welch test did
not show significant differences from the results measured in the neutral point for ΔP,
ΔD, and ΔT values (p > 0.01).

Fig. 3-9: The boundaries of the approximated areas in which no significant difference (p > 0.01) was
found with Welch's test in the ΔP (solid), ΔD (dashed), and ΔT (dotted) values compared to the results
measured in the neutral point. The intersection of the three areas is filled with grey.
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The shapes are narrow towards the confusion lines, indicating that in these directions even a small shift from the neutral point generated a significant difference. This
corresponds well with the trends shown in Fig. 3-7.
The intersection of the three areas covers the reference points in which JNDs did not
change significantly towards any confusion points.
3.3.1.4. Estimation of JNDs
Fig. 3-7 shows that the reference point's shift towards the measurement direction
indicates the increase of the JNDs.
Control measurements were performed to observe the effect of saturation in reference directions (3) and (5). JNDs were measured towards the saturated blueish chromaticities following the reference directions instead of the Tritan confusion line. Reference points – 5(3) (0.1510; 0.3449) and – 6(5) (0.2641; 0.3201) were selected as the
highest increase of tritan chromatic discrimination thresholds was observed there and
in these reference points Tritan measurement directions can be separated from the reference directions. Results did not show similar increases in JNDs, proposing that the
increase is most likely caused by the shift towards the confusion points than by pure
saturation discrimination.
To extend these observations to a continuous form, quadratic functions were fitted
to the datasets. The quadratic functions were defined in vertex form, as shown in
Eq. (3-1). In Fig. 3-7 the quadratic functions are shown with dotted curves.
∆𝑃,𝐷,𝑇 = 𝑐2 (𝑥 − 𝑥0 )2 + 𝑐0

(3-1)

where:
•

∆ is the dependent variable: the chromatic discrimination threshold (just-noticeable difference, JND),

•

𝑥 is the independent variable, denoting the reference distance,

•

reference distance is the distance between the reference point (background
chromaticity) and the neutral white point,

•

𝑐2 is the leading coefficient of the quadratic function, and

•

𝑥0 and 𝑐0 are the coordinates of the vertex respectively where the function
reaches its minimum.
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In each measurement direction 𝑥0 values were in the intersection area shown in Fig.
3-9, indicating that there was no significant difference between the local minimum of
the quadratic polynomial functions (𝑐0 ) and the JNDs measured in the neutral reference point. As a confirmation, Welch's tests were executed between these values pooling all reference directions towards each measurement direction, and the results
showed no significant difference between the three group pairs.
In conclusion, 𝑥0 can be estimated with 0, and 𝑐0 can be estimated with the JND values measured in the neutral reference point.
The leading coefficient, 𝑐2 was analysed in terms of the reference directions (𝛿𝑖 =
𝑖 × 𝜋/4; 𝑖 = 0. .7 ) for the three measurement directions (Protan, Deutan and Tritan).
To approximate the distribution of 𝑐2 , ellipses were fitted with the least-squares
method. The ellipses were defined in the form of Eq. (3-2)), as seen in Fig. 3-10.
𝑎2 ×𝑏 2

𝑐2 (𝛿) = √𝑎2×𝑠𝑖𝑛2 (𝛿−𝜗)+𝑏2×𝑐𝑜𝑠2(𝛿−𝜗)

(3-2)

where:
•

𝑐2 is the leading coefficient of Eq. (3-1),

•

𝛿 is the independent variable: the angle of the reference direction,

•

the reference direction is the direction of the shift of the reference point from
the neutral point,

•

𝑎 is the radius on the major axis,

•

𝑏 is the radius on the minor axis, and

•

𝜗 is the angle of the major axis and the abscissa.

Fig. 3-10: Demonstration of the parameters for the ellipse-fitting using the least-squares method.

Fig. 3-11 shows the 𝑐2 coefficients and the fitted ellipses in terms of the reference
directions for each measurement direction. Data points were mirrored to the [𝜋; 2𝜋]
interval only for demonstration.
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Fig. 3-11: The c2 coefficients and the fitted ellipses in terms of the reference directions (𝛿𝑖 =
𝑖 × 𝜋/4; 𝑖 = 1. .7 ) for the Protan (left, top), the Deutan (left, bottom), and the Tritan (right) measurement directions. The markers are filled corresponding to the coefficients of determination of the quadratic functions from which c2 values were derived: black fill: 0.9 ≤ R2; grey fill: 0.8 ≤ R2 ≤ 0.9 and
no fill: R2≤ 0.8.

The parameters of the ellipses are given in Table 3-3. Protan and Deutan results are
similar while Tritan results show a different pattern as expected from Fig. 3-7.
Table 3-3: The parameters of the ellipses defined in Eq. (2): 𝑎 denotes the radius on the major axis, 𝑏
denotes the radius on the minor axis, 𝜗 denotes the angle of the major axis and the abscissa and c0 denotes the average JNDs measured in the neutral reference point.

Protan

Deutan

Tritan

𝒂

2.3810

2.1872

4.6203

𝒃

0.5549

0.7254

0.5507

𝝑

171.84°

170.62°

95.57°

c0

31.4695

31.0190

50.2427

Fig. 3-12: The confusion lines and the fitted ellipses from Fig. 3-11 plotted on the CIE 1976 UCS diagram.
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In Fig. 3-12 the ellipses from Fig. 3-11 are plotted on the CIE 1976 UCS diagram,
centred to the neutral reference point. It demonstrates that the major axes of the ellipses fitted for the Protan and Deutan data approximate the bicentric of the Protan and
Deutan confusion lines, while the major axis of the ellipse fitted to the Tritan data approximates the Tritan confusion line.
Fig. 3-12 and Table 3-3 confirm the assumption that 𝑐2 coefficients increase towards
the actual measurement directions.
Measurement directions (5), (6), and (7) run between the major axes, and measurement directions (1), (2), and (3) run between the minor axes of the fitted ellipses (see
Fig. 3-4 and Fig. 3-12). In directions (5), (6), and (7) the superposition of the effects of
all three confusion lines might explain the mild correlation between P-T and D-T datasets, while in directions (1), (2), (3) the superposition of the weakest effects of the
confusion lines did not indicate correlation (see Table 3-2).
3.3.1.5. Trivector vs. Ellipse test results
To investigate whether the increase in threshold measured towards the confusion directions can also be detected in the case of the Ellipse tests, measurements were obtained in 23 reference points, following the experimental design detailed in 3.2.3. The
reference points of both experiments are shown in Fig. 3-13.

Fig. 3-13: Reference directions and reference points for the Trivector tests (+) and the Ellipse tests (o) in
the CIE 1976 UCS diagram.

Ellipse tests were performed with 8 measurement directions. Although the CCT provides the parameters of an ellipse fitted to the measured thresholds as a result of each
measurement (ellipses of each participant in each reference point), ellipse parameters
were not averaged in the analysis. Ellipses fitted to the mean values of the thresholds
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measured per reference point were examined by the least squares method during the
evaluation. The resulting chromatic discrimination ellipses are shown in Fig. 3-14. The
radii of the ellipses are multiplied by 3 for better visualisation.

Fig. 3-14: Chromatic discrimination ellipses in the CIE 1976 UCS colour chart. The radii of the ellipses
are multiplied by 3 for better visualisation.

In the confusion directions we estimated the threshold values from equations (3-1),
and Table 3-3, determined from the Trivector measurements. The corresponding radii
of the ellipses obtained as a result of the Ellipse test measurements are shown in Fig.
3-15. In the figures, the hatched markers indicate the Trivector, and the filled markers
indicate the Ellipse results for the Protan, Deutan, and Tritan confusion directions, respectively. On all three graphs, the abscissa is the reference distance, and the ordinate
is the chromatic discrimination threshold.

Fig. 3-15: Estimated chromatic discrimination thresholds (ΔP ΔD and ΔT) along the Protan (left, top),
Deutan (left, bottom) and Tritan (right) confusion directions based on the results of the Trivector
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(hatched) and Ellipse (filled) tests as a function of the reference distance. The dashed lines indicate the
expected range of thresholds published in the literature.

The direction of the major axes shows a strong, linear correlation with the reference
direction (Spearman’s ρ = 0.82; p = 1.73 × 10–6, see Fig. 3-16).

Fig. 3-16: Direction of the major axis of the ellipses (  ) as a function of the reference directions (  ).

The correlation indicates that the chromatic discrimination ability typically deteriorated along the reference colour directions of the measurements.
Fig. 3-15 illustrates that the thresholds measured in the Protan and Deutan confusion
directions are similar and show a different distribution from the Tritan values for both
metrics. For all three confusion directions, threshold values exceed the upper limit of
the chromatic discrimination thresholds of normal colour observers.
Fig. 3-16 and the associated correlation test show that the direction of elongation of the
ellipses is strongly influenced by the direction in which the reference point has offset
from the neutral colour point in the 1976 UCS diagram. However, the ellipses themselves (see Fig. 3-14.) show an expansion toward the Protan and Tritan confusion
points, whereas no such direction was observed in the direction of the Deutan confusion point. This may be because the gamut of the monitor includes a significantly narrower displayable colour range from the neutral point towards the Deutan confusion
direction, meaning that we were able to display fewer reference points in the Deutan
direction. To investigate this effect, further measurements are required with a display
with a wider gamut.
Based on the graphs in Fig. 3-15, the Trivector estimates exceed the threshold values
calculated from the Ellipse measurements at the same reference point in almost all
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cases. This is why there were colours outside the estimated chromatic discrimination
ellipses, which the participants could not distinguish.
This suggests that the reliability of the ellipse test depends on whether one or more of
the measuring directions coincide or approach one of the confusion directions. To
overcome this, it is recommended to give the confusion directions a prominent role in
the preparation of the experimental design, even in the case of the examination of participants with normal colour vision.

