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Abstract

The human visual system (HVS) makes
it possible to receive and process informa-
tion under a wide range of colour, bright-
ness, and spatio-temporal frequency con-
ditions. We conducted an analysis of the
theory explaining the mechanisms that
allow the HVS to adapt to changes in
the presented stimulus. The primary aim
of this thesis is to analyze the colouri-
metric characteristics of the HVS under
different conditions and to describe the
possibilities of measuring them through
psychovisual experiments. In the empiri-
cal part of the thesis, a tool was developed
to conduct such experiments with a group
of observers. A pilot experiment was or-
ganized to assess the performance of the
program and to compare its results with
the models described in the theoretical
part.

Keywords: Human visual system,
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Colour Space, Psychovisual experiment,
Colourimetry
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Abstrakt

Lidsky zrakovy systém (HVS) umoznuje
prijimat a zpracovavat informace v Siro-
kém spektru barevnych, jasovych a frek-
vencnich podminek. Provedli jsme ana-
Iyzu teorie vysvétlujici mechanismy, které
umoznuji HVS prizpisobit se zménam v
prezentovaném podnétu. Primarnim ci-
lem této prace je analyza kolorimetrickych
vlastnosti HVS a popis moznosti jejich
méfeni pomoci psychovizualnich experi-
ment za riznych podminek. V empirické
¢asti prace byl vyvinut nastroj umoznujici
provadét takové experimenty se skupinou
pozorovateli. Byl usporadan pilotni expe-
riment k posouzeni vykonu programu a ke
srovnani jeho vysledki s modely popsa-
nymi v teoretické c¢asti.

Kli¢ova slova: Lidsky zrakovy systém,
Barevny rozdil, Barevny prostor,
Uniformni barevny prostor,
Psychovizudlni experiment, Kolorimetrie

Preklad nazvu: Meéreni a modelovani
charakteristik lidského zrakového
systému za nestandardnich podminek
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Chapter 1

Introduction

The human visual system exhibits remarkable adaptability across a wide
range of luminance levels, from the bright conditions of photopic vision to the
dim settings of scotopic vision, with mesopic vision occupying the intermediate
range. While for undertaking most of everyday tasks the HVS only engages
photopic vision mechanisms, domains appear in the modern world where
some special applications require mesopic vision to be involved, which is why
it becomes interesting and important to examine the relations between the
former and the latter. An example of such a special application could be
digital cinema, where the values of intensity sometimes reach the mesopic
range [12].

The following thesis aims to examine the human visual system’s fundamen-
tal characteristics and options for their measurement under both standard
and non-standard conditions by combining theoretical research with empirical
measurements. The presented thesis mainly focuses on the colourimetry
trying to comprehensively analyze what is colour and how is it perceived
along various luminance levels.

The main sections of the following thesis are:

® HVS section: discusses the basics of human vision and the cells engaged
in its activity. Section [2.1

B Section devoted to the colour as a concept: its perception by the HVS,
colour representation methods regarding modern technology and colour
assessment metrics. Section [2.2

B Section devoted to the psychovisual experiments established to measure
HVS characteristics, considering colourimetry mostly. Section 2.3

B Section devoted to the tool designed and proposed for conducting psy-
chovisual experiments with multiple observers and assessing the HVS’s
response to colourimetric change of the presented stimuli under various
luminance conditions. Section [3.1

B Section devoted to the conducting of the pilot experiment to demonstrate
the functionality and stable performance of the proposed tool. Section |4

® Conclusion of the thesis with the evaluation of the work done. Section |5






Chapter 2

Conceptual basis

This chapter lays out the theoretical framework and essential conclusions
derived from recent studies, which are instrumental in establishing an un-
derstanding of how human visual system is designed regarding its ability
to perceive colour, lightness and spatio-temporal frequency changes in the
presented stimuli under various luminance conditions. The main point of this
chapter is to asses different techniques and underline previous work in the
field to provide a state-of-art review for further experiment.

B 2.1 Human visual system

Human visual system (HVS further) is a complicated mechanism that
allows people to perceive, convey and interpret visual information. HVS is
able to assess multiple complex parameters of presented stimuli such as colour,
contrast, movement speed etc. Its individual functions may be abstracted as
characteristics to measure which psychovisual experiments are conducted.

B 2.1.1 HVS regarding different types of vision

The HVS operates optimally across a spectrum of illumination, facilitated
by rods and cones (see Fig. . Cones are differentiated into S, M, and L
types, each sensitive to specific wavelengths, thus underpinning the colour
discrimination capability of the HVS .

Photopic vision, prevalent in high illumination, engages cone receptors,
enabling colour vision and high spatial resolution.

Scotopic vision occurs under low illumination, where rod receptors, pre-
dominant in number, facilitate light sensitivity at the expense of colour vision
and spatial resolution. Rods, singular in type, do not contribute to colour
vision but enhance sensitivity to low-light conditions [2].

Mesopic vision encompasses the transition between photopic and scotopic
vision, involving both rods and cones. This intermediary state challenges
visual processing due to the dual input, affecting sensitivity, acuity, and colour
discrimination .

The luminance ratios for all the mentioned vision modes are defined by the
CIE 191:2010 report as follows:



2. Conceptual basis

® Scotopic: L < 0.005 cd/m?;
® Mesopic: L € [0.005; 5] cd/m?;

® Photopic: L > 5 cd/m?.

10t

— T Cone

208 4 — m Cone
= — s Cone
= 0.6 4 Rod
w0
g 0.4 4
n

0.2 +

0.0 +

100 150 30 550 600 650 70 750
Wavelength [nm)]

Figure 2.1: Individual photoreceptor cells’ responses in relation to the wavelength
of the stimuli (As per [37]).

B 22 cColour representation, recognition and
distinguishing

This section deals with how colour is being encoded and displayed in
modern systems and how it correlates with it’s perception by the HVS.

B 2.2.1 Colour representation

Colour, as it was mentioned above, is an extremely important concept as
well as ability to perceive or distinguish between multiple colours is very
important in the human visual system. However, since the concept of colour
is subjective, it requires introduction of a unified colour system, also known
as colour space, for colourimetric evaluation and further possible psychovisual
experiments. There are several such systems, which we will explore in the
following sections.

B CIE colour spaces

The Commission Internationale de I’'Eclairage (CIE) colour spaces represent
a comprehensive system for quantifying human colour perception, offering a
mathematical model for colour representation that covers the entire visible
spectrum. Since human eye has three types of colour sensors (LMS), each
representative for certain wavelengths, it seems to be logical that colour
should be defined by three parameters and therefore colour space must be
three-dimensional. One of the colour spaces the depicts this idea is the CIE
XYZ colour space. XYZ are tristimulus values, parameters that quantify
the perceived colour in terms of three primary colours and luminance (Y).

4



2.2. Colour representation, recognition and distinguishing

The relation between LMS cones responses and XYZ values is given by the
Hunt-Pointer-Estevez matrix [22]:

X 1.91020 —-1.11212 0.20191| | L
Y| = 1037095 0.62905 0 M . (2.1)
Z 0 0 1.000 S HPE

The derivatives of this colour space are CIE 1931 colour space chromaticity
diagram and CIE 1976 UCS diagram (see Fig. [2.2), both of which aimed to
divide colour representation task into two parts: brightness and chromaticity,
and then represent colour by its chromaticity for given luminance levels.

CIE 1931 Chromaticity Diagram

0.9

CEEy

0'%.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
CIE x

CIE 1976 UCS Chromaticity Diagram

540 550
0. 560 g0
580

590

0.5

0.4

CIE v'

0.3

0.2

0.1

0'%.0 0.1 0.2 0.3 0.4 0.5 0.6
CIEu

Figure 2.2: CIE 1931 xy and CIE 1976 u’v’ diagram (Plotted using ColourPy).
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B CIELAB colour space

Though in many practical applications CIE xy and CIE u’v’ chromaticity
diagrams are sufficient for colour evaluation, it is crucial in some applications
to not only assess chromaticity of a given colour sample, but also its lightness.
This is why CIELAB (also CIE L*a*b*) colour space was invented. It is
designed to be perceptually uniform, i.e. the Euclidean distance between any
two colours in the space approximates the perceived difference between them.
The CIELAB space is structured around three axes: L*, a*, and b*, where
the former one represents perceived lightness and the latter ones represent
chromaticity coordinates (see Fig. .

