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Abstract

When the light reflected from an object differs in spectral composition to the
surrounding background these spectral differences are reflected in the excitation
levels produced in each class of photoreceptor. The ability to see colours and to
notice small colour differences is strongly affected by both the spectral
composition and luminance level of the adapting light. Knowledge of the limits of
colour detection is important in setting safety standards and guidelines in visually-
demanding workplaces, as varying conditions of illumination and chromatic
adaptation are often encountered in different working environments. It is
therefore of both fundamental and practical interest to be able to predict
accurately how a human observer’s chromatic detection performance changes
with both light level and chromatic adaptation. The Colour Assessment and
Diagnosis (CAD) test was employed to measure colour detection threshold ellipses
under different states of chromatic adaptation and background light levels. The
advantage of this new technique is that it isolates the use of colour signals by
embedding the isoluminant chromatic stimulus in dynamic luminance noise.
These measured threshold variations were analysed in terms of changes in L-, M-
and S-cone excitation levels required for threshold in different colour directions.
Models based on the measured chromatic threshold data are proposed that are
capable of reconstructing entire detection ellipses. These models were based on
experiments where observers had colour thresholds measured around a series of
different chromatic adaptation points, over a range of light levels (typically from
0.3 to 31 cd m2), and additionally away from the adaptation point. The findings
reveal the independent adaptation states of individual cone classes on measured
thresholds, i.e., the threshold in a given cone class depends only on the signal
produced by the background in that cone class and is independent of the
adaptation state of the other cone classes and hence independent of chromaticity
and light level. The effect of adapting different areas of the peripheral retina when
thresholds are measured foveally was also investigated. No long range retinal
interactions were observed. The results show that the adaptation state of the
periphery has no effect on colour detection thresholds made in central vision.
Variations in L-, M- and S-cone contrasts curves were simulated to assess the
influence that detection ellipse size and ellipse orientation have on them. This
revealed a correlation between the L-cone contrast curve gradient and the
corresponding ellipse orientation. This was additionally shown to correlate with
the central 2.8° mean value of macular pigment optical density, hence providing a
new method of estimating macular pigment level from colour detection ellipses.
Steady state pupil sizes were analysed with the rod and cone excitations that
produced them. These data indicate that when chromatically adapted, the steady
state pupil size correlates strongest with the S-cone signal, and is independent of
the actual chromaticity and luminance levels involved. Cone signal-to-noise ratios
were extracted from repeated threshold measurements for a series of colour
directions. Analysis of these revealed the existence of a constant signal-to-noise
ratios over the full range of colour directions tested relative to a whitish
background. The results show that as the cone contrast level increases in a
particular cone class so does the associated noise.
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Chapter 1

Vision

1.1 Introduction

This chapter introduces the structure of the human eye, the function and
connectivity to the brain, the visible light spectrum, the eye’s function at varying

luminance levels, colour and normal human colour vision.

1.2 The eye

The eye is an organ common to a wide variety of animals, including humans. It has
evolved convergently in different forms in a variety of species over a series of
isolated locations on Earth (Salvini-Plawen and Mayr, 1977). Its primary purpose
is to receive incoming visual information, in the form of light, from the surrounding
environment and convert it into a series of electrical signals which can be
transmitted to the brain. The brain decodes these signals via a series of
hierarchical processes within its visual areas providing a sense of vision; defined
as the ability to process and interpret information from the environment based on

these incoming light signals.
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1.3 The human eye

The normal human has two eyes; they are approximately spheres measuring
~25mm along their anteroposterior axis. The two eyes are located on the front of
the head separated with an average pupil-to-pupil distance of ~60mm. The
vertical sides of the eye closest to the nose and temple are referred to as nasal and
temporal, respectively. Possession of two eyes allows for binocular vision giving
humans an enhanced depth perception; compared to single eye (monocular)
organisms. The two eyes can fixate (gaze in a certain direction) on the same
location within a scene. They can make fast abrupt movements together in a
coordinated manner (saccade) and also smoothly track a moving target (smooth
pursuit; Barnes (2008)). When fixating (staring) at a location small involuntary
eye movements are made (micro-saccades); these are responsible for varying the
incoming light signals to each retinal location, this continual variation in
simulation inhibits effects like Troxler’s fading (Troxler, 1804), which can occur
when the visual system adapts to the part of the scene (visual image) being fixated.
Micro-saccades are small and unnoticeable, typically being less that 0.2° of visual
angle. Fig. 1.1(a) is a superficial view of a living human’s eye embedded in the
orbit (the eye socket) of the skull. Fig. 1.1(b) is a sagittal view schematic of the eye,

the anatomical structures labelled in Fig. 1.1(b) are described in turn below.

19



() (b)

Sclera

Ciliary body Optic nerve

Fig. 1.1(a)and (b)

An anterior external view of a female human'’s left eye is shown in (a), a
sagittal schematic of a human eye is shown in (b), adapted from healthy
eyes (2012).

Sclera: The “white” of the eye. This is the outermost layer of the eye; it is
composed of collagen and elastin (a connective tissue protein). Its primary
purposes are to provide the eye with its semi-rigid approximately spherical
topology, provide protection and also to provide secure attachment points for a
series of six extraocular muscles. These muscles are used to move the eyes relative
to the skull; this, for example, allows for the tracking of a moving target whilst also

maintaining a fixed skull position.

Cornea: The cornea is a transparent outer layer of the eye, covering the iris and
pupil. It is responsible for contributing ~70% of the eye’s optical power (the lens
providing the additional ~30%). The cornea, unlike the lens, has a fixed focusing
power; the lens and cornea therefore work together with the cornea focusing the
majority of incoming light and the lens making small adjustments by fine tuning

this mostly focused light. In order to preserve its transparency the cornea does not
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contain any blood vessels, instead its oxygen is supplied by the external air supply

via the tear film.

Pupil: The pupil is the circular hole in the iris located at its centre; light entering
the eye passes through this aperture before projecting on to the retina, therefore
its size determines the amount of light reaching the retina. Pupil size can be

influenced by a number of factors, three examples are given;

1. The pupillary light reflex, this is an involuntary physiological response
that relates to the amount of light entering the eye. Under normal daylight
illumination levels the pupil typically has a diameter of ~3 mm, under dark
conditions when less light is available the pupil diameter will increase to
compensate for the lack of light (up to ~8 mm).

2. Lysergic acid diethylamide (LSD), tends to cause an increase in pupil size
relative to the normal size expected under the given lighting conditions, this
is due to the pupillary dilator and constrictor muscles receiving activation
and inhibiting signals, respectively.

3. Psychological factors, for example over the time course of object
recognition pupil sizes have been shown to vary, correlating with the
viewing of objects that are familiar and unfamiliar (Ioana et al, 2011). Pupil
size has also been shown to be dependent on a variety of other
psychological factors such as example emotion (Harrison et al., 2007) and

attention (Daniels et al., 2009).

Lens: The lens is a light transmitting convex structure located behind the iris and
pupil. The lens is responsible for approximately 30% of the focusing power of the
eye (the cornea providing the rest). The lens is elastic and can change shape when

the ciliary muscles apply or relax a tension across it. When the lens shape, i.e,, its
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curvature, is varied its focal length is varied, so by varying the lens shape the eye
can focus on near (relaxation of ciliary muscles) or far objects (contraction of
ciliary muscles). This adjustment of lens shape is known as accommodation. Over
the course of a human life the lens loses some of its transmittance by “yellowing”,

this can have an effect on colour vision (discussed later).

Ciliary body: The ciliary body holds the lens in position. It is also responsible for
applying a tensional force to the lens causing a change in lens shape and hence a

change in optical power, this is the process of accommodation described above.

Iris: The iris surrounds the pupil and is responsible for adjusting the pupil size, in
a circular type motion; it does this in response to a number of factors, one being
the amount of incident light. The iris achieves this by use of its pupillary dilator
and constrictor muscles which have the ability to increase and decrease the pupil
size, respectively. Reducing the pupil size decreases the retinal illuminance, while
increasing the pupil size increases the retinal illuminance. The iris is commonly
coloured brown, green, blue or greyish, this colour is casually referred to as “eye

colour”.

Choroid: The choroid is located between the retina and the sclera of the eye. The
primary function of the choroid is to supply oxygenated blood to the retina. The
choroid is composed of four layers, blood is supplied to the first outermost sub-
layer of the choroid via the posterior ciliary arteries, this first layer contains a
series of thick blood vessels which supply blood to the second choroid layer, this
layer contains a series of smaller blood vessels that in turn supply blood to the
third layer which is composed of a network of capillaries. These capillaries supply
blood to the fourth (inner most) choroid layer that is known as Bruch's membrane,

this provides a blood-retina barrier, but also allows metabolic waste from the
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photoreceptors contained in the retina to be absorbed into the choroid layer to be

transported away from the eye.

Retina: The retina covers the inner posterior portion of the eye. It is where an
image of the external environment is projected; the retina is discussed in detail

later in the chapter.

Optic nerve: The optic nerve connects the eye and brain, it transmits signals from
ganglion cells from the retina directly to the brain. The point at which the optic
nerve attaches to the retina is known as the blind spot, this is due to the absence of

photoreceptors in this retinal region.

Fovea: The fovea is the ~1.5 mm (diameter) cone cell rich region of the retina,
responsible for high acuity central vision; it is the region where colour sensitivity
is greatest, due to this high concentration of cones and an almost complete absence
of rods. The fovea is located within the macula lutea region of the retina - the

yellow pigmented region close to the centre of the retina.

1.4 Connection to the brain

The eye, and more specifically the retina, is connected to the brain’s primary visual
area (the visual cortex) via the optic nerve, lateral geniculate nucleus (LGN) and a

series of fibrous tracts known as the optic radiation, Fig. 1.2 illustrates these.
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Fig. 1.2

A transverse slice through the series of physical connections from the eye
to the primary visual area is illustrated. Image modified from Young
(2007).