3.3.2. RESULTS IN TERMS OF CONE EXCITATIONS
Results expressed in ∆𝐸𝑢′𝑣′ should not be compared in terms of discrimination without acknowledging that the CIE 1976 UCS diagram is not a perceptually uniform colour space (Schanda, 2007).
To clarify, if the source of the increased thresholds is the non-uniformity of the native colour space or not, results were evaluated in terms of cone excitations.
3.3.2.1. Results plotted in the MacLeod-Boynton diagram
Chromaticity points related to the JNDs were calculated: P, D, and T points were
measured at the distance of the corresponding average JNDs towards the confusion
points. Calculations were executed in each reference point. Note that P, D, and T points
are the chromaticity points of the Landolt-C figures at the measured thresholds, not to
be confused with the Protan, Deutan, and Tritan confusion points or the ΔP, ΔD, and
ΔT JND values.
Chromaticities were defined in their location on a MacLeod-Boynton diagram
(MacLeod and Boynton, 1979) based on L, M, and S cone excitations. Cone excitations
were calculated by multiplying the Stockman and Sharpe (2000) 2° cone fundamentals
(Stockman, Sharpe and Fach, 1999; Stockman and Sharpe, 2000) by the spectral power
distribution of the primary colours of the CRT display in P, D and T points and the
corresponding reference points. Cone fundamentals were scaled to provide that
𝐿(𝜆) + 𝑀(𝜆) is equal to the luminosity function and that 𝑆(𝜆) peaks at unity (Smith
and Pokorny, 1996). 𝑆′ and 𝐿′ coordinates of the MacLeod-Boynton diagram were calculated as 𝑆/(𝐿 + 𝑀) and 𝐿/(𝐿 + 𝑀), respectively.
The gamut of the display and the reference chromaticities are shown in Fig. 3-17.
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Fig. 3-17: The gamut of the display and the reference chromaticities in the MacLeod-Boynton chromaticity diagram. The dashed curve shows part of the spectrum locus of monochromatic lights.

Fig. 3-18 shows a reference point with the corresponding P, D, and T points and the
Tritan, Protan, and Deutan confusions lines.
ΔT values represented in the MacLeod-Boynton diagram run mainly along with the
S' ordinate, therefore ΔL' values were disregarded in further analysis, and ΔS' was
estimated as the differences between T's ordinates and the reference point.
ΔL' was calculated as the Euclidean distance between P and the reference point. P
and D values were evaluated only in terms of ΔL', and T values were evaluated only
in terms of ΔS'.

Fig. 3-18: The reference point -5 in reference direction (5) with the corresponding P (triangle), D
(square), and T (diamond) values and the Protan (solid), Deutan (dashed), and Tritan (dotted) confusion lines in the MacLeod-Boynton diagram.
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3.3.2.2. Threshold vs. reference stimulus
Data plotted as threshold versus reference stimulus follow results presented in the
literature showing that chromatic discrimination is best near the chromaticity of the
surround. The log ΔS' and log ΔL' thresholds were plotted against log S' and log L'
values, respectively in Fig. 3-19.
Data shows the asymmetrical V-shapes as reported by Smith and Pokorny (Smith
and Pokorny, 1996, 2003).
In our case, the minimum values of the V-shapes estimate well the S' and L' chromaticities of the equal energy white ‘E’ (𝑆′𝐸 = 0.0192 and 𝐿′𝐸 = 0.7078). Since measurements were executed in a dark room, the spectral power distribution of the surround
was considered as equal energy in the whole visible wavelength range.

Fig. 3-19: The log ΔL' values plotted versus log L' reference stimuli (left) and the log ΔS' values plotted versus log S' reference stimuli (right). Different markers show data of the eight measurement directions as in Fig. 3-20. The grey cross indicates the chromaticity coordinates of equal energy white ‘E’.

3.3.2.3. Cone excitations vs. ∆𝐸𝑢′𝑣′
Fig. 3-20 shows ΔL' and ΔS' values, respectively, as a function of reference point
locus in the CIE 1976 UCS diagram (see left ordinates) and the plots of Fig. 3-7 in the
background (see right ordinates).
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Fig. 3-20: The ΔL' values (left) and the ΔS' values (right) plotted on Fig. 3-7 as a function of the reference point location in the CIE 1976 UCS diagram. The abscissa is the ordinal number of reference
points. Data is shown for reference directions from (0) to (7) as in Fig. 3-7. The right ordinates represent the distances within the CIE 1976 UCS diagram multiplied by 104, the scales of the subplots are
0-200. The left ordinates represent ΔL' (left) and ΔS' (right) values; the scales of the subplots are 0-0.02
and 0-0.01 respectively.

Correlation analysis shows strong, positive, linear relationship between the ΔP-ΔL',
ΔD-ΔL', and ΔT-ΔS' datasets, towards the relevant confusion points. The strength and
the significance of the relationship vary in the different measurement directions.
Spearman's correlation coefficients (ρ) and the corresponding p-values between the averages of the datasets and the ΔP-ΔL', ΔD-ΔL', and ΔT-ΔS' data respectively, towards
the eight measurement directions are shown in Table 3-4.
Table 3-4: Spearman correlation coefficients (ρ) and p-values describing the relationship between the
average JNDs and the ΔP-ΔL', ΔD-ΔL' and ΔT-ΔS' data, respectively.

Protan

Deutan

Tritan

ΔP-ΔL’

ΔD-ΔL’

ΔT-ΔS’

ρ

p

ρ

p

ρ

p

(7)

0.99

0.0000

0.98

0.0000

0.93

0.0002

(6)

0.99

0.0000

0.94

0.0158

0.65

0.0425

(5)

0.60

0.0667

0.73

0.0158

0.92

0.0002

(4)

– 0.10

0.7456

0.31

0.3306

0.96

0.0000

(3)

0.48

0.1875

0.87

0.0025

0.72

0.0298

(2)

0.75

0.0522

0.88

0.0085

0.75

0.0522

(1)

0.99

0.0000

0.99

0.0000

0.88

0.0039

(0)

0.99

0.0000

0.98

0.0000

0.98

0.0000
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The significant correlations indicate that the increase of the JNDs towards the confusion points expressed in ∆𝐸𝑢′𝑣′ units may not only describe the non-uniformity of
the CIE 1976 UCS diagram but shows a physiological phenomenon which can be revealed in terms of cone excitations too.

3.3.3. RESULTS IN TERMS OF CIE CAM02-UCS AND CAM16-UCS
The chromaticity coordinates of the measured just-noticeable stimuli were transformed from the CIE 1976 UCS diagram to 𝐽′, 𝑎′𝑀 , and 𝑎′𝑀 coordinates following the
calculations of the CIECAM02 and CIECAM16 colour appearance models. The ∆𝐸02
and ∆𝐸16 colour differences were calculated in the CAM02-UCS and CAM16-UCS colour spaces (Fairchild, 2013; Li et al., 2017).
3.3.3.1. Input parameters
CIE 1931 tristimulus values of the reference white 𝑋𝑤𝑟 = 𝑌𝑤𝑟 = 𝑍 = 100 were constants as the description of the models required.
The tristimulus values of the reference points and the just-noticeable chromaticity
points towards the three test directions were calculated from the corresponding u’; v’
chromaticity coordinates, based on the spectral power distribution of the primary colours of the CRT display.
Fig. 3-21 shows Fairchild's viewing conditions demonstrating the field sizes applied
in the colour appearance models defined by the CIE, merged with the CCT figures in
our experiment. It can be concluded that the screen and the test figures filled the field
of view dedicated to the stimulus and partly the proximal field.

Fig. 3-21: Demonstration of the magnitude of the field of view of the CCT test figure compared to the
viewing conditions applied in the CIE colour appearance models (Fairchild, 2013).
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Basically, the viewing conditions of the experiment were defined by a self-luminous
display and a dark room. Therefore, dark surround conditions were applied: 𝑐 =
0.525, 𝑁𝑐 = 0.8, and 𝐹 = 0.8. In CAM02 discounting-the-illuminant was not assumed
to occur.
Regarding the adopted white point, two cases were considered:
3.3.3.1.1 Global adaptation
Considering that the state of adaptation was defined by the dark room, the adopted
white point was defined as the neutral point in the experiment. The tristimulus values
were calculated based on the primary colours of the display and the u’; v’ chromaticity
coordinates of the equal energy white represented by the ViSaGe MkII: 𝑋𝑊_𝑔𝑙𝑜𝑏 =
97.1209, 𝑌𝑊_𝑔𝑙𝑜𝑏 = 100 , and 𝑍𝑊_𝑔𝑙𝑜𝑏 = 107.4216.
𝐿𝑊 was set to 5 cd/m2, the average luminance of the pseudoisochromatic test images.
With 𝑌𝑏 = 20 the luminance of the adapting field was calculated as
𝐿𝐴_𝑔𝑙𝑜𝑏 = 𝐿𝑊 ×