L*

Figure 2.3: Example colour definition (by vector) in CIE Lab colour space (The
image was taken from )

L* ranges from 0 (black) to 100 (white), whereas a extends from positive
values for red/magenta to negative values for green, and b spans from pos-
itive values for yellow to negative values for blue. The relations between
these parameters and the XYZ colour space are defined through non-linear
transformations, that aim to mimic the non-linear response of the human eye
to luminous intensity. These transformations involve intermediate variables,
such as:

L* = 116£(Y/Y,) — 16,
a* = 500[f(X/Xy,) — f(Y/Yn)], (22)
b* = 200[f(Y/Yy) — f(Z/Zy,)],

where X,,, Y,, and Z,, are the XYZ tristimulus values of a specified white
point, and f(t) is a cube root-like function applied to each of X/X,,, Y/Y,,

and Z/Z, [5].



2.2. Colour representation, recognition and distinguishing

The function may also be written in a non-linear form to match the human
eye response:

1 . 63
t3 s ift > (29)
3 6 116, otnerwise

As evident from (2.2)) the HVS is able to perceive small differences in
lightness levels more accurately at lower intensities (see Fig. [2.4)).

CIE L* Lightness function

/

1.0

0.8

/ 0.6

;

0.2

Normalised lightness L*

0 0.2 0.4 0.6 0.8 1.0

Normalised relative luminance Y

Figure 2.4: CIE L* lightness function in relation to the normalized CIE Y value
(as per eq. 2.2, 2.3).

B Display representation: RGB colour spaces and colour gamut

All the mentioned colour spaces intend to cover all the possible combinations
of tristimulus values. Nevertheless there are of course physical restriction of
how many colours can be displayed by modern displays. Thus a concept of
some displayable colour set rises. This is what is called colour gamut. Color
gamut is the complete subset of colours that can be accurately represented
within a given colour space or by a specific display device. It defines the
range of colours that a device (like a monitor, television, or printer) can
display. Essentially, the gamut represents the palette of colours available to a
device or in a colour model, which impacts how vivid and accurate the colour
reproduction can be.

Most modern displays utilize gamuts grounded in RGB colour spaces — the
ones that are defined by Red, Green and Blue primary colours (see Fig. [2.5)).

7



2. Conceptual basis

RGB colour spaces are predominantly used in electronic displays such as
computer monitors, televisions, and smartphones because they leverage light
directly to produce colours. This model fits naturally with how such devices
operate, using light-emitting diodes or liquid crystals that directly control

the emission of red, green, and blue light .

0.9 1
520 “ProPhoto RGB

0.81

| N,

I N\
Color atch]' RGP:,
' -

Figure 2.5: Comparison of different gamuts in relation to CIE 1931 xy chro-

maticity diagram (Taken from )

B 2.2.2 Colour difference formulae

Having some colour strictly defined within some colour space brings us closer
to colour difference perception testing. It is crucial though to firstly define
colour difference inside the mentioned colour space itself. Color difference
formulae allow for the quantification of the perceptual differences between

two colours.

Most of CIE colour difference metrics, denoted AE*, were originally de-
signed to have the value of 1.0 to be equivalent for the smallest difference

8



2.2. Colour representation, recognition and distinguishing

perceptible by the HVS. These differences, called JND, will be more thor-
oughly discussed in this thesis further.

Initial CIE 1976 L*a*b* colour difference formula was grounded in the
presumption of CIE L*a*b* uniformity. Thus this formula, commonly referred
to as AEY,, is calculated as follows:

AE, = /(AL*)? + (Aa*)? + (Ab)2, (2.4)
where AL*, Aa*, and Ab* represent the differences in individual parameter
of the colour space between two colours. For this particular formula JND
is equal to 2.3 value [3].While this formula is an improvement over previous
models, comprehensive tests prove that it still does not fully account for
complete perceptual uniformity [18].

To address these and other shortcomings, the CIE refined the definition
in 2000, resulting in the CIEDE2000 colour difference formula, which incor-
porates several adjustments to improve the assessment of colour differences,
especially in regions where the CIELAB formula performed poorly:

AL'N? | (AC'N\? | [ AH \? AC'AH’
AEy = — —_— Rr——— (25
00 \/<kLSL> +(ese) + (i) + M icscinsy @9
The terms in the CIEDE2000 formula include:
m AL, AC’, and AH' which are the differences in lightness, chroma,
and hue (where chroma and hue are polar transformation of Cartesian

chromaticity coordinates) modified to incorporate corrections for neutral
colours (primed values indicating CIE94 modifications [3]);

®m S;, So, and Sy are scaling factors for lightness, chroma, and hue that
compensate for the varying degrees of perceptual uniformity across these
dimensions;

® Ry is a rotation function to account for the blue hue angle’s problematic
regions;

B Lk, ko, and kg are parametric factors to adjust the formula for different
viewing conditions and applications [3].

As already mentioned above, the approximate value of almost every CIE
metric is designed to be 1 for JND between two colours. Given the non-
linearity of the formula, CIEDE2000 metric, as well as CIE94 metric, is very
sensitive to the subtle changes, therefore when going slightly beyond the JND
boundary the A FEyy value significantly decreases. An illustrative example of
this could be:

Coordinates ‘ L* ‘ a* ‘ b*
First colour ‘ 50 ‘ 2.5 | -0.5
Second colour ‘ 50 ‘ 2.8 | -0.2

The AFEqg for these two colours is AEgy = 0.4748, which is more than two
times lower than the JND colour difference in the same metric.
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B 2.2.3 Just noticeable difference and chromaticity
discrimination ellipses

The Just Noticeable Difference (JND) in colour perception is defined as
the smallest colour difference perceptible by the human eye under specific
conditions. It considers the individual characteristics of the HVS, particularly
its differential sensitivity to various colour channels. The JND can vary
significantly across the RGB channels due to the HVS’s varying sensitivity to
different colours, allowing more changes to be tolerated in the red and blue
channels than in the green.

Traditional colour difference formulae, while effective for many applications,
exhibit limitations in predicting JND . To address this, chromaticity
discrimination ellipses are constructed throughout the whole colour gamut as
a tool to refine and better measure perceived colour differences.

Chromaticity discrimination ellipses were firstly described in the work of
MacAdam, who first illustrated the non-uniformity of the CIE 1931 colour
space through empirical measurements. These ellipses represent regions
around a colour center within which colour variations are imperceptible to
the average observer, essentially mapping out the just noticeable differences
(JND) in colour perception [19].

MacAdam Ellipses on CIE 1931 Chromaticity Diagram

CEy

460

’ 0.0 Otl 022 0t3 0.‘4 015 0t6 0I7
CIE x

Figure 2.6: McAdam chromaticity discrimination ellipses as per his work
plotted in the CIE 1931 xy diagram. (Plotted using ColourPy; Data are taken
from ; Ellipses are ten times enlarged).
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2.3. Psychovisual experiments

One of the way of formulation of chromaticity discrimination ellipses in
the CIELAB colour space, as introduced by the CIE, involves a quadratic
equation with fitting constants g11, g12, and ges, which are determined through
psychophysical experiments involving colour matching assessments. The
mathematical representation is given by:

gn(Aa*)Q + 2912Aa*Ab* + QQQ(Ab*)Q =1, (26)

where Aa* and Ab* denote the chromatic differences between the given colour
and the colour center in the CIELAB space [31].

The significance of chromaticity discrimination ellipses extends beyond only
illustrating the non-uniformity of colour spaces. They serve as a component in
developing and evaluating colour difference metrics especially in high-quality
display technologies. For instance, the exploration of ellipses in the context
of wide colour gamut (WCG) displays revealed the limitations of existing
colour difference formulae like CIEDE2000 in capturing variations in highly
saturated colours [35].

B 23 Psychovisual experiments

This section aims to provide a state-of-art review in the field of psychovisual
experiments and methods that are applied to acquire characteristics of HVS.
Since the thesis’s main topic is colourimetry this section will mainly discuss
methods used for obtaining information about colour distinguishing abilities
of one’s HVS.

B 2.3.1 Assessment of colour differences

Modern studies of colour difference perception highly rely on chroma-
independent techniques such as great-scale method [35, 34], which are usually
applied for static colour evaluation.