The retina is connected directly to the optic nerve via retinal ganglion cell axons, at
the point of the blind spot, the optic nerve transmits its incoming visual signals to
the optic chiasm, preserving information regarding their origin, i.e.,, the retinal
location they originated from. The optic chiasm is located under the hypothalamus
and at this point the retinal signals are split and transmitted to one of two different
brain areas, either the right or left cerebral hemispheres. Information from the
nasal halves of the retinas swap sides, being transmitted to the LGNs on the
opposite side of the brain relative to their origin, referred to as contralateral.

Visual information in the optic nerve from the temporal halves of the retinas do
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not cross each other at the optic chiasm, remaining on the side they originated
from, referred to as ipsilateral. This results in information from the right side of
the visual field, on both eyes, being processed by the same side of the brain and the
information from the left side of the visual field, of both eyes, to also be processed
in the same side of the brain; this is illustrated by the blue and orange colour
coding of Fig. 1.2. Beyond the optic chiasm the optic nerves become optic tracts.
They transmit their incoming visual information into the thalamus where they are
input into their corresponding lateral geniculate nuclei (LGN). The LGN is divided
into six internal layers, the lower layers (1 and 2) are the magnocellular layers and
the higher layers (3, 4, 5 and 6) are the parvocellular layers. A sublayer is also
present known as the koniocellular layer. The cell types found in the LGN are
discussed later. The LGN outputs a series of signals via interneurons (neurons that
connect different neuron types together) along the geniculo-calcarine tract, this
connects to the primary visual area within the occipital region of the brain were
higher order visual processes occur. For example, in order to create a coherent
representation of our visual environment the incoming visual information, i.e., a
visual image of that environment, is segmenting through a series of rapid
hierarchical stages. This takes place first at a lower level where, for example,
visual mechanisms extract contours and edges (Mullen et al., 2000) then figure-
background organisation is performed (Xiaofeng et al.,, 2006). These lower level
processes are succeeded by high-level processes that can be dependent on, for
example, memory access or semantic input in the case of object recognition

(Martinovic et al., 2011).
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1.5 Photoreceptors

Photoreceptors are a class of neuron located in the retina. The pigment contained
in photoreceptors absorbs photons from the external environment, and the energy
of these photons is converted into a physiological electrical response via a
membrane voltage change. There are two types of photoreceptor present in the

retina of a normal human eye; rods and cones.

1.5.1 Rods

Rod cells are a type of photoreceptor. There are approximately 9x10° rods in a
typical human retina (Curcio and Sloan, 1990). Rod cells are sparse in the central
fovea, but found in high densities within the periphery of the retina. Under normal
daylight lighting levels the rods saturate and are rendered visually inactive, under
these conditions the cone system is relied on. Humans rely on rod cells for night
vision, under dark conditions the cones are not sufficiently sensitive enough to be
excited, also under intermediate (mesopic) conditions the rods are simultaneously
active with the cone system. The anatomy of a rod cell is shown in Fig. 1.3. Rods
and cones both contain an inner segment, an outer segment and synaptic ending.
The synaptic ending creates a synapse to other retinal cells. Rods are narrower
than cones with a cross section of approximately constant size. The outer segment
consists of a series of closely layered discs, composed of the cell’s membrane that
is externally covered in rhodopsin, a photon absorbing photopigment. The inner
segment contains the cell’s nucleus; this contains the cell’s genetic information in

the form of deoxyribonucleic acid (DNA). The rods are orientated so that the outer
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segment, containing the high concentration of rhodopsin, is located closest to the

posterior of the retina.
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Fig. 1.3

A rod cell oriented relative to the direction of incoming photons. Diagram
adapted from Heeger (2012)

1.5.2 Cones

Cone cells are a type of photoreceptor found in the retina. There are
approximately 4.5 x 106 cone cells in the normal human retina (Curcio et al., 1990).
Cones are not as photosensitive as rods and hence not active in dark conditions,
but are active under higher lighting conditions and responsible for colour vision.
They are also responsible for high acuity in central vision, i.e., the ability to
perceive fine detail. The anatomy of a cone cell is shown in Fig. 1.4, it is similar in
structure to a rod cell (Fig. 1.3), but possessing a varying cross-sectional size. As
with rods, cones are composed of an inner and outer segment and a synaptic
ending which creates a synapse with other retinal cell types. Cones have a

narrower outer segment compared to their inner segment, i.e., they are literally
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cone shaped. The outer segment consists of a series of closely layered discs
composed of cell membrane; these are externally covered in absorbing
photopigment. The inner segment contains the cell’s nucleus, which contains the
cell’s genetic information in the form of DNA. Like the rods, the cones are
orientated so that their outer segment, containing the high concentration of
photopigment, is located closest to the posterior of the retina. The cones are
directionally sensitive to incoming photons; photons entering the pupil close to
any part of its edge are less likely to be absorbed by a photoreceptor compared
with photons entering the eye through the centre of the pupil, this is known as the
Stiles-Crawford effect of the first kind (Stiles and Crawford, 1933) and accounts for

reduced photon scattering at high light levels (Smith and Atchison, 1997).
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Fig. 1.4

A cone cell oriented relative to the direction of incoming photons.
Diagram adapted from Heeger (2012).

A normal human retina contains three types of cone cell that are sensitive to
photons over three different, but partly overlapping wavelength ranges, thus
making these individuals normal trichromats. The three types of cone cell are

sensitive to either the long, medium or short wavelength regions of the visible
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spectrum and are named L-, M- and S-cones, respectively. These sensitivity curves
can be considered as a set of probability distributions that indicate the likelihood
that an incoming photon of a particular wavelength (A) will be absorbed by a
particular cone type if it hits it. It is important to note that when a photon is
absorbed by any cone type no information regarding its wavelength is transferred
to the cone cell, just an absorption is registered. Fig. 1.5 plots the spectral
sensitivities (also referred to as cone fundamentals) of the L-, M- and S-cones as a
function of wavelength over visible spectrum (~390 < A < 830 nm) as measured by
Stockman and Sharpe (1999; 2000). It is a common convention to plot the L-, M-
and S-cones as red, green and blue curves, respectively, corresponding very
approximately to the regions of the spectrum in which their peak sensitivity
occurs. The peaks of the L-, M- and S-cone fundamentals are located at A = 570,
543 and 442 nm, respectively, corresponding in reality to yellowish-greenish,
greenish and violet chromaticities, respectively (these values are derived from
tabulated data of the Stockman-Sharpe 2° fundamentals in 1nm stepsizes, see
later). The L- and M-cones are sensitive over the whole 390 < A < 830 nm range,
but are most sensitive at, and around, their peak values, with sensitivity tending to
zero at the extreme ends of the spectrum; their peak values occur relatively close
to together, with a mean separation across individuals of only ~30 nm. The S-
cones are only sensitive over a range of lower wavelengths, Stockman-Sharpe only
provide sensitivity data for S-cones in the range 390 < A < 615 nm, see the blue

curve of Fig. 1.5.
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Fig. 1.5

The 2° Stockman-Sharpe cone fundamentals. The data were obtained
from the Institute of Ophthalmology (University of London) Colour &
Vision Research Laboratory (cvrlorg, accessed July 2011), the data was
plotted using the 1nm step size option provided by the CVRL database.

Some humans have retinas containing more or fewer than the standard three L-,
M- and S-cone types. For example, tetrachromats have four cone types (Jordan et
al., 2010) and colour defective humans may have two or fewer (Mclntyre, 2002).
Interestingly, having only two cone types has been shown to be advantageous
under some conditions (Morgan et al., 1992). The experiments reported later in

this thesis were all performed using only normal trichromatic observers.

1.6 The retinal distribution of rods and cones and the cone

The distribution of rods and cones is not homogeneous over the retina which has
consequences for both colour and night vision. Fig. 1.6 shows the distribution of
rods and cones as a function of retinal eccentricity. In the fovea cone cells have a

diameter in the range 1 to 4 um (rod cells have a diameter of ~1 um). The central
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2° is the cone rich region, containing very few or no rods, the number of cones
peaks at around 170 x 103 per mm? within this region, this density rapidly reduces
with increasing eccentricity in all directions. Fig. 1.6 illustrates this in both the
nasal and temporal directions. Conversely the number of rods rapidly increases
with increasing eccentricity, peaking at ~12° with a value of ~150 x 103 per mm?,
this value then decreases out into the far periphery. In the nasal direction between
~13 - 18° there is a region that is absent in both rods and cones, this is known as
the optic disc, i.e., where the optic nerve connects to the retina.

Rod and Cone Density (10° mm™) Optic Disc

200+

Cones

150- Rods

100 =

70 60 50 40 30 20 10 0 10 20 30 40 50 60 70 80 90
Eccentricity (°)

Temporal Nasal

Fig. 1.6

The distribution of rods and cones as a function of eccentricity in the
temporal and nasal direction. The area over the optic disc has a complete
absence of rods and cones.

Within the central 2° foveal region of the retina the distribution of L-, M- and S-
cones, within the cone mosaic is typically as follows; there is a complete absence of
S-cones within the central 0.2 - 0.3° (Williams et al., 1981), at higher eccentricities
the S-cones are distributed occurring singularly but isotropically. The L- and M-
cones both occur locally in clusters of the same cone type; these clusters of L- and

M-cones are in turn distributed randomly on a global scale, this arrangement of
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photoreceptors is known as the cone mosaic. Fig. 1.7 shows the arrangement of L-,
M- and S-cones in the cone mosaic. S-cones, as described above, are sparse and on
average accounting for only ~7% of all cones. The ratio of L/M cones has been
measured in vivo using a variety of techniques (Krauskopf and Carroll, 2007) and
found to vary over the relatively large range 1.1 < L/M < 16.5 (Hofer et al,, 2005).
On average the L/M ratio has been found to be at the lower end of this range at
around ~2. Subjects with both very low and very high measured L/M ratios have
been shown to also possess normal colour vision, indicating colour is not wholly
dependent on the individual’s L /M ratio. It has, however, also been demonstrated
that humans with a symmetrical L/M ratio, i.e, L/M = 1, possess the highest

chromatic contrast sensitivity (Gunther and Dobkins, 2002).