𝑌𝑏
= 1 𝑐𝑑/𝑚2
𝑌𝑊

3.3.3.1.2 Local adaptation
Considering the effect of the surrounding chromaticity on the perception of the target stimulus (Miyahara, Smith and Pokorny, 1993; Nascimento, Pastilha and Brenner,
2019) the adopted white point was defined as the reference chromaticity of the actual
test figures in each case and so the 𝑋𝑊_𝑙𝑜𝑐 , 𝑌𝑊_𝑙𝑜𝑐 , and 𝑍𝑊_𝑙𝑜𝑐 tristimulus values were
calculated accordingly.
In this case the luminance of the adapting field was defined as 𝐿𝐴𝑙𝑜𝑐 = 5 𝑐𝑑/𝑚2 .
3.3.3.2. Results
Since the input chromaticity values described just-noticeable stimuli (perceptually
equal colour differences) it was assumed that the data will show equal colour differences in the uniform colour spaces.
The effect of the reference directions and the average values of the Δ𝐸 colour differences were observed in CAM02 and CAM16, under both local and global adaptation
conditions.
The diagrams in Fig. 3-22 and Fig. 3-24 show the Δ𝐸 values towards the Protan, Deutan, and the Tritan confusion points (ΔP, ΔD, and ΔT values) along with the reference
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directions, in the function of reference point locus in the CIE 1976 UCS diagram (as
described above in Chapter 3.2.3.2). Coloured markers show the results of global and
contoured markers show the local adaptation conditions.
The diagrams in Fig. 3-23 and Fig. 3-25 show the subplots of Fig. 3-22 and Fig. 3-24
without separating the reference directions, including the average colour differences
towards the three test directions.
3.3.3.2.1 CAM02-UCS
Fig. 3-22 shows that global and local adaptation conditions affected the Δ𝐸 colour
differences mostly where the reference directions were shifted towards the test direction ((0) and (7) in Protan and Deutan, (4) and (5) in Tritan).

Fig. 3-22: Chromatic discrimination thresholds in CAM02-UCS towards the Protan, Deutan and Tritan
confusion points as a function of the reference point location – as explained in the description of the
independent variables – under global (coloured markers) and local (contours) adaptation conditions.
Data is shown for reference directions from (0) to (7) following the left ordinates. The right ordinates
represent the ΔE colour differences in CAM02-UCS. The scales of the subplots are 0-1.

In Fig. 3-23 a local maximum can be detected at the neutral reference point (at the
abscissa of 0). The average values show that chromatic discrimination thresholds towards the Tritan confusion point are higher than the ones towards the Protan and
Deutan confusion directions.
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Fig. 3-23: The average values and chromatic discrimination thresholds in the CAM02-UCS colour difference in each reference points measured towards the Protan (solid line, red dots), Deutan (dashed
line, green diamonds) and Tritan (dotted line, blue triangles) confusion points, under global (left) and
local (right) adaptation conditions.

3.3.3.2.2 CAM16-UCS
Compared to Fig. 3-22, Fig. 3-24 shows that Δ𝐸 values under local adaptation conditions is higher in all reference points than those in global adaptation conditions.

Fig. 3-24: Chromatic discrimination thresholds in CAM16-UCS towards the Protan, Deutan and Tritan
confusion points as a function of the reference point location – as explained in the description of the
independent variables – under global (coloured markers) and local (contours) adaptation conditions.
Data is shown for reference directions from (0) to (7) following the left ordinates. The right ordinates
represent the ΔE colour differences in CAM16-UCS. The scales of the subplots are 0-5.

48

Fig. 3-25: Average values and chromatic discrimination thresholds in the CAM16-UCS colour difference in each reference points measured towards the Protan (solid line, red dots), Deutan (dashed line,
green diamonds) and Tritan (dotted line, blue triangles) confusion points, under global (left) and local
(right) adaptation conditions.

As in Fig. 3-23, a local maximum in the neutral reference point can be detected in
Fig. 3-25. The Tritan average value is higher than the Protan and Deutan ones even in
these cases.

3.4. Discussion
The aim of the research described in Chapter 3 was to execute measurements on
chromatic discrimination covering the whole gamut of a display to provide normative
values of JNDs in terms of reference chromaticity and to analyse the discrimination
thresholds expressed in the CIE 1976 UCS diagram, in terms of cone excitations and in
the CIE CAM02-UCS and CAM16-UCS.

3.4.1. CIE 1976 UCS DIAGRAM
Chromatic discrimination thresholds strongly depend on the relation between the
observed stimuli and the state of chromatic adaptation. Conversely, if we would like
to describe chromatic discrimination thresholds under an actual state of chromatic adaptation, chromaticities close to the adapted white and far from the adapted white
should be considered separately. In the determination of these separated regions the
direction is also important beside the distance. In our experiments an average distance
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of ΔEu'v' = 0.040 was found as the boundary of chromaticities in which JNDs did not
differ significantly from the results measured in the white reference point. However,
the area is not distributed evenly, as shown in Fig. 3-9.
Krauskopf and Gegenfurtner (Krauskopf and Gegenfurtner, 1992) recommend that
the best discrimination can be achieved when the observer is adapted to the discriminanda, or (in case of multiple discriminable colours) to the centre of all colours perceived. This approach can be helpful if the state of adaptation is adjustable, even
though this is not always achievable and a converse approach is needed, where the
viewing conditions (including the state of adaptation) are fixed, and chromatic discrimination thresholds should be observed accordingly.
The results of the measurements correspond well with the data found in the literature near the neutral reference point. However, extending the range of reference points
in terms of chromaticity, we found that shifting the reference point towards the Protan,
Deutan, or Tritan confusion points provides an increase of just-noticeable differences
following second-order polynomials. A mathematical model and normative parameters are proposed to estimate the JNDs.
Shifting the chromaticity with approximately Δ𝐸𝑢′𝑣′ = 0.13 towards the confusion
points, JNDs of colour-normal participants measured in the concerned confusion direction exceed the threshold of colour-normal participants published in the CCT manual (Mollon and Regan, 2000). Moreover, the shift of approximately Δ𝐸𝑢′𝑣′ = 0.10 indicated JNDs above the normative thresholds of colour vision deficiency found in the
literature (Ventura et al., 2010).
Results of pilot measurements showed that shifts towards saturation in directions
other than confusion lines towards confusion points did not affect the results significantly. Further measurements and analyses are required, but these initial results indicate that evaluation in terms of saturation does not necessarily provide enough information to predict changes in discrimination thresholds.
The isolated mechanism of short-wavelength-sensitive cones and the dependence
between the middle-wavelength-sensitive and the long-wavelength-sensitive cones
can be detected in the results. Analysis shows a strong correlation between Protan and
Deutan results in each direction. Tritan results show weak, but significant correlation
with the others only in reference directions (5), (6), and (7) (see Table 3-2).

50

3.4.2. MACLEOD-BOYNTON DIAGRAM
Results given in 𝐿′ = 𝐿/(𝐿 + 𝑀) and 𝑆 ′ = 𝑆/(𝐿 + 𝑀) MacLeod-Boynton chromaticity coordinates based on cone excitations follow the expected pattern: JNDs run along
the corresponding confusion lines from the reference points, confirming the original
aim of the measurements.
Threshold vs. reference stimulus plots in terms of L' and S' values follow the asymmetrical V-shape published by Smith and Pokorny (Smith and Pokorny, 1996, 2003).
The abscissa of the minimal value of the V-shapes approximates the L' and S' chromaticity coordinates of the equal energy white “E”, which corresponds to the surround
of the measurement executed in a dark room (Zaidi, Shapiro and Hood, 1992;
Miyahara, Smith and Pokorny, 1993).
JNDs in Δ𝐸𝑢′𝑣′ and ΔL' and ΔS' metrics were compared. ΔT and ΔS' values correlate
well towards bluish colours (reference directions (3), (4), and (5)) approximating the
Tritan confusion line. Both ΔP and ΔD values correlate well with ΔL’ in the red-green
direction approximating Protan and Deutan confusion lines (reference directions (0),
(1), (6), and (7), see Table 3-4).
The measured JNDs show similar patterns in the two colour metrics, indicated by
cone-excitations even towards reference directions in which significant correlation
cannot be shown.
Although just-noticeable differences show similar patterns in the two colour metrics,
analysis in terms of the CIE 1976 UCS diagram does not necessarily provide enough
information to predict changes in chromatic discrimination thresholds. Interpretation
of data considering cone-excitations is recommended.