Colour difference is measured for given colour centres, which are predefined
reference points within a colour space, chosen to represent a wide spectrum
of colours across the colour gamut. Colour difference pairs, consisting of
a reference colour (from the colour centres set) and a comparison colour
with slight variations, are used to measure perceptual colour differences. For
that aim a grey-scale method can be used, as it is chroma-independent (all
grey-scale samples have a* and b* set to zero).

The grey-scale method involves presenting observers with a series of grey
scale pairs that vary in lightness, positioned adjacent to the colour difference
pairs under examination. These grey pairs, chosen to cover a range of
perceptual differences equivalent to those expected between the colour pairs,
serve as a benchmark for comparison. Observers are tasked with estimating
the colour difference of the test pair by selecting the grey scale pair that most
closely matches this difference in terms of perceived lightness change (see Fig.
2.7). This comparative process enables the translation of colour differences
into a quantifiable scale based on the grey scale pairs, thereby standardizing
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2. Conceptual basis

the measurement of perceptual colour differences. The numerical value of
the perceived difference (AV) is subsequently derived from the matched grey
scale pair.

Figure 2.7: The principle of static colour difference evaluation using grey scale
technique, where the expected colour differences of grey scale pairs (as per CIE
colour difference formula) are known.

B Quantifying colour difference: AV

The perceived colour difference, denoted as AV, is quantified through
observer assessments against a standardized grey scale. This metric helps
evaluating the performance of colour-difference models, it provides a numerical
representation of visual perception [35]. The calculation of AV is expressed
as:

AV =k - 205 _ kg, (2.7)

where GGS denotes the grey-scale value, correlating with the observers’ judge-
ment of colour difference magnitude and coefficients k; — ks are chosen to
find the optimum of the following problem:
k1,ko, ks} = ar min AEY o — GS|, 2.8
{k1, ko, k3} g{khkz’ks}e@ ab,E | (2.8)
where AE7,  is experimental colour difference and G'S are the preset grey-
scale difference values used for the assessment . The former is

given by the formula already discussed in [2.2.2] (see eq. 2.4). The target
function difference itself gives us predicted colour difference:

Bl 2.3.2 Evaluation of uniform colour spaces and colour
difference formulae based on comprehensive visual datasets
using proposed technique

The proposed technique could be utilized to both evaluate perception of
colour difference in luminous and non-luminous modes (i.e. presenting colour
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2.3. Psychovisual experiments

on monitor or as a printed sample) and allows for ensuing analysis of both
uniform /non-uniform colour spaces fidelity and colour difference formulae
validity based on retrieved results.

Comprehensive researches conducted by professor Luo et al. [34, 17}, 18]
may server as a very detailed reference and will be discussed in subsequent
section.

The surface and luminous mode experiments were designed in [17,35]. The
surface mode experiment was conducted within a controlled dark environment
using a spectrum-tunable LED viewing cabinet. This setup ensured consistent
CIE D65 illumination (the most used standard illuminant, in other words
standardised theoretical source of visible light with strictly defined colour
temperature, which, in its turn, enables comparison of scenes, colours and
images recorded under differing light conditions [3]) across nine distinct
luminance phases. To quantify the perceived differences for all colour samples
6-level grey scale progression was used.

Luminous mode experiment utilized a calibrated NEC PA302W display,
examining colour difference thresholds across six luminance levels. Luminous
mode experiments presented in the papers always aimed to copy surface mode
colour distribution. In all the luminous mode experiments spectroradiome-
ter was used to ensure exact measurement of luminance and chromaticity
parameters of the display.

After collecting data from observers the STRESS metric (see eq. 2.10)) can
be applied, which has proven to be very efficient for testing the performance
of colour difference formulae, evaluating the difference between predicted and
observed colour variance [34} |18, |17, 35, 21].

N
N (f-AE; — AV;)?
STRESS = J iz1(f N Vi) , (2.10)
=1 i
where N
N AE; - AV
f === (2.11)
iy AB?

is a scale factor adjusting recorded and expected (i.e. computed) colour
difference to the same range.

Subsequently a statistical F-test was exploited to evaluate each of presented
colour models’ performance.

Based one the results of [34} |17} |18, |35] we can conclude that CIE models,
such as CIEDE2000 (see eq. 2.5) and CIE 94, ranked second in evaluating
both small and large colour differences being second only to CAM16-UCS
colour space.

B Commercial solutions for chromaticity discrimination

To analyze one’s ability to discriminate between two colours for practical
purposes (e.g. issuing driver licenses) commercial anomaloscopes are used.
These are devices used to diagnose and analyze colour vision deficiencies,
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2. Conceptual basis

particularly in the context of red-green colour blindness (dichromacy) and to
quantify colour discrimination ability. An anomaloscope typically consists of
a viewing apparatus where the subject looks into a pair of eyepieces. The
device presents a test field composed of a mixture of red and green lights,
which the subject adjusts to match a reference yellow light. By varying the
proportions of red and green, the subject attempts to match the test field to
the reference field [28].

B 2.3.3 Other HVS characteristics

Though this thesis mainly aims to discuss colourimetry parameters mea-
surements of one’s HVS, there are also several HVS characteristics that are
bound with colour independent, or almost colour independent, mechanism of
HVS. Here are a few examples of such.

B 2.3.4 Contrast Sensitivity Function (CSF)

The CSF is fundamental in measuring how sensitivity varies with spatial
frequency, describing the lowest contrast that can be perceived at various
spatial resolutions. This measure is crucial for understanding the visual
system’s capability in different lighting conditions and at varying distances.

B Why Measure?

It was found that CSF plays a very vital role in the diagnosis of various
neurodegenerative disorders like Parkinson’s disease, Alzheimer’s disease etc.
Also it was concluded that it could be a relevant marker of incoming severe
retinal disruption before pathological problems occur, establishing that, for
instance, CSF is an important marker to evaluate glaucoma patients’ ability
to undertake daily life tasks |26} 4, 25].

B How to Measure?

CSF measurement is typically achieved through psychophysical tests using
sinusoidal gratings that vary in frequency and contrast or some other pat-
terns with the same altering parameters. Two primitive methods for CSF
measurement include the Arden gratings test and the Pelli-Robson chart (see
Fig. 2.8).

The Pelli-Robson chart is used to measure contrast sensitivity by assessing
the ability to read large letters that gradually decrease in contrast. The chart
consists of rows of letters grouped in triplets, with each triplet having the
same level of contrast. The patient reads the letters aloud from a specified
distance, typically 1 meter, starting with the highest contrast at the top. The
lowest contrast level at which the patient can correctly identify at least two
letters in a triplet determines their contrast sensitivity score [23].

The Arden gratings test measures contrast sensitivity using striped patterns
(gratings) that vary in contrast and spatial frequency. The patient views
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2.3. Psychovisual experiments

these gratings on a screen or chart, which are presented at different contrasts
and frequencies. The patient is asked to identify the orientation or presence
of the gratings. The results are plotted on a graph, with contrast sensitivity
on the vertical axis and spatial frequency on the horizontal axis, creating a
contrast sensitivity function (CSF) that profiles the patient’s ability to detect
contrast at different spatial frequencies 1].
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Figure 2.8: The Pelli-Robson chart (on the left) and the Arden gratings test
generated for three different contrast and spatial frequency levels (on the right).

B 2.3.5 Visual acuity

Visual acuity is the clarity or sharpness of vision. It measures the ability
of the eye to discern shapes and the details of objects at a specific distance,
usually standardized, for instance at 20 feet [@, .

B Why Measure?

Visual acuity measurement is a basic procedure in the detection and follow-
up of healthy vision. It helps identify vision problems—nearsightedness,
farsightedness, or such conditions that may be corrected by glasses or
surgery—and also demonstrates changes in vision over time, thus leading to
appropriate treatment and intervention.

I How to Measure?

The most basic instrument for conducting a measurement of visual acuity
almost everyone is acquainted with is Snellen chart, invented in the late
eighteen hundreds yet still widely used among ophthalmologists (see Fig.
2.9).

The task for the individual is to identify the smallest size they can read
in the chart, which uses fractions to measure visual acuity: the numerator
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2. Conceptual basis

represents the distance of the subject from the chart, typically 6 meters or 20
feet. The denominator indicates the distance at which a person with standard
vision could read the same line. For example, a 20/20 vision means the line
can be read by a typical person at 20 feet. Conversely, the notation 20/200
suggests that a line readable at 200 feet by someone with normal vision could
only be read at 20 feet by the observer [6].