Fig. 1.7

The central (~1°) region of the normal human cone mosaic showing the
arrangement of the L- (shown in red), M- (shown in green) and S-cones
(shown in blue). S-cones are typically absent from the central 0.2 - 0.3°
(indicated by the black circle). Image adapted from Gegenfurtner and
Sharpe (2000).

1.7 Other retinal cell types

Along with rod and cone cells there are many other varieties of non-photosensitive

cells in the retina. They will be introduced in turn in the following sections.
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1.7.1 Ganglion cells (RGCs)

The retinal ganglion cells (RGC) are located on the inner surface of the retina. They
receive incoming information from the rod and cone photoreceptors via the
bipolar and amacrine cells (see later). Retinal ganglion cells transmit incoming
visual and non-visual information from the retina to various regions of the brain,
for example the thalamus. RGCs vary with respect to their individual responses to
incoming signals, but each RGC has a nerve fibre ending (axon) that collate and
ultimately form the optic nerve, chiasm and tract, and hence provide a direct
connection to the brain. The ratio of RGC to photoreceptors in the normal retina is
~100:1, one RGC on average receives input from ~100 rods and cones, however
this value varies significantly as a function of retinal eccentricity. In the fovea,
single RGCs can receive inputs from as few as five photoreceptors, whereas at high
eccentricities in the periphery a RGC can have connections allowing input signals
from more than 2000 photoreceptors to be received. @ The number of
photoreceptor-RGC connections also has significant variation throughout the
normal population. When at rest RGC have a certain base level firing rate, i.e., they
have a non-zero action potential, when excited or inhibited an increase or decrease

in the firing rate is observed, respectively.

1.7.2 Photosensitive retinal ganglion cells

Photosensitive Retinal Ganglion Cells (pRGC) represent ~3% of all ganglion cells

found in the retina, they contain the photopigment Melanopsin and are dissimilar
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to other ganglion cells found in the retina as they can be stimulated by photons but

do not contribute to vision. They serve two main purposes;

1. they assist in the synchronisation of the circadian clock, with a period of
~24 hours, and

2. their output signal may also be used to control the pupillary light reflex.

1.7.3 Amacrine cells

The interneurons connecting the photoreceptors to the RGCs are the Amacrine
cells, which contribute ~75% of input to the RGC with the bipolar cells (see below)
providing the additional ~25%. They are located at the second synaptic retinal
layer where bipolar cells synapse with RGCs. Similarly to the horizontal (see later),
amacrine cells operate laterally affecting the outputs from the bipolar cells. There
are ~40 types of amacrine cell with specialised tasks. Each type of amacrine cell
connects with a particular type of bipolar cell, and in general uses a particular
neurotransmitter, for example gamma-Aminobutyric acid (GABA). Amacrine cells
supplement the function of the horizontal cells by contributing feedback to
inhibitory surrounds to both the bipolar cell and RGCs. The “Rod amacrine cell”

mediates the input signals from the rods under low light level conditions.

1.7.4 Bipolar cells

Within the retina the bipolar cells are located between the photoreceptors and
RGCs, their primary function is to transmit signals from the photoreceptors to the

RGCs. Bipolar cells can form synapses with only one type of photoreceptor per cell,
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but are also able to receive incoming signals from the horizontal cells. The bipolar
cells transmit these incoming signals to the RGCs either via a direction connection
or via the amacrine cells. There is one particular type of bipolar cell that is able to
connect directly to a rod cell, in addition to this there are approximately ten other
bipolar cell subtypes. Under dark viewing conditions a photoreceptor cell will
inhibit an ON bipolar cell and excite an OFF bipolar cell. Rod bipolar cells do not
synapse with RGC directly, instead they synapse with the amacrine cells, which are
able to excite ON bipolar cells and inhibit OFF bipolar cells. This allows the rods to
transmit signals to the RGCs under low light level conditions. The OFF and ON
bipolar cells synapse within the outer edge of the inner plexiform layer (see Fig

1.8) and the inner layer of the inner plexiform layer, respectively.

1.7.5 Horizontal cells

Horizontal cells are located in the outer plexiform layer of the retina and laterally
connect neurons. They assist in the regulation of photoreceptor cell signals which
allows the retina to adjust its sensitivity when external lighting levels change.
There are three types of horizontal cell, some studies have shown a preference for
these three horizontal cell types to be associated with a particular L-, M- or S-cone
type, whilst other studies have shown no preference (Kolb et al., 1994). The
horizontal cells sum incoming signals from the cones and, based on these signals,
regulate the amount of GABA that is required to be released back into the cone
system, hence inducing hyperpolarisation within them. The horizontal cell (known

as type II) can also receive incoming information from the rods.
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1.8 Retinal layers

The different cell types introduced in the previous sections are present in the
retina which is structured as follows (see Fig. 1.8); the pigment epithelium forms
the outer edge of the retina and contacts the choroid, the choroid supplies the
pigment epithelium with oxygenated blood and nutrients, for example, omega-3
acids and glucose, these in turn pass on to the retinal cells via the pigment
epithelium. The pigment epithelium is also responsible for shielding the retina
from excess incoming light. Next to the outermost pigment epithelium in the
retina are the rod and cone photoreceptors, these form connections to the
horizontal and bipolar cells at the outer plexiform layer. The bipolar cells connect
with the RGCs at the inner plexiform layer, where amacrine cells also form
interconnections across this interface. The output axons from the RGCs form a
layer of nerve fibers that eventually converge forming the optic nerve which

connects the retina to the brain.
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Fig. 1.8

A cross section of the retina, the structure and organisation of the
different cell types are shown. Within this figure light would be entering
through the pupil located at the bottom of the diagram, reaching the rods
and cone lastly after all other cells. Image reproduced from American
Scientist (Jan/Feb 2003).

1.9 The lateral geniculate nucleus

The two lateral geniculate nuclei (LGN) are located within the thalamus of the
brain, its primary function is to relay the incoming visual signals it receives from
the retina to higher brain areas via the optic radiation which connects the LGN to
the primary visual cortex (V1). Humans have two pathways connecting the eye to
the brain; they are the dorsal section of the LGN and the superior colliculus (SC).
The LGN is organised into a series of six layers, the magnocellular (M cells),
parvocellular (P cells) and koniocellular (K cells) pathways connect within and

between these layers. The parvocellular pathway connects with LGN layers 3, 4, 5
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and 6, they provide inputs from the L- and M-cones and are responsible for
processing the reddish-greenish opponent pathway. The koniocellular cells layer
themselves between the M and P cells; they receive input signals from the S-cones
and are responsible for processing the bluish-yellowish opponent pathway. The
signals that leave the LGN are input into different layers of the visual cortex; the
signals from the magnocellular layers (1 and 2) and the parvocellular layers (3, 4, 5
and 6) are input into layer 4 of V1. This layer is subdivided with one section of it
receiving the parvocellular input signal while another sub-section receives the
magnocellular input signals. The koniocellular layers send their output signals to
layer 4a in V1, while layer 6 of V1 feeds back into the LGN. The LGN also makes
connections into higher visual areas, for example V2 and V3. This has been
verified in blindsight studies using observers with lesions located in their visual

cortex (Schmid et al.,, 2010).

1.10 Electromagnetic radiation

Electromagnetic radiation is a form of energy; the energy is carried by particles,
known as photons. The wavelength of these photons defines where on the
electromagnetic spectrum the photons lie; a small portion of the electromagnetic
spectrum contains photons that are visible to human observers, commonly

referred to as visible light.
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1.10.1 Photons

Electromagnetic radiation is composed of photons. These have an invariant mass
of zero, a neutral charge and are considered stable in terms of particle decay.
Photons can be emitted, for example, by a laser (as visible light) or a Computer
Tomography (CT) scanner (in the form of X-rays). Photons can be absorbed, for
example, by a living plant via the process of photosynthesis or by a photosensitive
cell in an animal’s eye. Photons can be reflected, this can occur when there is an
abrupt change in refractive index between two mediums the photons are travelling
through. For example, when a photon is travelling through air and incident onto
glass the change in refractive index at the air-glass interface can cause some
proportion of the incident photons to be reflected back into medium they came
from. In this air-glass example some of the non-reflected photons will travel
through the glass, this proportion of photons defines the transmittance of the glass,
some non-reflected photons will also be absorbed the glass, the ratio of these to
the total number of incident photons defines the absorption of the glass. A surface
can be considered a Lambertian surface if the photons are reflected from it
uniformly in all directions, that is, the light is reflected by the surface in such a way
that the apparent brightness of the surface is independent of the observers

viewing position.

1.10.2 Electromagnetic wavelength and frequency

An electromagnetic wave can be considered to have both wave-like and particle-
like properties. Choosing when to consider photons as particles or waves is based

largely on the context they are being examined in. For example when considering
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electromagnetic radiation being detected by absorptions in a geiger-mudiller tube’s
sensor it makes most sense to consider them as particles. Wavelength, a measure
of distance, is a commonly used parameter in vision science to describe visible
light. Fig. 1.9(a) shows the whole electromagnetic spectrum in terms of
wavelength (A), illustrating the portion that is visible to humans, approximately
the range 400 < A < 700nm. Fig. 1.9(b, inset) illustrates a sinusoidal wave

indicating its wavelength.