3.4.3. CIE CAM02-UCS AND CAM16-UCS
The results show systematic variance in the Δ𝐸 values expressed both in
CAM02-UCS and CAM16-UCS.
Nevertheless, the definition of the adapting luminance and the field of view corresponding to chromatic adaptation might raise questions since the only stimulus was
the test figure displayed in the field of view in the dark room. Therefore, two adaptation conditions were defined and compared. Global adaptation conditions followed
the description of the CAMs and considered the wide field of view as the adapting
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light, while in local adaptation the effect of the reference chromaticity of the test figures
were considered as the adapting light and measured thresholds were evaluated accordingly. Results calculated in global adaptation conditions performed better in
terms of uniformity, as under the local adaptation conditions effect of the shifted reference point towards the confusion points was stronger. This indicates that further
analysis considering local adaptation conditions requires weighted calculations.
The discrimination thresholds transformed to CAM02-UCS and CAM16-UCS show
that colour differences increase towards the chromaticity of the adapting light: in each
test direction the discrimination thresholds increased close to the neutral reference
point. This is different from the trends found in the CIE 1976 UCS diagram, where
chromatic discrimination was the best around the neutral point.
Thresholds also increased when the reference point was shifted towards the actual
measurement direction as in the CIE 1976 UCS diagram. Increased thresholds towards
the confusion directions are well known and applied in the detection of colour vision
deficiency, but rarely emphasized when normal colour observers are involved.
Similar patterns pattern between Protan and Deutan data can be observed. . The average discrimination thresholds measured towards the Tritan confusion point are
higher than those measured towards the Protan and the Deutan confusion points in
each case. This corresponds with the ratios of the normative values of CCT results
(Ventura et al., 2010). Based on the results, application of chromatic discrimination data
measured towards the Protan, Deutan and Tritan confusion points may be recommended for the validation of uniform colour spaces.
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3.5. Results
3.5.1. THESIS 1
In the CIE 1976 UCS diagram chromatic discrimination thresholds of normal colour
observers measured towards the Protan, Deutan and Tritan confusion directions can
be estimated with second order polynomial functions:
∆𝑃,𝐷,𝑇 = 𝑐2 (𝑥 − 𝑥0 )2 + 𝑐0

(1)

where
• ∆ is the dependent variable: the chromatic discrimination threshold (justnoticeable difference, JND),
• 𝑥 is the independent variable, denoting the reference distance,
• reference distance is the distance between the reference point (background
chromaticity) and the neutral white point,
• 𝑥0 and 𝑐0 are respectively the coordinates of the vertex, the point at which
the function reaches its minimum,
• confusion directions are directions towards the confusion points,
• the Protan, Deutan and Tritan confusion points are defined as
P(0.6579; 0.5013) D(–1.2174; 0.7826) and T(0.2573; 0.0000),
• the neutral point is defined as (0.2024; 0.4689),
• 𝑐0 constant can be estimated with the JND values measured in the neutral
reference point, and
• 𝑐2 constant can be estimated with the following ellipses in terms of the reference directions:
𝑎2 ×𝑏 2

𝑐2 (𝛿) = √𝑎2×𝑠𝑖𝑛2 (𝛿−𝜗)+𝑏2×𝑐𝑜𝑠2(𝛿−𝜗)

(2)

where
• 𝑐2 is the leading coefficient of Eq. (3-1),
• 𝛿 is the independent variable: the angle of the reference direction,
• the reference direction is the direction of the shift of the reference point from
the neutral point,
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• 𝑎 is the radius on the major axis,
• 𝑏 is the radius on the minor axis, and
• 𝜗 is the angle of the major axis and the abscissa.

3.5.2. THESIS 2
Shifting the reference point towards one of the three confusion points from the neutral point in the CIE 1976 UCS diagram indicates that chromatic discrimination thresholds of colour-normal participants measured towards the concerned confusion point
exceed the normative upper-limit of colour-normals and reaches the normative range
of anomalous trichromats.

3.5.3. THESIS 3
A positive, significant correlation between the CIE 1976 UCS and the LMS cone
spaces indicates that increased colour normal chromatic discrimination thresholds on
the confusion lines are detected as changes in photoreceptor signals as well.

3.5.4. THESIS 4
Chromatic discrimination thresholds on the confusion lines are found to be larger
than in other directions. This justifies the measurement of chromatic discrimination
ability towards the Protan, Deutan and Tritan confusion points in the modelling and
validation of uniform colour spaces.
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4. CHROMATIC DISCRIMINATION ELLIPSES IN TERMS OF ADAPTING FIELD
In this chapter results of chromatic discrimination measurements obtained in two
lighting scenarios differing in the structure of the visual field are compared. Chromatic
discrimination thresholds were measured with systematically manipulated chromaticities observed under two distinct visual angles. In both cases the Ellipse module of
the Cambridge Colour Test (CCT) was used binocularly on normal colour-observers.
Ellipses fitted to the measured discrimination thresholds were compared in terms of
the adapting chromaticity and the visual angle of the adapting stimulus.

4.1. Introduction
Chromatic adaptation is a process which ideally results in approximately constant
appearance of colours under illuminants with different spectral content. According to
the definition of the International Lighting Vocabulary (ILV) by CIE, chromatic adaptation is the “visual process whereby approximate compensation is made for changes
in the colours of stimuli, especially in the case of changes in illuminants” (CIE S
017/E:2020 - ILV, 2020).
Over the years, chromatic adaptation transforms (CATs) based on different theories
were developed and embedded into colour appearance models (CAMs) to predict the
adapting shift and the degree of adaptation caused by the chromatic changes of the
environment (Fairchild, 2013, 2020).
The baseline of chromatic adaptation is the perception of white. As the ILV defines,
incomplete adaptation is the “phenomenon in which the adopted white in a given
viewing environment does not actually appear white to an observer” (CIE S 017/E:2020
- ILV, 2020).
Even though in everyday life we experience that chromatic adaptation performs
quite well under white lights, the increasing number of applications of LED-based
light sources may raise the question of limitations and extensions of the currently accepted adaptation models under coloured lights or incomplete adaptation (Fairchild,
1991; Lee, Lee and Sohng, 2008; Smet et al., 2017a, 2017b; Huang, Wei and Ou, 2018;
Peng, Luo and Cao, 2019; Ma et al., 2020).
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The variation of parameters within the visual field such as the distribution of luminance and chromaticities indicates that besides the generic goal of creating comprehensive models, studies aiming to model scenarios defined with a selected range of
parameters, such as colours of self-luminous stimuli, or unrelated colours can be found
in the literature (Li et al., 2017; Hermans, Smet and Hanselaer, 2018; Huang, Yang and
Luo, 2019; Gao et al., 2021). The goal of these studies is to identify relevant parameters
and correspondences.
The main metrics of CAMs are the corresponding colours: two colour stimuli having
the same colour appearance under two sets of chromatic adaptation conditions
(Fairchild, 2013). Nevertheless, chromatic discrimination is also affected by chromatic
adaptation (MacAdam, 1955; Cohen, 1975; Lack M. Loomis et al., 1979; Krauskopf and
Gegenfurtner, 1992; Webster and Wilson, 2000).
Since the fundamental colour matching measurement was carried out by MacAdam
(MacAdam, 1942), chromatic discrimination ellipses estimating the areas in chromaticity diagrams, which cannot be discriminated by the observers, are applied in colour
science to describe colour diagrams with Riemannian metrics and to analyse the perceptual uniformity of colour spaces (Chao et al., 2008; Raj Pant and Farup, 2012; Xu et
al., 2021).
Therefore, measuring chromatic discrimination thresholds under different states of
chromatic adaptation will provide information about the changes in the perceived colour space. The goal of the study detailed in this chapter was to observe the effect of
adapting chromaticities seen under two visual angles on chromatic discrimination ellipses of normal colour-observers.

4.2. Methods
In our study chromatic discrimination measurements in two lighting scenarios were
accomplished and compared. In both cases the Ellipse module of the Cambridge Colour Test (CCT) was applied binocularly on normal colour-observers.
In the Ellipse Test the discrimination thresholds, and an ellipse fitted with leastsquares method to the measured vectors are calculated. In our cases 8 measurement
directions were applied and the reference chromaticity (the background chromaticity
of the pseudoisochromatic figures) was varied. Test images were shown until response, but for 3 seconds at the longest.
56

Input and output chromaticity coordinates (u’; v’), the measured discrimination
thresholds (Δ𝐸𝑢′𝑣′ ) and further calculated parameters are interpreted in the CIE 1976
UCS diagram.

4.2.1. STIMULUS
The display and the visual angles were consistent with those described in Chapter
3.2.1: participants were sitting at 3 m from the display providing that the gap of the
Landolt-C figure was seen under 1°.

4.2.2. VISUAL FIELDS
In both visual field settings chromatic discrimination thresholds were measured in
relation to systematically manipulated chromaticities. The above-mentioned chromatic stimulus appeared in different areas of the visual field, which determined the
main difference between the two scenarios (see Fig. 4-1).

Fig. 4-1: Illustration of the visual fields of the two experiments. Yellow colour indicates the areas
where the systematically manipulated chromaticity appeared.

4.2.2.1. Dark room (A)
First, measurements were obtained in a dark room. The adapted white was considered as equal energy white.
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The reference chromaticities of the discrimination measurements were the chromaticities of the background of the pseudoisochromatic figures, which varied in the experiment as the independent variable (see Fig. 4-1 left).
4.2.2.2. Light booth (B)
Second, participants were sitting in a custom made spectrally tuneable light booth
during measurements. The test figures were displayed behind the light booth, seen
over a window of 8° of visual angle. The ambient lighting in the booth covered most
of the visual field, except the window at the back of the booth and the test display
behind (see Fig. 4-1 right).
In the light booth five primaries of high intensity LEDs were controlled (red –
623 nm, amber – 596 nm, green – 527 nm, blue – 460 nm and warm white) providing
full field homogeneous stimulus of luminance set to 26 cd/m2 for all illumination conditions.
Reference chromaticity of the ellipse tests was fixed to (u’; v’ = 0.1977; 0.4689), while
the chromaticity of the light in the booth was varied as the independent variable.