1 20/200

F P 2 20/100
T o Z 3 20/70
L D

4 20/50

PECEY¥D 5 20/40

EDFCZP 6  20/30
FELOPZD 7 20/25
DEFPOTEC 8 20/20
|

LEFODPCT 9
FDPPLTCEO 10

rmzorerTa 1

Figure 2.9: Schematic depiction of Snellen chart [11].
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Chapter 3

Realization of a tool for colourimetric
psychovisual experiment

This part describes the empirical side of the study in which a tool was
designed that allows, by mean of psychovisual experiment, for evaluation of
colourimetric parameters of the presented colours and human visual system’s
response to them. The uniqueness of the tool lies in it’s ability to measure
across the area of the specified gamut and to automatically reevaluate multiple
colourimetric parameters of the presented colour samples after the test to
provide maximum precision. Firstly, we are going to describe the instrument
and it’s program’s flow.

B 3.1 General description

The first part of the thesis has shown that most of the studies utilized static
methods of colour assessment, i.e. non-changeable colour pairs difference is
being evaluated using reference grey-scale colour pairs (see Fig. . In this
thesis’s experimental part we intended to apply dynamic evaluation method
and compare the results obtained by utilizing it with the ones achieved when
using static methods (2.3.2)).

Our aim was to devise, given the certain equipment and environment (see
, an instrument that would permit the evaluation of the HVS’s colour
distinguishing capabilities and at the same time would return lucid visual
outputs and a vast spectrum of parametric information on presented colour
samples. The proposed tool is comprised of several scripts devised to conduct
a psychovisual experiment in the form of colour matching test and then to
present the results of the testing in a lucid form.

B 3.1.1 Psychovisual experiment tool

At the experiment initialization the program asks the observer to fill in
their personal data, i.e. age, gender, name and general remarks (such as
visual disorders, psychological condition etc.) as well as the complexity of
the test designated with the number of directions in which each of presented
colour centres are to be approached (we will describe the testing concept
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3. Realization of a tool for colourimetric psychovisual experiment

more thoroughly in the following sections).
After the data acquisition the observer proceeds to the colour picking menu,
where three options are at the disposal:

1. To use a colour picker tool, which would return chosen colours’ L* a* b*
coordinates. The L* lightness level can be set manually in the code (50
is default);

2. To use colours preset defined in a CSV table of the same name;
3. To use the colours from the latest test.

After the colour picking process an observer is asked to either proceed to
colour fidelity test, which is designed to let the subject manual measurement
of all the colour samples, i.e. both colour centers and the points that are to
be adjusted to match them, assuring that every piece of visual information
used in the testing is presented correctly on the screen (see Fig. , or
proceed to the testing itself. Here follows its description.

Figure 3.1: Colour fidelity test environment for optional manual measurement
of the samples to be used in the testing.

B 3.1.2 Colour matching test

After proceeding to the test each subject is at first shown a seamless gray-
scale sample sized to match the full screen. This demo lasts for five seconds to
let the subject’s HVS accommodate to the luminance conditions of the set-up.
During all the phases of the pilot experiment discussed further in the thesis
the adaptation sample’s configuration remained unchanged across all the
observers to ensure that no chromaticity shift is caused by the difference in
the luminance adaptation conditions . The parameters of the adaptation
sample are recorded in Tab.

Colour matching test in its essence is a sequence of colour pairs presented
to an observer in a form of adjacent equally sized squares where the left
sample is chromatically fixed, i.e. colour centre, whereas the right sample is
the one the observer is asked to adjust along multiple fixed axes in the CIE
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3.1. General description

Type of parameters | L*| a*| b*

Passed in parameters | 50 | 0 | 0
Measured parameters | 48.79 | -2.02 | 0.07

Table 3.1: Adaptation gray-scale sample parameters including actual physically
attained parameters measured using JETI Spectroval 1511 HiRes rounded to 2
decimal points.

a*b* plane using keyboard (specifically keys: < and —) until no difference is
evident (see Fig. 3.2). The number of fixed axes is set, as mentioned above,
at the data acquisition stage.

a) b)

Figure 3.2: a) Schematic explanation of how central colour is approached in CIE
a*b* chromaticity plane from starting points; b) Visual interface of the testing
environment with the left sample representing fixed colour centre and the right
colour representing dynamically adjusted sample.

After matching the fixed colour N times (where N denotes the number of
directions), i.e. approaching the colour from different generated positions in
the CIE a*b* plane, and acquiring data of colours which are perceptually
indistinguishable from the center observer proceeds to the next examined
fixed colour and the cycle repeats.

An example output table for one observer testing 2 colours in 8 directions
is presented in the Tab.

Name | Gender | Age | Test | General rem. | Adj. L* | Adj. a* | Adj. b*

Vaclav | Male 25 1 None L ail b11
Vaclav | Male 25 1 None L a1 b12
Véclav | Male 25 2 None L as7 bor
Vaclav | Male 25 2 None L asg bog

Table 3.2: An example output of the colour matching test for an observer testing
two colour centres in eight directions.

Where Test designates tested colour center index and a;;b;; stands for the
parameters of the j-th adjusted, perceptually indistinguishable colour sample
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3. Realization of a tool for colourimetric psychovisual experiment

laying near i-th colour center.

When all the colour difference pairs in the set are matched two options
are proposed: either to proceed to the next observer or finish the evaluation.
The results are saved in the CSV format in the 'results’ directory (for more
transparent data management structure see Fig. .

In case the 'Proceed to the next observer’ option is chosen, the same data
set is tested on the next subject after their personal information is acquired.
To achieve high interobserver reliability of the resulting data, directions in
which the target colour is approached are randomly shuffled (e.g.: the 8
directions order for one observer might be 0°-45°-90°-...-315° while for the
other it might be 45°-225°-0°... etc.).

result finalEval
—> €
colour__fidelity T T
_ test.py 7] 7] J —
</> </>
|_:h X ¢/ | ¢/ |
— |PYI |PYI |PY| |PYI
colour_matching final__ result__plot_non result__plot
_test.py evaluation.py  Remeasured.py Remeasured.py
A I T J\I ¢ A N
milf

Jeti.dll || NumPy Pandas ||PsychoPy |[Colour

@ @ | @ | @

Figure 3.3: Program data management and file distribution scheme.

B 3.1.3 Reassessment option

Since we cannot rely solely on automatic display calibration during the
experiment (see , Fig. , a script is proposed as a part of the designed
tool to provide an option of verifying the obtained values by automatically
measuring all the presented colours using the JETI Spectroval 1511 HiRes
spectroradiometer [14].

After running the final_evaluation script, all the colours used during the
experiment, including both the colour centers and the data marked by subjects
as indistinguishable from them, are automatically sequentially displayed on
the screen and measured by the spectroradiometer (see Fig. .

The output of the program is a CSV table containing the following param-
eters for each sample: CIE XYZ tristimulus values, coordinates in the CIE
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3.1. General description

Sample Complete auto-remeasurement
Presentation with JETI spectroradiometer
Automatic -
Calibration
Color /I\
Navigator 7 > e »

Figure 3.4: Schematic principle of the double colour fidelity verification imple-
mented in the tool with the use of automatic calibration of the EIZO CG318-4K
[10] and the JETT Spectraval 1511 HiRes spectroradiometer.

Figure 3.5: Set-up for automatic observer input reassessment using JETI
Spectraval 1511 HiRes.

xy (CIE 1931 colour space) and CIE 1976 u’v’ (CIE 1976 UCS) diagrams, as
well as spectral intensities for each wavelength within the visible spectrum
(380 — 780 nm) in 1 nm increments. The table is saved in ’finalEval’ directory
(see Fig. 3.3).

Bl 3.1.4 Plotting the results
After obtaining the results — either from the observers or both from the
observers and the reevaluation mechanism — there is an option to visualize
them. For both types of data multiple choices are provided:
1. To plot only the colour centres and the points marked as indistinguishable;
2. To plot only chromaticity discrimination ellipses;

3. To plot both.
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3. Realization of a tool for colourimetric psychovisual experiment

Chromaticity discrimination ellipses’ parameters are defined to solve the
least squares task for individual colour centres’ data sets:

K
(a;, b;,0;) = arg min Zdij’ (3.1)
J

(as,bs,0;)

where a;, b;, 6; denote major axis, minor axis and rotation angle of the major
axis of the i-th ellipse respectively and d;; denotes the distance of the j-th
point related to the i-th ellipse from this ellipse.