Wavelength (m)

(a) 0% 10% 10% 10% 107 10* 107 10¢ 10° 10° 10° 10° 10° 1 10' 107

Gamma Ray X-ray  Ultraviolet | Visible | Infrared Microwave Radio

(b)

400 500 600 J00
Wavelength (nm)

Fig. 1.9(a) and (b)

The electromagnetic spectrum (a), the visible region between ~400 and
~700nm is shown expanded. A sinusoidal wave is shown in (b), one
wavelength A is indicated by the black horizontal bar.

It is important to note in Fig. 1.9(a) that as wavelength increases (from left to
right) the frequency decreases. Frequency (f) is defined as the number of

wavelengths per second, the common unit of which is the Hertz (where; 1 Hz =1

cycles s1).
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1.10.3 Photon speed and energy

All electrometric radiation travels with an equal speed, independent of its
wavelength and hence its frequency. This speed is commonly referred to as the
‘speed of light’ (c); its value through a vacuum is 2.889 x 108 m s'1. This constant
wave speed (light speed) is defined by the electromagnetic radiation wavelength
and frequency (Eq. 1.1). The energy of a photon (E;) is defined by Eq. 1.2, the
energy can be calculated as a function of frequency or wavelength, the constant

term (h) is Plank’s constant (h = 6.626 x 10-3* m2kg s'1).

c=fA=2998x108ms™? Eq.1.1
hc
Ep=7=hf Eq.1.2

1.11 Luminance and retinal illuminance

Luminance (L) is a photometric measure of the amount of luminous intensity per
unit area. Luminous intensity (Iv) is the power of the photons emitted per unit of
solid angle; it is scaled by the luminosity efficiency function (see later) and hence
takes into account the sensitivity function of the human eye. The unit of luminous
intensity is the candela (cd); luminance is the luminous intensity per unit area and
measured in cd m2. The retinal illuminance is defined by Eq. 1.3; where, L is the
stimulus luminance level expressed in cd m2 and Parea is the area of the pupil
expressed in mm2. Retinal illuminance values are given in units of Trolands.
Retinal illuminances, even under non-extreme light levels, span a large range they

are therefore commonly quoted using the units of logio(Trolands).

R, = LPeog Eq.1.3
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1.12 Contrast

Contrast is the difference between the signal, e.g., a luminance, produced by a
target (t) relative to its surroundings or background (bg). Three common

definitions of contrast exist;

Weber contrast (Cweber): Described by Eq. 1.4, where I; and Ipg are the luminance
levels of the target and background, respectively. Weber contrast is commonly

used to describe the contrasts of small targets against large background surrounds.

Michelson contrast (Cwmich): Described by Eq. 1.5, where Inax and Imin are the
highest and lowest luminance levels, respectively. Michelson contrast is commonly
used to describe the contrast of large areas of differing luminance bordering each

other.

Root mean square (Crms): Described by Eq. 1.6, this contrast type used to
describe the contrast over a whole scene and is independent of the spatial
frequency distributions within any visual scene. Crms contrast is defined as the
sum of the standard deviations of each pixel’s intensity over the whole scene, in
the case of Eq. 1.6 the scene is assumed to be a rectangular image of area A = ab.
The values of x and y are the x- and y-coordinates of each pixel in the image, the

pixel intensities are in the range 0 <1 < 1 and have a mean value of 1.

Iy = I
Cweber T g Eq.1.4
g
C _ Imax = Imin Eq.1 5
1 h -_ . .
Mie Imax + Imin



1 a—-1 b-1
CRMS = E (Ixy - 1)2 Eq 16
x=0 y=0

Contrast known as cone contrast, can be calculated individually for each cone type
and then if desired combined into the total contrast for a given chromatic pathway,

this is discussed in detail in chapter 2.

1.13 Sensitivity over various light levels

The human eye can be sensitive to light over a wide range of light levels (Boff et al,
1986), this range is so large it is commonly plotted in log units, the range (base 10
log units) is illustrated in Fig. 1.10; this figure also shows the photopic and
scotopic (see later) retinal illuminances corresponding to these light levels, where
within these ranges the rods and cones are active, the active mode of vision
(scotopic, mesopic or photopic), how visual acuity and colour vision vary over the
range and also some examples of typical conditions when these light levels are
present. Although the eye is safely capable of light detection that provides
functional vision over a range of ~9 log units, in practice the eye is sensitive to an
~2 log unit “window” within this range at any given time, the light response of the

eye is required to adapt when lighting conditions change (see later).
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Various properties of the human visual system as a functions of each
other. Modified from Sacek (2006).

1.13.1 Photopic vision

[photopic)

(scotopic)

Photopic vision is a mode of vision that utilises only the cone signals and occurs

under conditions involving high light levels; all three cone types (L-, M and S-

cones) are involved whilst the rods are not due to them being saturated. As

photopic vision is only dependant on the cone system colour perception is good, as

is sensitivity to high spatial frequencies, i.e., high visual acuity. There is a risk of

damage if the retina is exposed to luminance levels greater than 108 cd m2 for

even short periods of time, for example solar maculopathy due to sunlight damage

can occur (Arda, et al, 2006) which may lead to a reduction in visual acuity

(Kallmark and Ygge, 2005).
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1.13.2 Scotopic vision

Scotopic vision is a mode of vision occurring at very low light levels, from ~10-2
down to ~10-¢ cd m?; these light levels correspond to the light level produced by
a starry night sky down to the light level observed from a single star, respectively.
Scotopic vision relies only on signals from rod cells; rod photoreceptors are ~100x
more sensitive to a single photon than cone cells (Okawa and Alapakkam, 2007).
Under scotopic conditions the number of photons is insufficient to stimulate the
cone system, so it remains inactive, hence under scotopic conditions an observer
has no colour vision. An observer will experience very poor visual acuity due to
the rods not being sensitive to high spatial frequencies. Rods are not present (or
there are every few) in the central ~2° cone rich region of the fovea; therefore all
aspects of vision under low scotopic lighting conditions are very poor to non-

existent in the central visual field.

1.13.3 Mesopic vision

Mesopic vision is a combination of both photopic and scotopic vision bridging the
gap between the photopic/scotopic (cone/rod) transitions. It occurs over the
range ~10-2 and ~3 cd m2; these light levels correspond to low lighting conditions
that are only slightly above dark conditions, they are often referred to as “twilight”
(Stockman and Sharpe, 2006; Connolly, 2011). The mesopic vision mode is
mediated by both the rod and cone systems; the lower light input to the cone
system causes a reduction in colour sensitivity, but unlike scotopic vision, some

colour perception is retained (Walkey et al., 2005).
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1.13.4 Purkinje shift

During the process of changing scene illumination conditions from high to lower
light levels, the photoreceptors peak sensitivity shifts from the greenish/yellowish
portion of the visible spectrum toward the low wavelength bluish region - this is
known as the Purkinje effect/shift. This adaptation results in a difference in colour
appearance; Fig. 1.11(a) and (b) simulates this shift. Under high luminance
conditions, for example daytime skylight (photopic) illumination, blue bell flowers
appear to be bright with a bluish/violet colour (Fig. 1.11(a)), but under evening
twilight conditions (mesopic) with shift in sensitivity towards the blue end of the
spectrum, they appear to have a more intensely saturated bluish/violet
chromaticity (Fig. 1.11(b)).

(a) B2

&

Fig. 1.11(a) and (b)

Blue bell flowers illuminated under daytime blue skylight (a) and evening
twilight (b), the shift from (a) to (b) corresponds to a more intensely
saturated bluish/violet colour being perceived.

This shift is due to the cones having their maximum sensitivity peak around the
yellow region of the spectrum, but the rods having their peak sensitivity around
the greenish/bluish region. The rods are more sensitive under low light conditions

than the cones, but they do not contribute to colour perception, this accounts for a
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colour normal observer’s loss of colour perception as illumination levels within a
scene decrease. The Purkinje effect occurs within the transition from cone-based
photopic to rod-only scotopic vision, i.e., it occurs within the mesopic region when

both cones and rods are active and contributing towards the visual image.

1.14 Luminosity efficiency function

The luminous efficiency function plots the mean photosensitivity of the
photoreceptors (as expected under specified light level conditions) as a function of
wavelength. The most recent estimate of the luminosity efficiency function (for
daylight adapted conditions) is the V*(A) function proposed by Sharpe et al
(2005), derived from the results of a series of flicker photometry experiments; it is
plotted in Fig. 1.12. The original CIE 1924 V(A) function had been previously
updated by Judd (1951) and then by Vos (1978); Vos made corrections to Judd's
1951 revision via an update to the 2° CIE 1931 colour matching functions. Both
the Judd and Vos modified V(A) functions result reflect an overestimate of the
mean macular pigment optical density (MPOD) and this can result in elevated
sensitivities in the low wavelength, bluish region of the visible spectrum being
assumed; the V*(A) corrects this overestimation. The V*(A) is also scaled to the
proportion of serine L(ser180) and alanine L(alal80) genotypes present in the
population. For the 40 observers tested by Stockman and Sharpe 22 had the

serine, 16 had alanine variant and 2 had both variants of the L-cone photopigment.
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The V*(A) function plotted over the visible spectrum. Data from CVRL
database tabulated data in 1nm stepsizes.