4.2.3. EXPERIMENTAL DESIGN, PROCEDURE AND PARTICIPANTS
In both cases measurements were carried out binocularly in a dark room after five
minutes left for dark adaptation, during which the instructions were explained.
Normal colour vision was required for participation in both experiments. Participants were university students. Normal colour vision was validated based on Trivector test results: thresholds measured towards the Protan, Deutan and Tritan confusion
points. Normal colour vision was assumed if the thresholds did not exceed 100 × 10–4
towards either the Protan or the Deutan confusion point or 150 × 10–4 towards the Tritan confusion point (Mollon and Regan, 2000) in terms of Δ𝐸𝑢′𝑣′ .
4.2.3.1. Dark room (A)
In case (A) the neutral point was defined as (u’; v’ = 0.2024; 0.4689). Reference points
were defined along eight directions equally spaced and centred on the neutral point
(see Fig. 4-2). The distribution of the reference points followed the experimental design
described in Chapter 3.2.3. Altogether 23 reference points were selected along the 8
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reference directions. Selection criteria was to cover the gamut approximately evenly.
The distribution of the reference points was not perfectly even, because an additional
goal was to cover the gamut as much as possible, but the lengths of the reference directions were different, and the reference points were fixed as described in chapter
3.2.3.
In the experiment 4 participants (31.3 ± 10.3 years old) participated, each of them
carried out the measurements five times in reference points along two perpendicular
reference directions. Ellipses were fitted to the average threshold values in each reference point. Display luminance levels were set to 5 ± 3 cd/m2.
Obtaining one set of measurement data took approximately 30 minutes, including
dark adaptation, prior instructions, trial tests, the main test sequence, and short breaks.

Fig. 4-2: The 23 reference points positioned along the eight reference directions centred on the neutral
point (A).

4.2.3.2. Light booth (B)
In case (B) the reference chromaticity was fixed to (u’; v’ = 0.1977; 0.4689) – the default setting of the CCT. The chromaticity of the ambient light in the booth varied as
shown in Fig. 4-3.
In the experiment 18 participants participated (24.1 ± 4.7 years old). The luminance
of the ambient light in the booth was 26 cd/m2 for all ambient lights. The luminance
levels of the CCT were set to the default setting of the CCT: 10 ± 3 cd/m2.
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Fig. 4-3: The adapting chromaticities in the light booth (B).

4.3. Experimental results and analysis
The ellipses fitted to the average thresholds with the least-squares method are
shown in Fig. 4-4 and Fig. 4-5. Since the luminance values of the display and the ambient light were different in the two cases, the areas of the ellipses were not directly
comparable. Therefore, only the orientations and the axis-ratios of the ellipses were
analysed.

4.3.1. ELLIPSES
The ellipses measured in the dark room (A) are shown in Fig. 4-4.

Fig. 4-4: Ellipses fitted to the average chromatic discrimination thresholds measured in the dark room
(A). The centres of the ellipses represent the reference chromaticity of the CCT test figures. The radii of
the ellipses are multiplied by 3 for better visualisation.
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The centres of the ellipses represent the reference chromaticity coordinates of the
measurements.
In Fig. 4-4 and Fig. 4-5 the radii of the ellipses are multiplied by 3 for better visualisation.
Fig. 4-5 shows the ellipses measured in the light booth (B). The centres of the ellipses
represent the chromaticity coordinates of the ambient lighting of the light booth during measurements.
The neutral point (u’; v’ = 0.1977; 0.4689), which was the reference point of all CCT
measurements in this case, is denoted by the white square.

Fig. 4-5: Ellipses fitted to the average chromatic discrimination thresholds measured in the light booth
(B). The centres of the ellipses represent the chromaticity of the light booth, while the reference chromaticities of the CCT test figures were (u’; v’ = 0.1977; 0.4689) in each case. The radii of the ellipses are
multiplied by 3 for better visualisation.

4.3.2. REFERENCE DIRECTIONS VS. ELLIPSE AXES
In the analysis δ denotes the reference direction, as introduced in Chapter 3.2.3 (the
angle between the u’ abscissa and the segment of the neutral point and the ellipse centre), and ϑ denotes ellipse orientation, as introduced earlier (the angle between the u’
abscissa and the major axis of the ellipses).Fig. 4-6 shows the scatter plot of the reference directions (δ) towards the ellipse orientations (ϑ) in each adapting chromaticity.
The scatter plot and correlation analysis show a strong, positive, linear relationship
between δ and ϑ in both cases.
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Fig. 4-6: Reference directions (δ) vs. ellipse orientations (ϑ). Crosses and solid trendline denote data of
case (A), squares and dashed trendline denote data of case (B).

Spearman’s correlation coefficients (ρ) and p-values are in case (A): ρ = 0.82;
p = 0.73 × 10-6 and in case (B): ρ = 0.96; p = 3.37 × 10-7. These correlations describe that
the ellipses are elongated towards the adapting chromaticities in both cases.

4.3.3. EXCITATION PURITY VS. AXIS RATIO
Even though the directions of the elongations correlate with the adapting chromaticities in both cases (A) and (B), Fig. 4-4 and Fig. 4-5 indicate that the axial ratios of the
ellipses are affected at different rates.
To observe this difference, ellipses of case (A) and (B) were grouped based on reference directions. Six reference directions selected and ellipses of both cases (A) and (B)
were measured. Ellipses measured along the same reference directions were compared.
Since the CIE 1976 UCS is not a perfectly uniform colour space and the adapting
chromaticities are distributed across the chromaticity diagram in diverse directions,
evaluation in terms of Δ𝐸𝑢′𝑣′ colour differences may carry the non-uniformity of the
colour diagram as a systematic error. To compensate for this error, excitation purity of
the adapting chromaticities were calculated in the 1976 UCS diagram and the axis ratios of the ellipses were compared accordingly, as shown in Fig. 4-7.
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Fig. 4-7: Excitation purity (calculated in the 1976 UCS diagram) vs. axis ratios. Crosses denote data of
case (A), squares denote data of case (B). Linked data points belong to the same reference direction.

In Fig. 4-7 axial ratios of the ellipses are shown as a function of the excitation purity
of the reference chromaticity. Markers with crosses (+) denote data from measurements in the dark room (A), and markers with solid contour (□) denote data from
measurements obtained in the light booth (B). The background colours of the markers
are similar to the colour of the actual reference points, for better visualisation only.
Corresponding pairs of markers are linked with a solid line. The figure shows that the
axial ratio of the ellipses measured in the dark room (+) is higher than that of ellipses
measured in the light booth (□) towards all of the six observed reference directions.

4.4. Discussion
In the study detailed in this chapter chromatic discrimination ellipses of normal colour observers measured under two sets of chromatic adaptation conditions were compared.
We aimed to investigate the effect of the location and area of the adapting chromaticity in the visual field.
In the case of measurements obtained in the dark room the surround was dark and
the the chromaticity of the reference area of the CCT test figure was the adapting chromaticity. In the other case reference chromaticity of the CCT was grey and measurements were obtained in a light booth providing different chromatic surrounds.
Adapting chromaticities affected the orientation of the ellipses in a similar way: the
ellipses lengthened towards the adapting chromaticity.
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The elongation of the ellipses was affected at a different rate. Axial ratios of the ellipses were observed in terms of excitation purity. Changes in the reference chromaticity of the CCT test figures had stronger effect on the elongation of the chromatic
discrimination ellipses compared to the effect of the adapting chromaticity obtained in
the light booth. This justifies further analysis for the effect of the field size of the adapting stimulus.
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5. CHROMATIC DISCRIMINATION IN SENSORY TESTING
A general important challenge in sensory sciences is that the main tools of measurements are the human senses. Therefore, special attention is needed to avoid errors and
cross effects carried by human sensation, integrated to the experiments.
Sensory characteristics of food products such as visual characteristics, taste intensity,
odour intensity, aroma attributes and texture attributes cannot be considered individually, as each of them might affect the overall perception. As an example, numerous
studies report expectation error of smell and taste, caused by the visual appearance of
products (Hutchings, 1977; Tom et al., 1987; Wei et al., 2012).Sensory characteristics of
food products such as visual characteristics, taste intensity, odour intensity, aroma attributes, texture attributes. cannot be considered individually, as each of them might
affect the overall perception. As an example, numerous studies report expectation error of smell and taste, caused by the visual appearance of products (Hutchings, 1977;
Tom et al., 1987; Wei et al., 2012).
If the objective of sensory testing is odour, taste or texture, and it does not have visual aspects, test conditions (such as illumination, the assessor’s clothes, the monitor
colour calibration or vessel colour) should be designed to avoid influencing the assessor’s visual perception (Spence, 2019). Even though this principle is also stated in
standards (EN ISO 8589:2010, 2010; MSZ EN ISO 8589:2015, 2015; ISO 6658:2017, 2017;
MSZ ISO 6658:2018, 2018), there are only a few practical applications published and
the common methods and procedures of masking (such as blindfolding, coloured containers, products or goggles, application of static monochromatic lights) are burdened
with errors (Sipos et al., 2011, 2021).
The aim of the experiment was to create an optimal lighting environment for odour,
taste and texture perception of chocolate samples. The optimization had two objectives. First, to avoid the expectation error caused by perceptible differences between
the colours of the samples – hence to create a masking light under which assessors
could not discriminate the chocolate samples based on their colours. Second, we
wanted to minimize the cross-modal effects caused by occasional vivid colours of the
lighting – hence to decrease the colorimetric purity of the colour of the illumination
and to increase the degree of adaptation. As a conclusion, a general method is shown
for optimization of masking colour differences between any groups of products.