To avoid distortion of the ellipse by outlying points — which may occur due
to erroneous inputs by some participants during the test (e.g. untimely key
presses) — the points is filtered before the fitting using a z-score [24] (see eq.
3.2) with a threshold of z = 2.5

p=2 0 (3.2)

where p and o are the mean and the standard deviation of the population
respecitvely.
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Chapter 4

Pilot experiment

This chapter introduces the pilot experiment conducted for the tool’s
performance demonstration.

B a1 Experiment setup

The experiment was conducted in a darkened room. An EIZO CG318-4K
monitor in an 8-bit configuration (8 bits per colour channel) with inbuilt
calibration sensor was utilized for displaying colours and thereafter a JETI
Spectraval 1511 HiRes was employed to remeasure all the acquired data to
make sure the observers were presented correct colours (for key spectrora-
diometer’s and monitor’s characteristics see Appendix . The performance
of the tool can be increased by using 10 bpc regime, which is suggested for
the future work with the program. The 8 bpc regime was used, even though
the monitor allowed for 10 bpc, due to the restrictions of the graphics card.

73.5 cm

43.4 cm

|

Figure 4.1: Scheme of the experimental setup configuration with designated
monitor distance, visual angle and the dimensions of the monitor.

During the test each observer’s head was placed in a headrest within 50
cm distance from the screen to preserve stable measurement conditions and
guarantee interobserver reliability of the results. Given this stable viewing
distance the displaying software — PsychoPy (see Fig. — was manually set
during the experiment to the visual angle mode, which allowed for presenting
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4. Pilot experiment

the samples under an angle of 10°. In total ten people partook in the
experiment.

B 4.1.1 Monitor performance

The monitor was at first calibrated using ColorNavigator 7 software dis-
tributed by EIZO .

For the test’s comprehensiveness ITU-R Recommendation BT.2020 gamut
was utilized. As a consequence of physical restrictions the monitor could not
represent the whole gamut properly (especially given the fact it is initially
designed to be exploited in DCI-P3 gamut). Taking this fact into considera-
tion we have measured all the primary colours and the white points of the
mentioned ITU-R Recommendation BT.2020 along with DCI-P3 and sRGB
gamuts using previously mentioned JETI Spectraval 1511 HiRes. Obtained
results are presented in Fig. [4.2]

ttained ITU-R Rec. BT.2020 gamut
ITU-R Rec. BT.2020 gamut

-®- Physically attained DCI-P3 gamut
5i0 —®— Theoretical DCI-P3 gamut

-®- Physically attained sRGB gamut
i —— Theoretical SRGB gamut

Figure 4.2: Theoretical gamuts’ parameters of the EIZO CG318-4K monitor
plotted out with the physically attainable values of the primaries and the white
points of individual gamuts.

The physically attainable ITU-R Recommendation BT.2020 gamut was
considered when picking the colour centres for the preset used in the pilot
experiment (see Apendices). The percentage of cover resulted from our
measurement (see Fig. is 79.57% and the percent declared by the
manufacturer is 80% [9].

B a2 Experiment: Phase 1

In the first phase of the experiment a preset of colours was tested. The
designed environment allows to choose tested colour or set of colours using
in-built colour picker, nevertheless the subjects were presented a predefined
set of colours to more systematically cover the utilized REC2020 RGB colour
gamut and analyze HVS response under the widest conditions scale possible
to more thoroughly assess HVS capabilities regarding colour distinguishing.
The predefined set is presented in Tab.
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4.2. Experiment: Phase 1

L* a* b*

76.069 | -65.162 | 62.132
76.069 4.757 | 58.180
76.069 | 69.438 | 55.038
76.069 | 61.071 4.257
76.069 | 53.855 | -62.270
76.069 | -40.946 | 28.360
76.069 | -5.928 | -14.477
76.069 | 24.164 | 35.191

O[O O = W[ DN~ :H:

Table 4.1: CIE L*a*b* coordinates of the predefined tested colours used in the
first and the second phase of the pilot experiment.

It is also important to mention that when picking colour centres we payed
attention to the fact that there had to be some reserve between the samples
and the borders of the gamut to avoid misrepresentation (see Fig. 4.3)).

CIE 19311%hromaticity Diagram with BT.2020 Gamut and Picked Points

—&— Physically Attained BT2020 Gamut
Picked Points

CEy

0.0 0.2 0.4 0.6 0.8 1.0
CIE x

Figure 4.3: Colour centres from the predefined set picked to systematically
cover the utilized ITU-R BT.2020.

The preset was generated using colour picker that considered the real
monitor luminance performance and converted the CIE xy coordinates into
the CIE L*a*b* using zyY to L*a*b* conversion, where the Y value was set
to 50 to provide a balanced luminance setting across all colour samples and
ensure that the initial luminance parameter for all the tested colours lays in
the photopic region (see . This value was also chosen to approximately
match the conditions of the McAdam’s work, who has used the value of L =
48 cd/mm? (for the utilized colour picker interface see Appendix C).

To achieve data comprehensiveness while preserving its compactness and
ensuring the final evaluation does not last too long the Ngirections Was set to
ten in the first two phases of the experiment.
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4. Pilot experiment

At this phase of the testing the monitor was calibrated on 100 cd/m?
luminance. The results are presented below:

CIE 1931 Chromaticity Diagram - CIE 1931 2 Standard Observer

Figure 4.4: Values obtained in the first phase of the experiment for the monitor
calibrated on 100 c¢d/m? luminance level; Plotted in CIE 1931 xy diagram.

CIE 1976 UCS Chromaticity Diagram - CIE 1931 2 Standard Observer

ccccc

Figure 4.5: Values obtained in the first phase of the experiment for the monitor
calibrated on 100 c¢d/m? luminance level; Plotted in CIE 1976 u’v’ diagram.

In the figures 4.4 and we may see the colour centres defined in the
preset (see Tab. |4.1) marked as red crosses and the points chosen by the
observers as indistinguishable from the mentioned centres marked as blue
circles.

26



4.2. Experiment: Phase 1

Here follow the diagrams depicting the real, physically attained values,
remeasured by JETI Spectraval:

CIE 1931 Chromaticity Diagram - CIE 1931 2" Standard Observer

o5 06

Figure 4.6: Remeasured values from the first phase of the experiment
Plotted in the CIE 1931 xy diagram.

In this diagram a distortion in relation to Fig. [4.4] is evident in the green
and violet area, which have already proven to be more unstable regions of
the utilized ITU-R Reccomendation BT.2020 gamut (see Fig. .

. CIE 1976 UCS Chromaticity Diagram - CIE 1931 2° Standard Observer

025
010

015 020 025 030 035

Figure 4.7: Remeasured values from the first phase of the experiment
Plotted in the CIE 1976 u'v’ diagram.

The same trend as in the Fig. [4.6]is subsequently preserved in the CIE u'v’
diagram (see Fig. [4.7).
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4. Pilot experiment

For the clear arrangement of the visual data we will only enclose fitted
ellipses without the points used for the fit (only the first and the second
option from |3 are used in the main part of the thesis). For more thorough
assessment of the experiment’s results you can find the ellipses plot along
with the points in the Appendix [Cl

CIE 1931 Chromaticity Diagram - CIE 1931 2* Standard Obs

06

Figure 4.8: Ellipses fitted on the data before their remeasurement Plotted
in the CIE 1931 xy diagram.

CIE 1976 UCS Chromaticity Diagram - CIE 1931 2° Standard Observer

s

025
010 015

Figure 4.9: Ellipses fitted on the data before their remeasurement Plotted
in the CIE 1976 u’v’ diagram.
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4.2. Experiment: Phase 1

Fitted ellipses (see Fig. bear a resemblance to the kind of the ones
that were obtained by McAdam in his work . The difference is though
evident in their size, which is obviously a result of the higher luminance
level maintaned in this phase of the experiment. The last step of the results
evaluation in this phase would be plotting of the ellipses fitted on the data
remeasured by the spectroradiometer (see Fig. and Fig. :

CIE 1931 Chromaticity Diagram - CIE 1931 2* Standard Observer

Figure 4.10: Ellipses fitted on the data subjected to the reevaluation using JETI
Spectraval 1511 HiRes Plotted in the CIE 1931 xy diagram.