1.15 Colour

Colour is a visual perceptual property which is derived largely from the spectral
distribution of incoming visible light that interacts with the photosensitive cells of
the retina (rods and cones). The perception of colour can be greatly altered by
changing the viewing conditions such as the light level or the surrounding colour
relative to a target colour. The cells of the retina themselves can adapt to changes
in viewing condition, which in turn can result in different colour percepts being
experienced by the viewer. Colour can be measured using optical equipment (a
spectroradiometer) and described mathematically in terms of coordinates in
various colour spaces. These colour spaces can represent colour as pure
radiometric quantities or take into account human physiology, for example the
DKL space (Derrington et al., 1984) represents colour in terms of the chromatic
and luminance pathways. However, these colour spaces do not however fully
explain colour appearance, that is, the perception of a particular colour to an

observer.
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1.15.1 Hue, brightness and saturation

A given colour can be described by the following three parameters or properties;
the hue, brightness and saturation. Hue refers to what has traditionally been
thought of as the “actual colour”, it can be described by casual naming a colour, for
example, red, pink, etc, or formally within a colour space, for example with the
colour angle parameter of the DKL colour space. Brightness is the perceived
luminance of a colour. Saturation is a measure of the colourfulness (or intensity of
a colour), for example in the CIE 1931 colours located towards the edge of the
diagram (near to or on the locus) have a higher saturation than colours of a similar
hue located towards the centre of the diagram. The cylindrical HSV colour space
allows for visualisation of the relationship between these quantities. The H, S and
V correspond to hue, saturation and value, respectively (value corresponds to the
brightness as described above). Fig. 1.13 show the hue varying as the colour angle
varies, for example, a greenish hue can be described with an angle of ~120°, the
saturation increases as the length of the vector from the central axis of the cylinder
increases and the brightness (value) increases along the length of the cylinder

from its base upwards.

1207 Fig. 1.13

Saturation
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1.15.2 Additive and subtractive colour mixing

Two colours, composed of the light distributions C1 and Cz, can be added together
resulting in a new colour being produced (C3); C3 can be said to be composed of a
mixture of C1 and Cz. This mixing can be physically observed by projecting three
primary coloured light sources (red, green and blue) on to a whitish surface. Cyan
results from the mixing of blue and green, magenta is produced from the mixing of
red and blue, and yellow is produced from the mixing of red and green. A whitish
is produced by mixing red, green and blue, see Fig. 1.14(a). Note that no
combination of two primaries can produce the third. This type of colour mixing is
referred to as additive, as to produce the secondary colours of cyan, magenta and
yellow, light is ‘added’ to the white reflecting surface. Colours can also be mixed in
a subtractive manner; this involves the combining of colours, for example in the
form of paint pigments, that remove certain wavelengths from the reflected light,
resulting in new colours being produced. For example, cyan and magenta paint
can be mixed to produce blue, cyan and yellow paint can be mixed to produce
green and yellow and magenta paint can be mixed to produce red. Mixing all three
cyan, magenta and yellow paints will remove almost all the reflected wavelengths

resulting in a blackish; Fig. 1.14(b) illustrates this.
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Fig. 1.14(a) and (b)

(a) Illustrates the additive colour mixing of the three red, green and blue
primary light sources, (b) illustrates the subtractive mixing using the
cyan, magenta and yellow as the primary coloured paint pigments.

The trichromatic (three cone types) nature of normal human vision allows for any
colour Cx to be matched/produced by additively combining different intensities (i)
of the red, green and blue primaries (R, G and B); this is illustrated by Eq. 1.7,

where i1, iz and i3 are the intensities of the R, G and B light sources, respectively.

Cx = R(i1) + G(iz) + B(is) Eq. 1.7

1.16 Colour vision

Colour vision is the ability for an observer to perceive colour and is dependent on
signals being received by the cone cells and subsequently being processed by
higher order brain mechanisms to produce a coloured percept. Two
complementary theories of colour vision coexist the trichromatic theory that states
that three differently sensitive cell types (now known to be the L-, M- and S-cone
cells) are required to explain the range of normal human colour vision. The second

is the opponent process of colour vision which states that two sets of
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chromaticities (reddish and greenish, and bluish and yellowish) are represented

opposed to each other and are processed within two distinct chromatic pathways.

1.16.1 Trichromatic theory

A normal human observer possesses trichromatic vision due to the possession of
three different cone cell types being present in their retinas (the L-, M- and S-
cones); these cell types have varying sensitivity to photons of different
wavelengths (A) in different regions of the visible spectrum, as described earlier in
the chapter. Two factors are responsible for determining the probability of a cone
cell absorbing a photon; the luminous flux and the incoming photons wavelength
(A). Consider a retina with only one cone type and hence only one cone sensitivity
distribution; when photons were absorbed by these cells the brain would only be
able to make an intensity judgement and not a colour judgement as chromatic
information is derived from comparisons of signals between different cone types.
A brain connected to eyes with only one cone type would, for example, not be able
to distinguish whether the incoming light source was of a high intensity at one
wavelength or over a range of wavelengths it was not particularly sensitive to, or
of a low intensity light at a wavelength or over a range of wavelengths, that it was
very sensitive to. An eye with two types of cone is a vast improvement on a mono-
cone celled eye, as it will (although in a limited capacity) have the ability to
discriminate some combinations of incoming chromatic information and intensity
via the ability to compare signals between cone types and hence allow for intensity
and a limited colour range to be perceived. This type of observer with two cone

types is known as a dichromat; dichromatic observers have the ability to make
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colour matches for any colour they can perceive by mixing just two
monochromatic (single wavelength) light sources. Trichromatic vision in normal
humans is achieved by comparing differences in signals from three cone cell types,

each with a different sensitivity curve.

1.16.2 Opponent process theory

The opponent process theory complements the trichromatic theory. Trichomatic
theory simply shows that three cone types are required for trichomatic vision
whereas as the opponent process theory explains the mechanisms that combine
the signals from the cones. The sensitivities of the three cone types as a function of
wavelength (A) have some degree of overlap, especially the L- and M-cone
sensitivity functions. It is more efficient, both physiologically and in terms of
information theory, to process and transmit signals from the cones as relative
differences between them rather than their absolute values. The opponent process
theory describes three pathways that are formed from the individual L-, M- and S-
cone signals (chapter 2 describes the method for calculating the L-, M- and S-cone
signals/excitations and their corresponding contrast signals); they consist of two
opponent chromatic pathways that process colour information and one luminance
pathway that processes achromatic light and dark information. The two opponent
pathways correspond approximately to a reddish-greenish and yellowish-bluish
pathway, the signals in these pathways are described by Eq. 1.8 and 1.9,
respectively, where RG is the signal in the reddish-greenish pathway and YB is the

signal in the yellowish-bluish pathway, Ls, Ms and Ss are the input signals from the
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L-, M- and S-cones, respectively. The signal in the luminance (Lum) pathway is

given by Eq. 1.10 and is a function of Ls, and Ms.

RG = Ly — M Eq.1.8
YB =S, — (Lg + M) Eq.1.9
Lum = Lg + Mg Eq.1.10

The way in which the signals from the L-, M- and S-cones combine is illustrated in
Fig. 1.15; on the left hand side the input signals (Ls, Ms and Ss) from the retina are
shown, these signals then combine according to the lines and +/- symbols; for
example the Ls and Ms signals sum and are then subtracted from the S-cone signal
(Ss) to form the S-(L+M) yellowish-bluish pathway. If the magnitude of the signal
produced by summing Ls and Ms is less than Ss then the expression S-(L+M) will
evaluate to a positive number, this will result in a bluish chromaticity being
perceived (an S-(L+M) increment); if the expression evaluates to a negative
number, when Ss < (Ls + Ms), then a yellowish chromaticity will be perceived (an S-
(L+M) decrement). The signals in the reddish-greenish and luminance pathways
can also be increments or decrements, e.g.,, +[L-M] and -[L-M] correspond to a

reddish-greenish increment and decrement, respectively.
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Fig. 1.15

The opponent process combines the Ls, Ms and Ss cone signals into the two
opponent chromatic pathways and one luminance pathway. The +/-
symbols in boxes denote that the signals are either being summed or
subtracted. The +/- symbol not surrounded by boxes refer to the signal
either being an increment or a decrement.

These three pathways can be represented by the Derrington-Krauskopf-Lennie
(DKL) colour space, where each of the x-, y- and z-axes corresponds to the L-M, S-
(L+M) and L+M pathway, see Fig. 1.16. The point at which dklI(r, 6, @) = dkl(0, 0, 0)
is a defined achromatic point, for example, a white point given by illuminate D65
(Noboru and Robertson, 2005). Within the DKL colour space the angle 6 describes
the hue direction analogous to the hue direction of the HSL colour space. The
actual colour angles chosen are arbitrary, but the reddish-greenish (L-M), and
yellowish-bluish (S-(L+M)) axes are orthogonal. Relative to the achromatic point

at (0,0,0), increments are made in the reddish (+[L-M]) and bluish (+[S-(L+M)])
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directions; decrements can be made in the greenish (-[L-M]) and yellowish (-[S-
(L+M)]) directions. Chromaticities, under normal conditions, are not perceived
together if they lie on opposite ends of the same axes, i.e., a reddish-green or
greenish-red; or a yellowish-blue or bluish-yellow will never be perceived
simultaneously. The parameter @ describes the luminance contribution; if @ is
constant and zero then changes in r and 6 will result in isoluminant changes in
chromaticity (saturation and hue) only. A luminance angle (@) of 90° corresponds
to an increase in luminance, @ = -90° corresponds to a decrease in luminance;
whist the excitations in the chromatic pathways is kept constant. Directions in
DKL space can be defined that vary the signal in both chromatic pathways
simultaneously (when; 8 # 0 and 6 # 90 and 6 #180 and 6 # 270), or in all three

pathways simultaneously (when; 6 # 0, 90, 180 or 270, and @ # + 90).