65

5.1. Introduction
Among the standards relevant for sensory studies, there is a general guidance for
the design of test rooms (EN ISO 8589:2010, 2010; MSZ EN ISO 8589:2015, 2015), which
provides information regarding the lighting environment. According to the standard,
in the evaluation booths daylight conditions (D65 illumination) should be provided
and in addition special devices, such as tinted filters, or monochromatic light sources
can be used to cover visual differences between products.
Besides, reports on the efficiency of monochromatic fluorescent lamps, as masking
lights can be found in numerous studies (Barbieri et al., 2018; Elgaard et al., 2019;
Harker et al., 2019; Malongane et al., 2020). It is also noted that the efficiency of monochromatic light depends on its wavelength, and it can have an opposite effect: it may
enhance the perceptual differences between the products (Stone, Bleibaum and
Thomas, 2012). In addition, effects of cross-modality caused by coloured lights can distort perception of the products (Zampini et al., 2007).
Beside the importance of masking colour differences between the observed products, the quality of illumination considering the human visual system in the testing
environment is also very important. Application of light sources not only differing
from D65, but also having vivid colours raises the question of the limits of chromatic
adaptation. Even though the human visual system can adapt to a wide range of
changes in colour and intensity of the ambient illumination, chromatic adaptation has
its limits and cannot be complete under all conditions. Performing visual tasks under
illumination providing incomplete chromatic adaptation might lead to sensory fatigue
and errors. Most metrics on the degree of adaptation consider only the luminance of
the illumination. At the same time, studies of chromatic adaptation can be found considering both neutral and coloured illuminants (Smet et al., 2017a, 2017b) showing that
the adaptation can be strongly affected by the purity and the chromaticity of the illumination. As described above, in masking environments mostly lights with narrow
spectral power distribution are applied, therefore the effect of the chromaticity of the
illumination on the degree of adaptation should be taken into consideration.
The aim of the research described in this chapter was to find the most appropriate
masking environment, which partly can be considered as the most effective mask (covering the colour differences between the examined products), and partly provides the
best conditions regarding chromatic adaptation.
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5.2. Methods
The task of the assessors was to rank the chocolate samples from lightest to darkest
based on their colour. The masks were compared based on analysis of the number of
correct answers and decision times. Decision times were measured with a digital stopwatch with a resolution of 0.01 s.
The research was designed and executed in collaboration with the Department of
Postharvest, Commercial and Sensory Science at the Hungarian University of Agriculture and Life Sciences, Institute of Food Science and Technology.

5.2.1. STIMULUS
The experiments were executed in the light booth described in Chapter 4. The main
difference between the experiment described here and the experiment described in
Chapter 4 is that in the following case the test samples were placed in the light booth,
therefore, not only the state of chromatic adaptation, but also the colour stimulus was
affected by the illumination in the light booth.
5.2.1.1. Illumination
The structure of the light booth provided a spacious workspace for sensory assessors
and a homogenous luminance distribution was provided on the region of interest at
the inner surfaces. An illustration of the light booth with blue masking environment is
shown in Fig. 5-1.

Fig. 5-1: Illustration of the workspace of the spectrally tuneable light booth with blue masking environment
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The spectral power distribution of the applied (blue, green, amber, and red) LED
channels of the tuneable light booth are shown in Fig. 5-2. Pilot measurements showed
that chromatic discrimination was not affected significantly under the warm white
channel of the light booth. Consequently, the warm white channel was not applied in
the experiment.

Fig. 5-2: The spectral power distribution of the applied LED channels of the tuneable light booth.

Sensory tests were carried out under D65 illumination simulating artificial daylight
in a PANTONE Color Viewing Light Booth (3-light Unit) as a reference. The aim of the
reference measurements was to provide benchmark data for comparison following
standardized recommendations (ISO 11037:2011, 2011; MSZ ISO 11037:2014, 2014).
5.2.1.2. Test samples
In the experiment milk chocolate samples were observed by the assessors. The goal
was to create a series of milk chocolate bar samples with equal colour differences under D65 illumination, based on their cocoa-content. In the series of the test samples the
amount of sugar and cocoa powder varied, all other ingredients remained unchanged.

5.2.2. PARTICIPANTS (ASSESSORS)

Altogether 23 participants participated in the experiment. Assessors were university
students and employees (21.7 ± 2.6 years old). Following the relevant standards (ISO
11037:2011, 2011; ISO 8586:2012, 2012; MSZ EN ISO 8586:2014, 2014; MSZ ISO
11037:2014, 2014) normal colour vision was required and verified with anomaloscope
68

measurements. Following the anomaloscope examination, a supplementary achromatic grayscale test recommended by the corresponding standard (ISO 8586:2012,
2012; MSZ EN ISO 8586:2014, 2014) was performed.

5.2.3. EXPERIMENTAL DESIGN
There were three blocks of measurements. First, sensory tests were carried out under
single LED channels (Red, Green, Blue and Amber). Second, the additive mixture of
the LED channels provided the masking illumination. The components of the additive
mixtures were selected based on statistical analysis of the experimental results of the
first experiment. The elements of Good Sensory Practice were considered in designing,
performing, and evaluating the sensory tests (Lawless and Heymann, 2010).
5.2.3.1. Control variables
All tests were obtained in diffuse light, and we ensured that the assessor looked at the
sample under 45°, following the instructions of the corresponding standard (ISO
11037:2011, 2011; MSZ ISO 11037:2014, 2014). Tests were obtained in a dark room
where only the light booth provided illumination.
The chocolate samples were provided by the Department of Postharvest, Commercial and Sensory Science, Institute of Food Science and Technology, Hungarian University of Agriculture and Life Sciences. Samples were stored and presented in a transparent plastic petri dish, coded with three-digit random numbers. The main parameters and the spectral reflectance of the chocolate test samples are shown in Table 5-1
and in Fig. 5-3
Table 5-1: Cocoa content and L*, a*, b* colorimetric parameters of the chocolate test samples and ΔEab
colour difference between the adjacent samples

∆𝑬𝒂𝒃

Sample codes

Cocoa content

L*

a*

b*

429

3.00 %

36.18

9.40

10.04

255

4.50 %

34.44

8.32

8.20

2.75

649

5.25 %

31.90

8.30

7.70

2.59

818

6.75 %

30.08

7.40

6.38

2.42

730

9.00 %

28.19

6.31

5.41

2.39

69

Fig. 5-3: Spectral reflectance of the examined chocolate samples: sample code (cocoa content)

The samples were specifically created for this experiment, providing nearly equal
perceptible colour difference defined in the CIELAB colour space. Chromaticity coordinates were calculated from the spectral reflectance of the samples, considering D65
illumination.
5.2.3.2. Independent variables
The parameters of the masking lights were the independent parameters. The 4 LED
channels were as already introduced (red – 623 nm, amber – 596 nm, green – 527 nm,
and blue – 460 nm) providing full field homogeneous illumination.
The chromaticity coordinates and the luminance values with the standard deviation
of 5 measurements of the masking lights are shown in Fig. 5-4 and in Table 5-2.

Fig. 5-4: The chromaticity coordinates of the masking lights in the CIE 1976 UCS diagram
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Table 5-2: The chromaticity coordinates and luminance values (mean ± 1 SD) of the masking lights

LED channel

𝒖′

𝒗′

𝑳𝑽 , 𝒄𝒅/𝒎𝟐

Blue

0.1483 ± 0.0004

0.1655 ± 0.0008

35.39 ± 0.05

Green

0.0703 ± 0.0002

0.5760 ± 0.0001

50.23 ± 0.26

Amber

0.3534 ± 0.0019

0.5468 ± 0.0003

46.54 ± 1.88

Red

0.5068 ± 0.0005

0.5238 ± 0.0001

44.10 ± 0.48

G33 + B100

0.1418 ± 0.0004

0.1994 ± 0.0008

51.09 ± 0.06

G67 + B100

0.1360 ± 0.0003

0.2292 ± 0.0010

67.30 ± 0.19

G100 + B100

0.1311 ± 0.0002

0.2552 ± 0.0008

84.01 ± 0.26

A33 + B100

0.1609 ± 0.0004

0.1917 ± 0.0003

45.98 ± 0.27

A67 + B100

0.1780 ± 0.0006

0.2234 ± 0.0009

62.10 ± 0.74

A100 + B100

0.1953 ± 0.0009

0.2540 ± 0.0015

81.32 ± 1.26

5.2.3.3. Dependent variables
As dependent variables the number of correct ranks and the duration of the rankings
were observed.

5.2.4. PROCEDURE
The sensory tests were obtained under the systematically manipulated coloured illuminations in a dark room. The sensory tests were also obtained under D65 illumination as a reference.
Single LED, mixed LED and reference measurements were carried out on three different days to avoid the effect of fatigue. Within the experiments masking lights were
applied in a fixed order. In the first experiment the order was Red, Green, Blue, and
Amber. In the second experiment the order of the channels mixed with Blue was: G33,
G67, G100, A33, A67, and A100.
Decision times were measured by the test conductor with a digital stopwatch. Assessors had to say “start” and “done” implicitly to note the duration of the ranking
task.
The experiment was approved by the United Ethical Review Committee for Research in Psychology (EPKEB, Hungary, reference number: 112/2017). All assessors
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signed a written consent, agreeing to participate in the measurements after verbal and
written orientation. The assessors stated that no activities that caused eye fatigue were
performed 12 hours prior to the tests.