CIE 1976 UCS Chromaticity Diagram - CIE 1931 2° Standard Observer

025
010 015

ccccc

Figure 4.11: Ellipses fitted on the data subjected to the reevaluation using JETI
Spectraval 1511 HiResv 4.7; Plotted in the CIE 1976 u'v’ diagram.
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The ellipses fitted using reevaluated data (see Fig. |4.10, |4.11]) preserved
the general structure present in the ones that were fitted relying solely on the
display auto-calibration (see Fig. 4.8, 4.9) which advocates for the program’s
relatively stable performance with the given set-up in the high luminance
(photopic) conditions. To compare the model to the existing models, we have
computed the mean and the median colour differences in accordance with
CIEDE2000 (see Eq. [2.5) and CIE94 colour difference formulae:

Colour

center Mean AFgy | Median AEy, | Mean AFEyy | Median AFEgg
number

1 0.389 0.261 0.344 0.227
2 0.468 0.367 0.547 0.367
3 0.325 0.263 0.365 0.285
4 (Cherry) 0.316 0.183 0.278 0.157
5 (Violet) 0.263 0.129 0.245 0.119
6 0.435 0.281 0.390 0.263
7 (Green) 0.512 0.417 0.612 0.451
8 (Red) 0.429 0.267 0.486 0.305

Table 4.2: The mean and the median AEy, AFEy4 values of the indistinguishable
points obtained during the experiment, phase 1.

The values in the Tab. [4.2| exhibit the nature corresponding with the
findings established in the theoretical part of the experiment, i.e. bigger
colour difference between two colours, one of which lays close to the JND
boundary of another is observed in the chromatically-saturated area (samples
7 and 8) , whilst lesser difference is evident in the ’violet’ regions (samples
4-5).

The parameters of the physically attained colour centres displayed during
the first phase of the test are presented the Tab. 4.3}

# | L* a* b*
1| 72.774 | -64.097 | 59.122
2 | 71.213 | 3.998 | 54.200
3] 72502 | 66.231 | 57.415
4173811 ] 61.124 | 4.881
5 | 72.299 [ 56.005 | -59.907
6 | 71.064 | -38.744 | 26.500
7170927 | -6.141 | -14.719
8 | 72.191 | 21.806 | 36.200

Table 4.3: CIE L*a*b* coordinates of the predefined tested colours |4.1| subject
to remeasurement using JETT Spectraval.

Values stated in the Tab. |4.3 correspond with the measuring specifications
of the spectroradiometer (see Appendix|A)) and, along with the visual outputs,
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4.3. Experiment: Phase 2

prove the stability and precision of the implemented instrument in the photopic
range. To maintain purity of the text we will further also enclose only the
remeasured values of colour centres, not all the samples used during the test.

B a3 Experiment: Phase 2

In the second phase of the experiment the same preset of data was tested on
the same group of observers. The only change was in the monitor’s luminance
calibration level, which now was set to 40 cd/m?. Thus the luminance level
was shifted towards lower values yet still of course remained in the photopic
visual range .

In the figures and the results of the colour matching experiment
for 40 cd/m? luminance level of the same colour samples as in the Phase 1
(see Tab. are presented.

From these results it is evident that on average with the reduction of lumi-
nance an observer tends to evaluate more distant samples as indistinguishable.
The main trends of the experiment results — i.e. points distribution — much
resemble the ones observed in the first phase (see 4.2).

The results are presented below:

CIE 1931 Chromaticity Diagram - CIE 1931 2 Standard Observer

02 03 05 0.6

0.4
CIEx

Figure 4.12: Values obtained in the second phase of the experiment for the mon-
itor calibrated on 40 c¢d/m? luminance level; Plotted in CIE 1931 xy diagram.
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4. Pilot experiment

CIE 1976 UCS Chromaticity Diagram - CIE 1931 2* Standard Observer
510

025
CEw

Figure 4.13: Values obtained in the second phase of the experiment for the
monitor calibrated on 40 c¢d/m? luminance level; Plotted in CIE 1976 w'v’
diagram.

Here follow the diagrams depicting the real, physically attained under the
second phase’s conditions values, remeasured by JETI Spectraval (see Fig.

Fiz. [L.15):

CIE 1931 Chromaticity Diagram - CIE 1931 2* Standard Observer

02 03 04 05 06
CIE X

Figure 4.14: Remeasured values from the second phase of the experiment
Plotted in the CIE 1931 xy diagram.
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4.3. Experiment: Phase 2

CIE 1976 UCS Chromaticity Diagram - CIE 1931 2 Standard Observer
50

025
CIEu

Figure 4.15: Remeasured values from the second phase of the experiment 4.13;
Plotted in the CIE 1976 u’v’ diagram.

Slight data distortion is observed in Fig. 4.14 and Fig. 4.15in the blue-
violet and the green area, though in general the data distribution preserves
in relation to the one introduced above (see Fig. and Fig. [4.13]).

Here we once again (as well as in the Phase 14.2) introduce the results in
the form of chromaticity discrimination ellipses:

CIE 1931 Chromaticity Diagram - CIE 1931 2 Standard Observer

02 03 04 05 06
CIEx

Figure 4.16: Ellipses fitted on the data before their remeasurement Plotted
in the CIE 1931 xy diagram.
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4. Pilot experiment

CIE 1976 UCS Chromaticity Diagram - CIE 1931 2° Standard Observer
50

Figure 4.17: Ellipses fitted on the data before their remeasurement 4.13} Plotted
in the CIE 1976 u’v’ diagram.

Fitted ellipses in general preserve the shape and the rotation of the ones
obtained in the first phase of the experiment with that little difference,
that the ellipses in the second phase are perceptually slightly bigger, which
corresponds to the way, in which the points distribution in the Fig. and

Fig. differed from the ones in the first phase. (See Fig. Fig. .
Here we also — as introduced in the first phase — enclose the ellipses fitted

on the remeasured data (see Fig. and Fig. 4.15):

o CIE 1931 Chromaticity Diagram - CIE 1931 2" Standard Observer

02 03 o4

Y os 06
CiEx

Figure 4.18: Ellipses fitted on the data subjected to the reevaluation using JETI
Spectraval 1511 HiRes [4.14} Plotted in the CIE 1931 xy diagram.
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4.3. Experiment: Phase 2

CIE 1976 UCS Chromaticity Diagram - CIE 1931 2 Standard Observer

020 025 0.30
CEu

0.35 0.40

Figure 4.19: Ellipses fitted on the data subjected to the reevaluation using JETI
Spectraval 1511 HiResv Plotted in the CIE 1976 u’v’ diagram.

As a part of the tool performance evaluation under the conditions set in
the Phase 2 we have once again computed the mean and the median colour
difference values using the metrics mentioned in the Phase 1 (see |4.2):

Colour

center Mean AFEgs | Median AFEgs | Mean AEyy | Median AFEyg
number

1 0.371 0.302 0.337 0.276
2 0.372 0.229 0.431 0.248
3 0.380 0.246 0.436 0.280
4 (Cherry) 0.442 0.409 0.414 0.391
5 (Violet) 0.342 0.261 0.329 0.252
6 0.360 0.262 0.337 0.240
7 (Green) 0.519 0.313 0.689 0.367
8 (Red) 0.411 0.332 0.437 0.347

Table 4.4: The mean and the median AFyg, A FEy4 values of the indistinguishable

points obtained during the experiment, phase 2.

The computation results shown in the Tab. indicate that in the contrary
to the first experiment (see Tab. violet area colours became harder to
distinguish between (samples 4-5), which resulted in higher. However chromat-
ically saturated colours maintained their position as the most indistinguishable

(samples 7-8).
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4. Pilot experiment

As before, the parameters of the physically attained colour centres displayed
during the second phase of the test are presented the Tab. 4.5}

# ‘ L* a* ‘ b*
1| 45.564 | -66.011 | 61.739
2 | 48.621 3.664 | 57.991
3 | 46.570 | 68.100 | 54.994
4 | 48.339 | 59.822 4.069
5 | 48.727 | 56.771 | -60.224
6 | 49.184 | -39.540 | 27.966
7 | 48.402 | -5.477 | -14.009
8 | 47.996 | 25.943 | 32.666

Table 4.5: CIE L*a*b* coordinates of the predefined tested colours (see Tab/4.1)
subject to remeasurement using JETI Spectraval after the second phase of the
experiment.