L+M

5
= L-M

S-(L+f\;'1)

Fig. 1.16

The two chromatic and luminance pathways of the DKL colour space are
represented. r is a vector, the length of which represents the difference of
a chromaticity relative to point (0,0,0), 0 describes the chromaticity in
terms of the angle between chromatic pathways and @ represents the
contribution of the luminance pathway.
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1.16.3 Unique hues

Unique hues are defined as red, green, blue and yellow that contain no
contamination in their appearance from the neighbouring opponent
chromaticities; for example, unique blue is the blue that does not appear to contain
any reddish or greenish in it so it has the appearance of a “pure” (unique) blue. It
can be noted that the unique hues do not align with the two orthogonal axes
representing the colour opponent pathways (Wuerger et al., 2005), see Fig. 1.17.
This is the reason the L-M pathway is referred to as reddish and greenish and the
S-(L+M) pathway is referred to as yellowish and bluish, as the appearance along

these axes do not appear uniquely as red, green, yellow and blue.

GREEN YELLOW

Yellowish-bluish (5-(L+M))

-l!.3 -III.:I -I:I-1 E" :l.'l IJ.I l!‘! 0.4 05

Reddish-greenish axis (L-M)

Fig. 1.17

Unique hue data shown relative to the L-M and S-(L+M) axes. Modified
from Wuerger (2005).
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1.16.4 The CIE 1931 colour space

In 1931 the Commission Internationale de 1'éclairage (CIE), the international
authority on lighting, illumination, colour and colour spaces, produced the CIE
1931 colour space, the 1931 CIE 2° standard observer and a set of colour matching
functions (CIE, 1932). A series of colour metric experiments were performed by
Wright and Guild (Wright, 1928; Guild, 1931) whose results were combined to
form the CIE RGB colour space; this space was used as the basis for the CIE 1931 xy
colour space. As the retina contains three cone types the L-, M- and S-cones that
are sensitive in the long, medium and short wavelength regions of the visible
spectrum, respectively. Therefore the range of colours distinguishable to a normal
trichromatic observer can be described through the use of only three signals, one
corresponding to each cone type. A set of tristimulus values, denoted by (capital)
XYZ, are defined such that when two colours appear to match, they will have equal
tristimulus X, Y and Z values. A colour match will always have matching
tristimulus values even if the colours are metamers; that is two colours that are
composed of unequal spectral power distributions but which produce matching
colours. Fig. 1.18 illustrates the CIE 1931 colour space; the main horseshoe shaped
locus corresponds to the spectral (single wavelength) colours is shown bounding
space. The straight line connecting the two ends of this locus is known as the line
of purples and connects spectral red and violet at opposites ends of the visible

spectrum with a series of non-spectral purples.
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Fig. 1.18

The CIE 1931 xy chromaticity diagram. Image adapted from savory.de
(Accessed July 2011).

1.16.5 CIE standard 2 deg standard observer and the colour

matching functions

The spatial distribution of L-, M- and S-cones within the retina is not homogeneous
(see the cone mosaic section); therefore the values of the tristimulus values will
not be independent of the size of the field of view, i.e., how much of the scene is
viewable. It was decided by the CIE commission to restrict the field of view to 2°.
The functions corresponding to this CIE standard observer are defined by a set of
colour matching functions (CMF); these CIE 2° CMFs are a set of three functions
denoted by X(A), y(A) and Z(A), which are essentially the three spectral sensitivity
curves of the CIE 2° standard observer when stimulated by light of wavelength A to

produce the tristimulus values X, Y, and Z. These functions are the definition of the
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CIE standard observer. The three X, Y and Z tristimulus values for the CIE 2°
standard observer for a given spectral power distribution P(A), i.e.,, chromaticity,
are defined by Eq. 1.11, 1.12 and 1.13, respectively. In order to computationally
calculate the X, Y and Z tristimulus values, for example in 1 nm increments, Eq.
1.11, 1.12 and 1.13 are converted into their corresponding discrete versions (Eq.

1.14, 1.15 and 1.16, respectively), over the range 400 <A < 700 nm.

Xzf POV X() dA Eq.1.11
0
y = f PO) §(A) dA Eq.1.12
0
7= f POV Z() dA Eq.1.13
0
700
X = Z POY X)) dA Eq.1.14
400
700
y = Z PO 7 dA Eq.1.15
400
700
7= Z POV Z() dA Eq.1.16
400

1.16.6 Wavelength discrimination

The classic wavelength discrimination experiment measures the just noticeable
difference (JND) between two monochromatic light sources that arise due to small
differences in their wavelength; the experimental procedure is as follows. A
maxwellian view set up (Thibos, 1990) is used to display a bipartite field to an

observer, see Fig. 1.19(a). One half of this field has a test monochromatic light of a
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known wavelength displayed within it, the other half field has a light with a
comparison wavelength. The wavelength of the comparison field is varied under
the control of the observer, as the observer varies the wavelength they also make
adjustments to the luminance of the comparison field attempting to maintain the
whole field at a perceptually equal luminance level (brightness). The wavelength
discrimination threshold is defined as the point when the two fields appear
different independent of the luminance of the field (Pokorny and Smith, 1970). If
the wavelength of the test field is A, the wavelength of the comparison field is A+AA.
A typical plot of AA as a function of A is shown in Fig. 1.19(b), it approximately
follows a “W” shape for human observers, with a central peak at ~540 nm,
surrounded by two minima at ~490 and 580 nm. The curve rapidly increases at
the two ends of the spectrum, for high wavelengths above ~630 nm and low
wavelengths below ~470 nm, with an additional local maxima at ~450 nm. It can
noted from Fig. 1.19(b) that a JND can occur with a very small difference in
wavelength (A7), this can be as low as ~1 nm over the bluish and yellowish regions
of the spectrum. The “W” shape of this curve has been shown to have its minimum
and maximum peaks correspond to the chromatic opponent (reddish-greenish: L-

M and Yellowish-bluish: S-(L+M)) pathways (Zhaoping et al., 2011).
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Fig. 1.19(a)and (b)

The classic wavelength discrimination experiment stimulus; the test field
of wavelength A (left) and the comparison field of wavelength A+AA
(right). The typical “W” shaped plot obtained over the visible spectrum
for Avs. A A. Adapted from Wright and Pitt (1934).

1.16.7 Colour discrimination - MacAdam'’s ellipses

An early experiment that investigated the variation of colour discrimination
thresholds was performed by MacAdam (1944); although the experiment was
actually based on observers making a series of colour matches, the observers’
errors provide a reflection of their colour discrimination thresholds. A fixed
reference colour was presented and the observers’ task was to adjust a second
colour next to it until it matched the reference colour, both colours were presented
next to each other in a 2° comparison field. Using the same reference colour the
observers made repeated colour matches along different directions in colour space

and standard deviations of the matches for a number of colour directions were
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calculated. It was discovered that plotting the standard deviations of these
matches with respect to the reference colour in the CIE 1931 xy chromaticity
diagram produced an ellipse with the reference colour located approximately at its
centre. In total, 25 reference colours were used and 25 corresponding ellipses
produced. Fig. 1.20 shows a single MacAdam'’s ellipse from this 1942 study; the
hollow points are the standard deviations of successive colour matches with
respect to the chromaticity located at CIE xy: (0.160, 0.057), for a single observer
(PGN), the best fitting ellipse that represents the discrimination contour is also

indicated by the solid black line.
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Fig. 1.20

A single MacAdam’s ellipse; the white circles are the standard deviations
for colour matches made with respect to the reference colour, located CIE
xy:(0.160, 0.057), along different directions of the colour space. The black
contour is the best fit ellipse that represents the average standard
deviation for each colour direction. Reproduced from MacAdam (1942).

The reference and test fields were presented with a luminance of approximately 48
cd m2, over the course of the experiment it has to be assumed that some chromatic

adaptation to the stimulus occurred. Fig. 1.21 shows all 25 fitted discrimination
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ellipses (scaled by a factor of x10 for clarity). It is shown later that these data are
consistent with the presented study in chapter 3 as well as a linear model of cone

excitations.

CIEy

CIEx

Fig. 1.21

All 25 MacAdam’s ellipses (scaled x10) illustrated in CIE 1931 colour
space. Image adapted from photometrictesting.co.uk (accessed Nov
2011).

1.16.8 Chromatic adaptation

When an observer is exposed to a particular chromaticity over time they will
chromatically adapt to it, that is, their cone sensitivities adjust themselves in such a
way as to become more sensitive to chromaticity changes at that given adaptation

point. This adaptation can be described by the Von Kries model. This model
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applies a gain (i.e., it changing the output signal relative to the input signal) to the
sensitivity curve of each of the cone types independently; this is done in such a
manner as to keep the adapted appearance of a reference achromatic (whitish)
chromaticity constant. The gain is applied in such a way that it is dependent on the
excitation within a particular cone class independently, for example, if the
observer is exposed to an illuminant with only a bluish/violet component then the
S-cone gain will reduce in response to the exposure to a greater degree than the L-
and M-cones response. Colour constancy, the mechanism whereby an object’s
colour appearance remains constant under different illumination conditions, relies
on independent variation of the gains on the L-, M- and S-cone sensitivity curves.
The transformation from one illuminant to another can be approximately modelled
based on the produced cone excitations (the method for calculating cone
excitations is outlined in chapter 2), it can be described by Eq. 1.17. L, M and S are
the cone excitations produced under the adapting illuminate; L1, M1 and St are the
cone excitations produced under a second illuminant and Li,achromaticc M1,achromatic
and Siachromatic are the cone excitations produced under the second illuminant

which produces an achromatic percept.

L 1/L4 achromatic 0 0 L,
[M] = 0 1/1\/[1,achromatic 0 [Mll Eq_ 1.17
S 0 0 1/Sl,achromatic Sl
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1.16.9 Pre-photoreceptor filters

In order for light from an external light source incident on the eye to reach the
retina it has to be transmitted by two important pre-receptoral filters. Firstly,
incident light passes through the lens of the eye which, especially as an observer
ages, can undergo a process of “yellowing”; this has the effect that it will filter some
portion of the short wavelength light. The second is the filtering effect of the
macular pigment (MP), this is a yellowish pigment that covers the central fovea, it
also filters some portion of the short wavelengths of the incident light. These two

filters are discussed in the next two sections.