5.3. Experimental results and analysis
The dependent variables, namely the number of correct ranks and the ranking times
were analysed with a one-way fixed effect ANOVA. The factor was the independent
variable, hence the masking light. To avoid the effect of individual differences, ranking
times were scaled to values between 0 and 1, with normalization to the longest ranking
time of each assessor.
Duncan’s post hoc tests were executed for pairwise comparison and to identify the distinct groups of masks.
In the second experiment the degree of adaptation based on the chromaticity of the
masking lights was calculated with the LuxPy Python Toolbox (Smet, 2018, 2020).

5.3.1. SINGLE LED CHANNELS
In the first experiment the ranking test data was obtained under masks of single LED
channels. The aim was to find the spectral range providing the best masking effect.
Table 5-3 shows the basic descriptive statistics of the ranking test results under the
masking by single LED channels.
Table 5-3: Descriptive statistics of the sensory test results obtained under masks of single LED channels

Red

Amber

Green

Blue

623 nm

596 nm

527 nm

460 nm

23

19

17

16

9

Incorrectly ranked

0

4

6

7

14

Average ranking time, s

15.74

24.43

22.26

29.48

35.70

St. deviation of ranking time, s

4.27

9.90

8.38

12.67

14.30

Average, scaled ranking time

0.45

0.65

0.62

0.79

0.95

0.14

0.16

0.22

0.20

0.12

Mask

D65

Correctly ranked

St. deviation of scaled ranking
time
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Results show that the best performance of the assessors (correct ranking and the
shortest ranking time) was under the D65 reference, and that the efficiency of the mask
increased (and sensory performance decreased) as the peak wavelength of the masking light decreased towards 460 nm (Blue light).
As a conclusion the Blue mask was the most effective among the single LED channels.
Table 5-4 and Table 5-5 show the results of Duncan’s post hoc tests regarding the
number of correct ranks and ranking times.
Table 5-4: Groups of single LED masks based on significant differences between the correct ranks
(Duncan’s post hoc test)

Mask

Average

Groups

D65

1

A

Red

0.8261

A

Amber

0.7391

B

Green

0.6957

B

Blue

0.3913

B

C

Table 5-5: Groups of single LED masks based on significant differences between the real and scaled
ranking times (Duncan’s post hoc test)

Real time data

Scaled time data

Mask

Average, s

Groups

Average

Blue

35.69

Green

29.47

B

0.78

Red

24.43

B C

0.64

C

Amber

22.26

C

0.62

C

D65

15.73

A

0.94

D

0.44

Groups
A
B

D

Even though the Red, Amber and Green masks show slightly different patterns in
terms of the number of correct ranks and ranking times, all three Duncan’s post hoc
tests confirmed that results under the Blue mask can be separated from the others.
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5.3.2. MIXED LED CHANNELS
In the second experiment the main question was if it were possible to create a masking light of more than a single LED channel, to provide better chromatic adaptation
(causing minimal sensory fatigue of the visual system), while the masking efficiency
is maintained (covering the colour differences between the examined products).
In the composition of the mixed masks the results of the measurements obtained
under single LED channels were considered: the Blue channel was kept in each case,
and Green and Amber channels were added in different extents (33 %, 67 % and
100 %).
Table 5-6 shows the basic descriptive statistics of the ranking test results under the
masks of mixed LED channels. Results show that under each mixed mask the number
of correct ranks increased, and ranking times were lower than under the Blue mask
(and so the masking effect weakened).
Table 5-6: Descriptive statistics of the sensory test results obtained under masks of mixed LED channels

Blue

G33 +

G67 +

G100 +

A33 +

A67 +

A100 +

(B100)

B100

B100

B100

B100

B100

B100

Correctly ranked

9

10

12

14

11

20

20

Incorrectly ranked

14

13

11

9

12

3

3

Average ranking time, s

35.70

32.22

34.91

28.39

25.13

23.91

20.35

14.30

10.80

17.12

11.66

8.72

10.44

12.06

0.95

0.84

0.86

0.72

0.66

0.61

0.52

0.12

0.20

0.17

0.16

0.19

0.21

0.18

Mask

St. deviation of ranking
time, s
Average, scaled ranking
time
St. deviation of scaled
ranking time

Table 5-7 and Table 5-8 show the results of Duncan’s post hoc tests regarding the
number of correct ranks and ranking times.
The analysis of the number of correct ranks shows that the illuminations combined
with Green (G33 + B100, G67 + B100 and G100 + B100) and Amber (A33 + B100) lights
did not differ from the Blue light (B100) (see Table 5-7). The analysis of ranking times
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shows that the Amber channel had stronger effect than the Green channel (see Table
5-8).
Including the consideration of chromatic adaptation, Smet’s degree of adaptation
values were calculated (see Table 5-7): the highest values indicate the best conditions
for adaptation (Smet, 2018).
As a conclusion, considering both the masking effect and the degree of adaptation,
the recommended masking light is the A33+B100 combination.

Table 5-7: Groups of mixed LED masks based on significant differences between the number of correct
ranks (Duncan’s post hoc test) and degree of adaptation

Degree of
adaptation

Mask

Average

Groups

A100 + B100

0.8696

A

1.9987 × 10–1

A67 + B100

0.8696

A

8.9775 × 10–2

G100 + B100

0.6087

A

G67 + B100

B

5.4490 × 10–2

0.5217

B

1.2583 × 10–4

A33 + B100

0.4783

B

4.0501 × 10–2

G33 + B100

0.4348

B

1.2757 × 10–5

Blue (B100)

0.3913

B

1.7613 × 10–7

Table 5-8: Groups of single LED masks based on significant differences between the real and scaled
ranking times (Duncan’s post hoc test)

Real time data

Scaled time data

Mask

Average (s)

Groups

Average

Groups

Blue (B100)