Values stated in the Tab. |4.3 correspond with the measuring specifications
of the spectroradiometer (see Appendix|A)) and, along with the visual outputs,
prove the stability and precision of the implemented instrument in the photopic
range.

B a4 Experiment: Phase 3

The last phase of the experiment where an attempt was taken to achieve
mesopic conditions and the proposed tool to the proof under them.

B Filter choice

In the final phase of the pilot experiment we aimed to achieve conditions
that could be considered mesopic [29, [36]. To reach these lighting levels, we
expanded the experimental setup by introducing filtering materials, since
such have already been used for colourimetric psychovisual experiments |13].
The options we considered included using photographic filters and filtering
foils. Both types were ideally supposed to be chromatically neutral, meaning
they should not change the colour of the sample displayed on the screen but
merely reduce its brightness.

The filter closest to this ideal is a neutral density (gray) photographic
filter. We measured an optical transmittance, i.e. a dimensionless quantity
that describes the ratio of the transmitted and the received radiant flux,
of one of such [16] using a halogen lamp as a reference light source and
the above mentioned JETI Spectraval 1511 HiRes. First, we measured the
emission spectrum of the halogen lamp reflected from a white surface within
the range of 380-780 nm with a step of 1 nm. Then we conducted a similar
measurement with the filter. The data from the reference and filtered spectra
were smoothed using a moving average to eliminate noise. The result is
presented in Fig. |4.20.
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4.4. Experiment: Phase 3

Optical transmittance
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Figure 4.20: Optical transmittance of a photographic neutral density filter
HOYA Prond 2 .

The filter has demonstrated relatively flat transmittance function through-
out the whole visible spectrum. Nevertheless, its transmittance amplitude
obviously did not guarantee reaching mesopic luminance conditions even
given 40 cd/m? monitor calibration. Also, the size of the filter (d = 8.2
cm) did not allow for conducting the experiment with observers, as the filter
is geometrically designed to be used on a lens, which would complicate its
placement on a headrest (or any other placement method above the subject)
and sequential placement in front of the spectroradiometer for measuring
physically achieved values.

Finally, remeasurement of the obtained values is recommended even consid-
ering the fact that the filter’s transmittance does not exhibit strong chromatic
shifts, so our final choice was combining multiple neuter density foils.

Two connected foils were subjected to a similar experiment as described
above. The result is presented in Fig.

Though having significantly worse transmittance function, the foils allowed
for lowering the luminance levels to the extent where we could consider the
conditions to be mesopic . In addition, the use of the foils allowed
us to evenly distribute the filtering material over the entire screen area and
achieve more uniform displaying conditions.
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4. Pilot experiment

Optical transmittance
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Figure 4.21: Optical transmittance of the two connected neutral density ROSCO
3403 N.6 foils (for foil specification see )

B 4.4.1 Measurement results

Due to the performance restriction of the spectroradiometer we have used
it was decided to reduce the number of the subjects as well as the number of
testing directions and tested colour centres. Our intent was not to conduct
a comprehensive measurement, but rather to demonstrate, by conducting
a pilot experiment, the capability of the proposed tool to handle such a
measurement.

In the third phase four colour centres out of 8 initial colours (see Tab. [4.1)).
The colour coordinates in CIE L*a*b* are presented in Tab.

# | L* | a* | b*
1| 76.069 | -65.163 | 62.132
76.069 4.757 | 58.180

2
3| 76.069 | 61.071 4.258
4| 76.069 | -5.928 | -14.477

Table 4.6: CIE L*a*b* coordinates of the predefined tested colours used in the
third phase of the pilot experiment.

The third phase of the experiment was held with the monitor calibrated on
40 cd/m? and the two connected foils, as was mentioned above, distributed
over the entire screen. The results of this phase of the experiment are
presented below:
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4.4. Experiment: Phase 3

CIE 1931 Chromaticity Diagram - CIE 1931 2 Standard Observer

0.4
CIEx

Figure 4.22: Values obtained in the third phase of the experiment for the monitor
calibrated on 40 cd/m? luminance level with two foils; Plotted in CIE 1931 xy
diagram.

CIE 1976 UCS Chromaticity Diagram - CIE 1931 2 Standard Observer
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Figure 4.23: Values obtained in the third phase of the experiment for the monitor
calibrated on 40 cd/m? luminance level; Plotted in CIE 1976 u'v’ diagram.
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4. Pilot experiment

In and the results of the colour matching test held under mesopic
conditions are presented.

These results show significant expansion of the data across all the tested
colour centres (For reference see figures: 4.13).

Here we also enclose (as in both previous sections: see Phase 1 Phase
2 the physically attained colours, or in other words the distribution of
the samples that were really presented to the observers through the foils:

CIE 1931 Chromaticity Diagram - CIE 1931 2* Standard Observer

Figure 4.24: Remeasured values from the third phase of the experiment
Plotted in the CIE 1931 xy diagram.

CIE 1976 UCS Chromaticity Diagram - CIE 1931 2 Standard Observer
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Figure 4.25: Remeasured values from the third phase of the experiment [4.23;
Plotted in the CIE 1976 u’v’ diagram.
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4.4. Experiment: Phase 3

A serious chromatic shift is evident in the Fig. in relation to the
data distribution from the Fig. [4.22 [4.23] This is of course due to the curved
shape of the transmittance function of the used foils (see Fig. 4.21)).

Given this fact, in this section we only find it relevant to enclose the ellipses
fitted on the data subjected to the reevaluation. The fit is presented in the

Fig. [4.26| and Fig. [4.27}

CIE 1931 Chromaticity Diagram - CIE 1931 2" Standard Observer

o5 06

Figure 4.26: Ellipses fitted on the data from the third phase subjected to the
reevaluation using JETT Spectraval 1511 HiRes [4.24} Plotted in the CIE 1931 xy
diagram.

CIE 1976 UCS Chromaticity Diagram - CIE 1931 2" Standard Observer

0.20 0.25 030 035 0.40
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Figure 4.27: Ellipses fitted on the data subjected to the reevaluation using JETI
Spectraval 1511 HiResv Plotted in the CIE 1976 u’v’ diagram.
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4. Pilot experiment

Once again the mean and the median colour difference values in the
population of the points obtained in the third phase of the pilot experiment
were computed using the metrics mentioned above (see Tab. 4.2, Tab. 4.4):

Colour

center Mean AFEgs | Median AEys | Mean AEy | Median AFEyg
number

1 (Blue) 0.489 0.409 0.424 0.344

2 (Orange) 0.459 0.378 0.542 0.416

3 (Cherry) 0.498 0.383 0.358 0.266

4 (Green) 0.534 0.474 0.624 0.498

Table 4.7: The mean and the median A Fyy, AFgy4 values of the indistinguishable
points obtained during the experiment, phase 3.

Colour

center Mean Y (cd/m?)
number

1 (Blue) 1.786

2 (Orange) 1.676

3 (Cherry) 1.614

4 (Green) 1.726

Table 4.8: Mean tristimulus CIE Y values of the samples related to each colour
center.

The luminance levels remeasured during the final evaluation stage of this
phase of the experiment were averaged across all points and written down
in the table (see. Tab. |4.8]). The mean Y values obtained during this phase
indicate that mesopic conditions have actually been achieved across all the
presented stimuli, since mesopic range of CIE Y is approximately 0.005 to 5
ed/m? [29).

The values of the colour centres obtained after the reevaluation are presented
below (see Tab. |4.9):

| L* a* b

16.104 | -71.443 | 59.823
16.382 6.889 | 60.097
16.649 | 67.221 8.307
16.722 | -9.292 | -19.003

ol ool rof = | TR

Table 4.9: CIE L*a*b* coordinates of the predefined tested colours used in the
third phase of the pilot experiment (see Tab. |4.6) subject to remeasurement
using the JETT Spectraval spectroradiometer.

As seen from Tab. [4.9, in the mesopic range, the chromaticity distortion
between the passed in and the observed colours is the biggest out of all
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4.4. Experiment: Phase 3

observed luminance levels, which might be due to the physical restrictions of
the spectroradiometer.