1.17 Macular pigment density

Macular pigment (MP) is found on the inside surface of the retina, it is a yellow
coloured pigment that typically covers the central 5 mm of the fovea. Fig. 1.22
shows the variation of MP density - it can be seen that it affects the short
wavelength bluish region of the visible spectrum. Many templates have been
proposed to describe the MP filtering effect (Vos, 1972; Wyszecki and Stiles, 1967;
1982), in general they suffered from an overestimate of the MP optical density.
Bone et al. (1992) derived a template that was based on an experimental technique
where lutein and zeaxanthin, the components of MP, were held in solution whilst
their transmission properties were recorded over the visible spectrum with a
spectrophotometer. The Bone template, shown in Fig. 1.22 was derived from these
results and the Stockman-Sharpe cone fundamentals have the Bone template
(scaled to a peak value of 0.35) factored into them (Sharpe and Gegenfurther,

2001). It has been proposed that its purpose is to filter out harmful high energy
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blue light which could potentially damage the retina over long exposure times, this

is commonly referred to as the “blue light hazard” (Sparrow et al., 2002).
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Fig. 1.22

The Bone Macular pigment template showing the variation of Macular
pigment density as a function of wavelength (nm).

1.18 Lens pigment density

Similarly to the effect provided by the macular pigment, the yellowing of the
crystalline lens within the eye also filters incident short wavelength blue light. The
template provided by van Norren and Vos (1974) representing the mean
absorption due to the lens has also been factored into the Stockman-Sharpe cone
fundamental functions (Sharpe and Gegenfurther, 2001); this curve is plotted in
Fig. 1.23. This curve has been shown to vary over the course of an observer’s
lifetime; as they grow older and hence have longer exposure times to natural light

the greater the yellowing.
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The pigment density of the crystalline lens is plotted as a function of
wavelength (nm).
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Chapter 2

Materials, methods and data processing

2.1 Introduction

This chapter describes the hardware, experimental procedures and data analysis
methods used in this study. The Colour Assessment and Diagnosis (CAD) test is the
most used system and is hence given most attention; the P_Scan-100 pupil

measurement system and the Macular Assessment Profile (MAP) test are also

described.

2.2 The Colour Assessment and Diagnosis (CAD) test

The CAD test was developed at City University and employs dynamic luminance
contrast noise (Barbur et al., 1992; Birch et al, 1992). All CAD test graphics and
controlling software was programmed in C++ and runs under DOS and Windows
(Microsoft Corporation) operating systems. The test allows psychophysical
measurement of human chromatic detection thresholds. This is achieved by
displaying a series of moving chromatic stimuli, embedded within a grid of
dynamic luminance contrast noise; observers make judgments on the direction of
travel of these stimuli and via a series of interleaved staircases and observer
responses a final set of chromatic detection thresholds, in terms of CIE 1931

chromatic displacements (CD), are produced. A series of CDs are normally
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produced for a set of CIE xy colour directions relative to some given background
coordinates allowing an elliptical contour to be computationally fitted. Many
parameters within the CAD test can be manipulated providing a convenient testing
system for data collection in the following colour vision studies. For example, the
chromaticity and luminance of both the foreground (within which the stimuli is
presented) and background, along with temporal properties of the stimuli, such as

the velocity of the stimuli can be varied.

2.2.1 CAD test equipment

The stimulus was displayed on a Sony Multiscan 500PS Trinitron monitor, which
has a screen size of 27° x 22° (viewing distance: 70 cm) and a frame rate of 75 Hz.
The monitor was driven by an ELSA Gloria XL 30-bit graphics card. The controlling
software ran on a desktop PC running MS-DOS; the choice of operating system for
this study was to eliminate the risk of context switching and hence ensure accurate
timing for stimulus generation and display. Observers responded to the stimuli by
pressing one of four buttons on a handheld control pad which was connected to
the PC via an Amplicon PC30AT multifunction data acquisition card. A Zeiss chin
and forehead rest were used for convenience and to maintain a fixed eye-to-
monitor viewing distance (70 cm); this chin and forehead rest is enclosed within a
‘head box’ which contains additional equipment used for measuring and tracking
the pupil (discussed later in the chapter). Fig. 2.1 is a schematic of the physical
CAD system set up; the observer is indicated (grey) with their head in the ‘head

box’ (purple), resting against the chin and forehead rests, the CRT display is
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positioned with its screen at approximately the same vertical level as the

observers eyes, with a horizontal separation of 70 cm.

v

Observer

CRT display

Chin and
forehead rest

Fig. 2.1

The physical set up of the CAD system.

2.2.2 Monitor calibration

In order to reliably reproduce chromaticities and luminance levels the CRT display
requires calibration. The calibration involves two stages outlined in the next two
sections; first the luminance gamma correction followed by the measurement of
the spectral power measurement of the red, green and blue phosphors (RGB

phosphors).

2.2.3 Gamma correction

The RGB phosphors of the display increase their luminance output as the voltage

applied to the RGB phosphor guns is increased. The relationship between the
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luminance outputs of the phosphors and the applied voltage is non-linear; it
typically follows a power relationship - the power of which is referred to as the
‘gamma’. It is important to correct for this non-linearity as the displayed colour
saturation and hue vary with changes in gamma, in addition without correction
most images will be displayed too dimly. Fig. 2.2(a) shows that when displaying
the input image (top row) with no gamma correction applied, the output image
(bottom row) will not be reproduced correctly. Fig. 2.2(b) shows the same input
image (top row), along with the gamma correction to be applied (middle row)
where the output image (bottom row) equals the desired output given the input

image, i.e., the input and output images are equal.

The three RGB phosphors have different luminance output ranges; these are
plotted in Fig. 2.3, the output luminance of the three RGB phosphors is plotted as a
function of applied voltage. It can also be observed that at the maximum gun
voltage (Vmax=700 mV) the green, blue and red phosphors are at their maximum
output luminance values of ~79, ~21 and ~10 cd m, respectively. For each
phosphor in isolation, each luminance increment is displayed on screen and
measured using a luminance meter and these luminance values are stored in a look
up table (LUT). The graphics card makes use of the LUT in order to calculate the
required voltage that needs to be applied to each phosphor gun in order produce a

particular desired luminance level for each pixel on the display screen.
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Fig. 2.2 (a) and (b)

The top row of (a) shows an example input luminance gradient, the
bottom row shows the results that would be displayed on a non-gamma
corrected monitor. The top row of (b) again shows an input luminance
gradient, the second row shows the input after the gamma correction has
been applied, the bottom row shows the corrected output image, i.e., the
desired output image equals the input image (V=voltage, L=luminance).
Figure adapted from siggraph.org (accessed Feb 2012).
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The luminance outputs of the RGB phosphors as a function of LUT
address. Each phosphor follows a power law as the voltage increases.

2.2.4 Red, green and blue monitor phosphor calibration

In addition to the gamma correction that takes care of the luminance component of
any output display signal; the spectral power distributions are also required for
calibrated chromatic output on the display. A spectroradiometer along with
custom controlling software to display each of the RGB phosphors in isolation was
used to achieve this; the spectroradiometer recorded the spectral power
distribution of the RGB phosphors in isolation over the visible spectrum, in 1 nm
increments. The measured spectral power distributions are plotted in Fig. 2.4, the
plot is colour coded so that red corresponds to the red phosphor, green

corresponds to the green phosphor and blue corresponds to the blue phosphor.
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The spectral power distributions of the red, green and blue phosphors,
indicated by the red, green and blue curves, respectively.

These spectral power distributions are used to calculate the entries in a colour
look up table (cLUT). When the CAD system is required to display a particular
chromaticity the cLUT can be consulted to determine the correct RGB values to be
used. These are then transformed by the graphics card into the appropriate gun

voltages for each pixel on the CRT display.

2.2.5 CAD stimulus and experimental procedure

The CAD test uses spatiotemporal luminance noise to isolate the use of colour
signals (Barbur, 1992 and 2003). The latest version of the test employs a 5 x 5
square array of checks which move diagonally, in a randomly selected direction

(four possibilities). The stimulus moves at a constant speed of ~4 ° s'1 over a
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visual angle of ~2.9°; movement is across a slightly larger square region of ~3.3 x
3.3° defined by the dynamic luminance contrast noise. The stimulus chromaticity,
as specified by its CIE 1931 xy coordinates, has the same mean luminance as the
checks of the square target area. The Euclidian distance between target and
stimulus chromaticities (CD) provides a measure of colour signal strength. Sixteen
or twenty different directions in CIE space relative to the positive CIE x-direction
(defined as zero degrees) were normally specified for testing. The thresholds were
measured along each direction using one interleaved staircase per direction tested.
For each trial presentation the stimulus direction of travel was chosen randomly;
the stimulus always started in one of the four corners of the larger patch of
luminance noise (the ‘foreground’ or ‘target area’) and moved diagonally towards
the opposite corner. A larger surround, i.e., the rest of the display, subtended 27° x
22° (the ‘background’). The observers detect the coloured stimulus when
displayed on the foreground which is in turn surrounded by the uniform
background. Fig. 2.5 shows an example of a chromatic CAD stimulus embedded in
the patch of luminance noise. The observers are instructed to press any button
when unable to detect the coloured stimuli. Multiple presentations of the same
stimulus, within the interleaved staircases, were tested to ensure that the chance
of the subject guessing the direction of motion correctly when they had not
detected the stimulus was less than 1 in 16. About 90 seconds of adaptation to the
uniform background field preceded each testing block. When testing at low light
levels (<3 cd m2), subjects dark adapted for 20 minutes, this was in order to
ensure the cones had dark adapted past the start of the dark adaption curve
plateau (~7 minutes) and the rods were also adapted. When testing at lower light
levels a neutral density filter (see next section) was placed in front of the

observer’s eye. This allowed the actual luminance level of the display to be kept
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relatively high, while presenting the stimulus, foreground and background at a
lower luminance level. The full spectral transmittance of the filter was used
together appropriately when calculating the luminance/chromaticities of the

displayed stimuli.