35.69

A

0.83

A

G67 + B100*

34.91

A

0.79

A

G33 + B100*

32.21

A B

0.77

A B

G100 + B100*

28.39

A B C

0.66

B C

A33 + B100*

25.13

B C D

0.62

C

A67 + B100

23.91

C D

0.57

C

A100 + B100

20.34

D

0.48

D
D

* Masking light combinations under which the masking effect did not differ significantly
the ranking times (p < 0.05) from the Blue (B100) light.
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5.4. Discussion
In this chapter the optimisation of a product-specific masking environment was described. Masking light was provided by LED channels in a light booth.
Sensory tests were performed under standard daylight (D65) as a reference. The
masking effects of the generated illuminations were qualified based on the number of
correct ranks and ranking times of five chocolate samples.
To create a masking environment with a broader spectral content than a single LED
channel, thus increasing the degree of chromatic adaptation, it was appropriate to
combine Blue (the most effective single LED channel mask) with Green as well as Amber light, maintaining the efficiency of masking and showing differences in ranking
times and in the degree of adaptation. Broadening the spectral content of the most
effective masking illumination was possible without losing masking efficiency.
As a confirmation of the sensory tests instrumental measurements were also obtained. The spectral distribution of the reflectance of brown chocolate samples is generally characterized by being more uniform in the blue part of the visible wavelength
range and taking lower spectral reflectance values compared to the longer wavelength
range. Thus, there are smaller differences in the spectral distribution of the reflectance
of chocolate samples in the lower wavelength range (bluish colours). It is therefore
advisable to look for masking illumination in this range, as this will minimize the expected difference between the colour stimulus functions (and thus the perceived colours) both spectrally and in total intensity. It is always expedient to apply this principle to determine the best masking illuminations.
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5.5. Results
5.5.1. THESIS 5
A spectrally tuneable – built as a combination of light sources emit-ting in different
wavelength-ranges – masking environment – defined as a lighting environment in
which the expectation error caused by the perceived colour differences between the
test samples is eliminated, and the cross-modal effects caused by the colour of the light
are minimized – can be individually optimised for sensory testing of taste, odour or
texture assessment with the following iterative method:
1. Measurement of the wavelength-dependent properties of the samples (spectral transmittance or spectral reflectance, depending on the samples) in the
range of 380 nm – 780 nm (sample stimuli).
2. Measurement of the spectral power distribution of the channels of the tuneable light source (channels).
3. Definition of the spectral range(s) in which the smallest differences can be
observed between the values of the sample stimuli, based on the comparison
of the spectral distributions and the range of the sample stimuli in terms of
wavelength.
4. Among the channels, first enhance the one which emits closest to the spectral
range defined in step 3.
5. Verification of the efficiency of the mask with sensory tests most suitable for
the aim and aspect of the colour samples (e.g. discrimination test or colour
ranking test).
6. In case the mask is efficient, add further spectral channels in accordance with
the wavelength-dependent increase of the range of the sample stimuli mentioned in step 3., until the efficiency of the mask reduces.
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6. SUMMARY
In the thesis I discuss the characteristics and parameter dependence of human chromatic discrimination. The results are presented in three chapters, following the introduction and literature review.
The two pillars of my research are chromatic discrimination and chromatic adaptation. In the studies discussed in the thesis, I examined the dependence of the chromatic
discrimination thresholds as a function of the reference chromaticity, the measurement
directions in colour spaces, and the size of the adaptation field.
The chapter of the literature review covers the topics of the fundamentals of colour
vision, colorimetry, chromatic discrimination, and chromatic adaptation. Chapters 3,
4, and 5 are introduced with supplementary literature reviews, discussing current literature relevant to the given experiments.
In Chapter 3 chromatic discrimination thresholds measured towards the confusion
lines are analysed in terms of the reference chromaticity of the pseudoisochromatic
test-figures of the Cambridge Colour Test. Results are analysed in the CIE 1976 UCS
diagram, in the MacLeod-Boynton diagram based on cone excitations, and in terms of
CIE CAM02-UCS and CAM16-UCS. Experimental results and analysis demonstrated
the special role of the confusion lines in chromatic discrimination and results showed
a link between the CIE 1976 UCS diagram and the cone-excitation space. Based on the
Trivector test series performed in a reference point grid covering the entire gamut of
the examined display, it can be stated that by moving the reference points from the
neutral point to a confusion direction, the chromatic discrimination thresholds measured from the shifted reference point to the confusion direction increase significantly
and this increase can be estimated by a mathematical model.
Considering that the CIE 1976 UCS diagram is known not to be perfectly uniform in
terms of perception, I evaluated the results in a MacLeod-Boynton chart based on coneexcitations. The chromatic discrimination thresholds showed a strong correlation in
the two colour systems.
Comparing the results of the Trivector tests with the results of the Ellipse tests, I
found that the Trivector estimates have higher threshold values calculated from the
Ellipse measurements at the same reference point in almost all cases. Thus, there were
colours outside the estimated chromatic discrimination ellipses, which the participants
could not distinguish.This suggests that the reliability of the ellipse test depends on
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whether one or some of the measuring directions coincide or approach one of the confusion lines. To overcome this, it is recommended to give the confusion directions a
prominent role in the preparation of the experimental design, also in the case of the
testing participants with normal colour vision.
In Chapter 4, I examined the effect of the colour stimulus size determining chromatic
adaptation by comparing chromatic discrimination ellipses. In the first case, just as in
the experiments described in Chapter 3, I performed measurements in a dark room,
where the state of adaptation was determined globally by the dark room and locally
by the reference chromaticity of the pseudoisochromatic test. In the second case, the
measurements were performed in a coloured lighting environment implemented in a
spectrally tuneable light booth. In both cases, the chromatic discrimination ellipses extended toward the chromaticity of the colour stimulus determining the state of adaptation, but the change in the chromaticity of the reference point had a stronger effect
on the elongation of the ellipses than the chromaticity of the light booth.
In Chapter 5 an application-centric research conducted in collaboration with colleagues from the Hungarian University of Agriculture and Life Sciences, Institute of
Food Science and Technology, Department of Postharvest, Commercial and Sensory
Science is presented. The aim of the research was to optimize a lighting environment
for the sensory testing of taste, odour, and texture, and create a test space for sensory
assessors. The optimization aimed to eliminate the expectation error caused by the
perceived colour differences between the test samples and to minimize the crossmodal effects caused by the colour of the light. In conclusion, a general method is
shown in Thesis 5 for optimization of masking colour differences for a general line of
products.
Finally, although my aim was to cover multiple aspects of chromatic discrimination
and adaptation in the thesis, obviously it still remained just a small portion of information that would be necessary to build a comprehensive model of chromatic adaptation. Further measurements related to the current experimental designs are needed to
understand the correspondences of the relevant parameters. My future plan is to obtain measurements of chromatic discrimination thresholds with further different
adapting chromaticities, different measurement directions and different luminance
levels.
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Besides the complementary measurements of chromatic discrimination, future research topics may include correspondences of colour appearance models and chromatic adaptation. My plan is to develop measurements and describe the adaptive colour shift in terms of the state and the degree of chromatic adaptation, with a special
attention to the adapted white stimulus.
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7. ÖSSZEFOGLALÁS
Az értekezés az emberi színdiszkriminációs küszöbértékek változását, paraméterfüggését tárgyalja. Az eredményeket a bevezetést és az irodalomkutatást követően három
fő fejezetben ismertetem.
Kutatásom két alappillére az emberi színdiszkrimináció és a kromatikus adaptáció. Az
értekezésben tárgyalt kutatásokban a színdiszkriminációs küszöbértékek függését
vizsgáltam a referencia színpontok színessége, a mérési irányok, valamint az adaptációs mező méretének függvényében.
Az irodalomkutatás fejezetében a színlátás, színtan, színdiszkrimináció és kromatikus adaptáció témái kerülnek áttekintésre. A 3., 4. és 5. fejezetek bevezetésében az ott
bemutatott kutatáshoz közvetlenül kapcsolódó szakirodalmi áttekintés kap helyet.
A 3. fejezetben a színdiszkriminációs küszöbértékek változását a referencia színingerek függvényében írtam le. Referencia színingerként a kísérletekben alkalmazott
Cambridge Colour Test pszeudo-izokromatikus tesztábráinak háttérszíningerét tekintettem. A fejezetben tárgyalt kísérletben a Protán, Deután és Tritán konfúziós irányok
mentén mért színdiszkriminációs küszöbértékékeket vizsgáltam, a referencia pontokkal az alkalmazott kijelző teljes gamutját lefedve.
Az eredmények alapján megállapítható, hogy a referencia pontokat a semleges ponttól valamely konfúziós irány felé eltolva, az eltolt referencia ponttól a fenti konfúziós
irány felé mért küszöbérték nagymértékben növekszik és ez a növekedés matematikai
modellel becsülhető. A referencia színpontokat a semleges színponttól bármely konfúziós pont felé eltolva a CIE 1976 UCS színábrázolási rendszerben, épszínlátó személyek az adott konfúziós irányokban mért színdiszkriminációs küszöbértékei meghaladhatják az épszínlátókra vonatkozó felső határértékeket és elérheti a színtévesztők
értékeit.
Figyelembe véve, hogy a CIE 1976 UCS színábrázolási rendszerről ismert, hogy nem
tekinthető észlelés szempontjából tökéletesen egyenletesnek, az eredményeket a csapingerlésen alapuló MacLeod-Boynton színtérben is értékeltem. Pozitív, szignifikáns
korreláció tapasztalható a CIE 1976 UCS színábrázolási rendszer és az LMS színtér között, amely azt jelzi, hogy a konfúziós irányok mentén kimutatott, megnövekedett
színdiszkriminációs küszöbértékek megjelennek a fényérzékelő sejtek jeleinek szintjén
is.
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A Trivektor tesztek eredményeit Ellipszis tesztek eredményeivel összevetve megállapítottam, hogy a konfúziós irányok mentén nagyobb színdiszkriminációs küszöbértékek tapasztalhatóak, mint a tőlük eltérő mérési irányokban. Ez indokolja a színdiszkriminációs képesség vizsgálatát a Protán, Deután és Tritán konfúziós pontok irányában is az egyenletes színábrázolási rendszerek vizsgálata és értékelése céljából.
A 4. fejezetben a kromatikus adaptációt meghatározó színinger méretének hatását
vizsgáltam színdiszkriminációs ellipszisek összehasonlításával. Az első esetben a 3.
fejezetben leírt kísérletekhez hasonlóan egy sötét szobában végeztem méréseket, ahol
az adaptációs állapotot a globálisan sötét szoba, valamint lokálisan az adott pszeudoizokromatikus tesztábra referencia színpontja határozták meg. A második esetben egy
spektrálisan hangolható mérőkabinban megvalósított színes világítási környezetben
zajlottak a mérések. A színdiszkriminációs ellipszisek mindkét esetben az adaptációs
állapotot meghatározó színinger színpontja felé nyúltak meg, de a referencia pont
színingere változásának erősebb hatása volt az ellipszisek megnyúlására, mint a kabin
színingerének.
Az 5. fejezetben egy alkalmazás-centrikus kutatás kerül bemutatásra, amelyet a Magyar Agrár- és Élettudományi Egyetem, Élelmiszertudományi és Technológia Intézet,
Árukezelési, Kereskedelmi, Ellátási Lánc és Érzékszervi Minősítési Tanszék kollégáival közösen végeztünk. A kutatás célja olyan vizsgálati tér létrehozása az érzékszervi
bírálók részére, amely íz, illat és állomány érzékszervi vizsgálatára optimalizált vizuális környezetet biztosít. Az optimalizációnak kettős célja volt: a minták között észlelhető színingerkülönbségekből adódó elváráshiba kiküszöbölése, illetve a színes megvilágításból adódó keresztmodalitás hatásainak minimalizálása. Konklúzióként egy
általános, termékspecifikus maszkolási módszer került megfogalmazásra.
Összegzésül, habár a célom az volt, hogy a színdiszkriminációs képesség és a kromatikus adaptáció mechanizmusainak számos aspektusát vizsgáljam, még mindig
csak egy kis szegletét sikerült feltérképezni annak az információmennyiségnek, ami
egy átfogó modell megalkotásához szükséges. Az értekezésben ismertetett kísérleti
tervekhez illesztve további mérések szükségesek a releváns paraméterek közötti öszszefüggések pontosabb megértéséhez. Jövőbeli tervem folytatni a színdiszkriminációs
küszöbértékek vizsgálatát különböző adaptációs színingerek, fénysűrűség szintek és
mérési irányok mentén.
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A színdiszkriminációs képesség mellett kutatásom folytatásának további lehetséges
iránya a színmegjelenés és a kromatikus adaptáció összefüggéseinek vizsgálata. Távlati terveim között szerepel az adaptációs színeltolódás vizsgálatát célzó mérések kidolgozása, különös tekintettel az adaptációs fehér színingerre.
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