The computation results shown in the Tab. [4.7] exhibit a significant
increase in the colour difference between the points marked by the subjects
as indistinguishable from each other. This corresponds well with the very
evident expansion of the ellipses fitted on the data.

Both visual and computational output of the conducted experiment cor-
respond with the findings introduced in the practical part of the thesis,i.e.
in the mesopic vision there is a weaker cone cells’ response to the presented
stimuli. In other words, less colour is perceived by the HVS and more rods are
engaged in the vision process, which resulted in the chromaticity difference
ellipses extension. What is also noteworthy is that the ellipses in the third
part of the experiment did not exhibit any major rotation angle change in
comparison with the ones presented in first and the second phases of the
experiment (see Phase 1 Phase 2 Fig. . That indicates that the
directions, in which it is more or less difficult to distinguish the presented
sample from the colour center it is related to, does not demonstrate any major
luminance dependence.

Figure 4.28: An illustrative comparison of the chromaticity discrimination
ellipses drawn with our tool for three different levels of luminance. The ellipses
are arranged in order of increasing luminance.
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Chapter 5

Conclusion and possible future expansions

In the course of working on this thesis, we analyzed the literature dedi-
cated to various characteristics of the human visual system (HVS) and the
possibilities of measuring them through various psychophysical experiments.
The main part of the thesis was devoted to measuring the response of the
HVS to colourimetric changes in a visual stimulus under different lighting
conditions.

In the practical part, we developed a tool that allows conducting psy-
chophysical experiments with a group of observers to identify the HVS’s
ability to differentiate between a provided group of colours. This tool pro-
vides a visually comprehensible output in the form of chromatic ellipses
plotted in the CIE diagrams, delimiting the group of colours indistinguishable
from a given colour center. During the pilot experiment with a group of
observers, the functionality of this tool and the correspondence of its outputs
to the theoretical basis described in the first part of the Bachelor’s thesis
were verified.

During the pilot experiment, in one of its phases, we attempted to measure
the HVS’s response to colour changes under mesopic conditions. For this
purpose, filtering foils were used to reduce the brightness level.

A further improvement/expansion of the experiment could involve using
higher quality filters (the ones that were also described in the practical part)
to achieve less colour distortion across the entire spectrum. Our choice was
constrained by time and economical limitations, as well as the fact that
conducting the most precise measurements in the mesopic range was not
the primary goal of the thesis. Another improvement in conducting the
experiment could be the selection of a more suitable colour gamut. In our
experiment, we used ITU-R Recommendation BT.2020 as the widest possible
variation, however, this led to slight distortions in the displayed samples,
particularly in highly saturated areas.

A drawback of the presented tool is also that while measuring the response
of the HVS to the colourimetric change in the presented stimuli it can not
define different types of colour vision deficiencies, as some commercial devices,
as it was discussed in the theoretical introduction 2.3.2. On the contrary, the
advantage of the proposed system is in that it provides much more flexibility
in choosing the visual angle, under which the experiment is conducted, the set
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5. Conclusion and possible future expansions

of the tested samples and, what is more important, unlike many commercial
devices allows for testing colours from different parts of the colour spectrum
in one session.

Considering all of the said above, we believe that this thesis can serve as a
good foundation for future theoretical and practical work on this topic. The
developed tool can be used for studying colour and colour perception as well
as for conducting larger-scale tests with a bigger group of participants.
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Appendix A

Technical Specifications

Model Variations | CG318-4K

Panel

Type IPS

Backlight Wide-Gamut LED
Size 31.1" / 79 cm

Native Resolution

4096 x 2160 (17:9 aspect ratio)

Viewable Image Size (H x V)

698.0 x 368.1 mm

Pixel Pitch

0.170 x 0.170 mm

Pixel Density

149 ppi

Grayscale Tones

DisplayPort, HDMI: 1,024 tones (a
palette of 65 thousand tones)

Display Colors

DisplayPort, HDMI: 1.07 billion from a
palette of 278 trillion

Brightness (typical)

350 cd/m?

Recommended Brightness for
Calibration

120 cd/m? or less

Contrast Ratio (typical)

1500:1

HDR Gamma

HLG, PQ curve (optional)

Color Gamut (typical)

Adobe RGB: 99%, DCI-P3: 98%

Built-in Calibration Sensor

Yes

Table A.1: Specifications of the EIZO ColorEdge CG318-4K.
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A. Technical Specifications

Optical Parameters

Spectral range 380 ... 780 nm
380 ... 1000 nm (version: spectraval
1511NIR)

Optical bandwidth 4.5 nm

2 nm (version: spectraval 1511HiRes)

Wayvelength resolution

1 nm

Digital electronic resolution

16 bit ADC

Viewing angle

1.8

Measuring distance/diameter
(measured from front end of
the device)

20 cm - @ 8 mm; 100 cm - @ 33 mm

Measuring Values

Spectral Radiance, Luminance, total Radi-
ance

x,y, u’,v’, CCT, color purity, CRI, RGB
and others

Spectral  Irradiance/Integral
ance/Illuminance

Irradi-

With Optional Diffusor

Measuring Ranges and
Typical Measuring
Uncertainties

Luminance measuring range

0.2 ... 180 000 cd/m? (Illuminant A)
0.2 ... 140 000 cd/m? (typical warm white
LED)

Luminance uncertainty

+ 4.4% (Illuminant A @ 100 cd/m?, k = 2)

Luminance repeatability

+ 1% (Illuminant A)

Chromaticity uncertainty

+ 0.002 x, y (Illuminant A, k = 2)

Color repeatability

+ 0.0005 x, y (Illuminant A)

CCT repeatability

+ 20 K (Iluminant A)

Max. wavelength error

+ 0.2 nm (HgAr line source)

Polarization error fg

<2 %

Table A.2: Specifications of the JETI Spectraval 1511 HiRes.
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Appendix B

List of attachments

colour__matching_test.py — the main script that performs a psychovisual
test explained in the thesis.

colour__fidelity test.py — the script used in the colour__matching_ test.py
to allow for manual samples fidelity check before the testing begins.

final__evaluation.py — the script, that runs an automatic remeasurement
of all the samples retrieved after the testing.

results_plot_nonRemeasured.py — the script for plotting the results
non-subject to remeasurement using final__evaluation.py.

results_plot_ Remeasured.py — the script for plotting the results subject
remeasurement using final__evaluation.py.

results — the directory where all the results for all the observers are saved
in a form of CSV tables after the testing.

final Eval — the directory where the aggregated data on every sample
retrieved from the testing and every colour centre is saved in a form of

one CSV table.

colourpicker — the directory containing special colour picker used during
the pilot experiment for picking values inside the physically feasible
gamut.

colourpicker.py — the script itself, placed in colourpicker directory.
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Appendix C

Used devices’ and other illustrations, final
remarks

Figure C.1: An illustration of Eizo ColorEdge CG318-4K monitor with the
inbuilt calibration sensor (taken from the manufacturer web-site).

Figure C.2: An illustration of JETI Spectraval 1511 HiRes with the stray-light
protection tube (taken from the manufacturer web-site).
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. Used devices’ and other illustrations, finalremarks = = = s » s s s s s 0w 8 = 0 8 & & !

CIE 1931 Chromaticity Diagram - CIE 1931 2 Standard Observer

0.4
CIE

Figure C.3: Complete data drawing illustration for the first phase of the experi-
ment.

CIE 1931 Chromaticity Diagram - CIE 1931 2° Standard Observer

cey

0.4
CIE X

Figure C.4: Complete data drawing illustration for the second phase of the
experiment.



C. Used devices’ and other illustrations, final remarks

CIE 1931 Chromaticity Diagram - CIE 1931 2* Standard Observer

Figure C.5: Complete data drawing illustration for the third phase of the

experiment.

CIE 1931 Chromaticity Diagram - CIE 1931 2 * Standard Observer

CEy

Save Points

1.0

CIE x

Figure C.6: An interface of the colourpicker proposed in the empirical part of
the experiment to test the samples laying strictly inside of the physically feasible

ITU-R BT.2020 gamut.

Here I would also like to notify, that in some parts of this thesis, e.g. for

sentences reformulation and other appropriate purposes, artificial intelligence
tools were used, such as ChatGPT by OpenAl. All in accordance with the

CTU Methodological guideline CVUT MP 2023 V02.
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