Fig. 2.5

An example of a greenish CAD stimulus embedded in the patch of
luminance noise. The dimensions of the luminance noise patch and entire
display is indicated.

2.2.6 Neutral density filters

An ideal neutral density filter reduces the intensity of each wavelength present in
the incident light and transmits this reduced intensity spectrum without changing
its chromatic content, i.e., it can reduce the luminance only. The optical density
(OD) of the filter is given by the negative logio of the ratio of light intensity
transmitted to that incident on the filter. Fig. 2.5 plots the transmission spectra of
three typical neutral density filters, with OD nominal values of 0.1, 0.4 and 0.5.
They were employed when testing observers on the CAD system when the

required luminance was below 3 cd m; this allows high luminance to be
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physically displayed on the CRT, whist a low luminance stimuli is presented to the

observers.
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Fig. 2.6

The transmission spectra of three neutral density filters with OD values of
0.1, 0.4 and 0.5.

2.3 Data processing

Once a set of CAD detection thresholds are measured, the thresholds can be
converted into a relative cone excitation space, a cone contrast space or left
unprocessed as CIE 1931 colour space coordinates and examined in terms of the
measured chromatic displacements (CD). The cone excitation and cone contrasts
method can reveal detection threshold variations in terms of the opponent L-M vs.
S mechanisms; ellipses can be fitted in any of these spaces in order to visualise a
mean contour describing the detection thresholds. An additional method is to
display the individual L-, M- and S-cone contrasts as a function of the angle they

subtend in a given colour space, this could be CIE, cone excitation or cone contrast;
78



these plots are referred to as cone contrast curves. The following sections describe
these methods further and provide examples of each; they are all used in later

chapters for analysis/modelling.

2.3.1 The use of ellipses

Chromatic threshold ellipses are commonly used to describe colour matching,
discrimination and detection data (Brown and MacAdam, 1949; Wyszecki and
Fielder, 1971; Dischler and Valberg, 2006). This is largely due to the goodness-of-
fit of the ellipse equations to the raw measured data. Some researchers, however,
have expressed the opinion that ellipses are not the best descriptors of the data
(Nagy, 1998). Poirson et al. (1990), investigated the fitting of other basic
parametric shapes to colour threshold detection data. In addition to ellipses,
rectangles and parallelograms were fitted to their data. They found that ellipses
and rectangles could indeed be fitted to the data with the same degree of error, this
is due to the geometric similarities of ellipses and rectangles. Parallelograms
however could be fitted with a lower degree of error than both the ellipses and
rectangles, it was hypothesised that this was due to parallelograms being a
generalised rectangle and hence providing extra degrees of freedom for the fitting
algorithm. Fig. 2.7 is reproduced from Porison et al. (1990) and shows an example
of a set of measured detection thresholds (black squares), along with three

different geometrical fitted shapes (a parallelogram, rectangle and ellipse).
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Fig. 2.7

A set of detection thresholds (Black squares) along with a fitted
parallelogram (solid line), rectangle (dashed line), and ellipse (dotted
curve). Reproduced from Porison et al. (1990).

The use of rectangles was rejected as a good descriptor by Porison, even though
they mathematically approximate the data to a high degree of precision, as they do
not provide a means of identifying physiological visual mechanisms. Although
visual mechanisms could be identified from the parallelogram they did not
improve upon the fitted ellipse. It was decided to use the ellipse paradigm in the
following investigations to describe the measured colour detection data; this
would aid with the comparison to historical data and it also appears to be the most

physiologically likely.

2.3.2 Fitting algorithm

In order to fit an ellipse to a set of data there are a variety of fitting methods that
could be employed, for example Porrill (1990), Gander (1981; 1994) and Rosin
(1999). The entire set of fitting algorithms considered for use in this study

employed a least squares technique (Bjorck, 1996). The main consideration in
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choosing a fitting algorithm was whether to use a method that employed a fixed or
non-fixed centre, i.e., would the coordinates of the centre of the ellipse be input
parameters to the algorithm? It was decided to use a non-fixed centre for a
number of reasons. Ellipses in the following experiments were measured over a
wide (>2.5 log units) range of luminance levels. The measured detection ellipses
become significantly asymmetric over the lower light levels tested (<3 cd m2),
mainly due to an increased threshold in the yellow direction, as also shown
previously by Brown (1951). These observations reflect differences in sensitivity
for increments and decrements in S-cone signals at low light levels (Walkey et al.,
2001; Yebra et al, 2001). Non-fixed centre fitting methods preserve this yellow-
blue (£S) asymmetry elongation when it occurs. The method outlined by
Fitzgibbon et al. (1999), was chosen for all ellipse fitting. This method takes the
raw measured data points as its inputs, and outputs a result set containing the
semi-major axis, semi-minor axis, orientation (semi-major axis relative to the
abscissa) and the coordinates of the fitted ellipse centre. Due to the possibility of a
yellow-blue asymmetry, the centre of the fitted ellipses are not necessarily in the
same position as the foreground chromaticity coordinates being considered. The
maximum number of raw threshold data points to be fitted at any one time was 20,
i.e., one blocks worth of data; for datasets of this size the fitting computation time
was negligible (<1 second on a standard desktop PC). Fig. 2.8. shows an example of
a set of CAD measured detection thresholds and their corresponding fitted ellipse
in CIE xy space (the coordinates of the CDs were used as inputs). The thresholds
were measured relative to the target at CIE xy: (0.265, 0.420), over 16 equally

space directions.
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Fig. 2.8

16 CAD measured thresholds (black circles) shown in CIE xy space for
observer SFR. The solid black curve is the contour of the fitted ellipse.
The ellipse was measured for a target located at CIE xy: (0.265, 0.420)
indicated by the cross. The non-fixed centre fitting algorithm calculated
the ellipses centre to be located at CIE xy: (0.266, 0.419) indicated by the
triangle.

2.3.3 Cone excitations and contrasts

When light emitted from the stimuli on the CRT display differs in spectral
composition to the surrounding target field, these spectral differences are reflected
in the excitation levels produced in each of the L-, M- and S-cones. The first step to
determine the cone excitation values is the trivial conversion of the CIE xy
chromaticity coordinates (small xy) of the chromaticity in question, displayed with
a particular luminance level (L), into its corresponding CIE X, Y and Z tristimulus
values (big XYZ), this is achieved using the triplet of standard CIE equations given
by Eq. 2.1, 2.2 and 2.3 (Hunt, 1989), Eq. 2.2 indicates the relationship between the
Y tristimulus parameter and luminance level, the units of which should be specified

(cd m-2 will be used throughout the following experiments).
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X=—x Eq.2.1
y

Y=L Eq.2.2
Y

Z=7(1—x—y) Eq.2.3

Where, x and y are the CIE xy chromaticity coordinates of the stimuli (or
foreground/background). If the stimulus has a spectral power distribution given
by I(A) and the spectral sensitivities of the L-, M-, and S-cones are given by L(A),
M(A), and S(A) then the photon absorptions rates Labsorption, Mabsorption, and Sabsorption
of the L-, M-, and S-cones for a stimulus composed of the spectrum I(A) can be

defined as by Eq. 2.4, 2.5 and 2.6, respectively.

830
Labsorption = f 1(A) L(4) dA Eq.2.4
390
830
Mapsorption = f 1(A) M(2) dA Eq.2.5
390
830
Sabsorption = f 1(4) S(A) da Eq.2.6
390

Each integral has limits from 390 to 830 nm corresponding to the visible portion of
the electromagnetic spectrum and L(A), M(A), and S(A) are the Stockman-Sharpe
cone sensitivity curves (Stockman, Sharpe and Fach 1999 ; Stockman and Sharpe,

2000).

A 3 x 3 transformation matrix (Q) can be derived that is capable of converting a
triplet of X, Y and Z tristimulus values into a set of L-, M- and S-cone excitations.

The transformation matrix Q is produced by multiplying the spectral power
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distributions of the red, green, and blue phosphors (R(A), G(A) and B(A),
respectively) of the CRT display and the Stockman-Sharpe L-, M- and S-cone
fundamentals (L(A), M(A), and S(A), respectively) over the visible spectrum (this
was done in 1 nm intervals of A). The XYZ tristimulus values can then be
transformed into their corresponding Lex-, Mex- and Sex-cone excitations by simply

multiplying by matrix Q, see Eq. 2.7 (Golz, 2003; Brainard, 2002).

Lex X
My|=Qly Eq. 2.7
Sex Z

0.17 0.53 -0.02
where; Q ~|[-0.16 0.49 0.04
0.02 -0.04 1.04

The inverse matrix Q-1 (Eq. 2.8) can be used for the reverse transformation, i.e., the

conversion of L-, M- and S-cone excitations to X, Y and X tristimulus values.

X Leyx
Y| =Q 1| M, Eq.2.8
Z Sex

Within the field of vision science the concept of contrast is usually defined in three
common ways; Michelson (Michelson, 1927), root-mean-square (Peli, 1990) and
Weber (Whittle, 1994) contrast (see chapter 1). When defining the L-, M- and S-
cone contrasts in the following experiments the Weber contrast method is always
employed. This is the most appropriate method of defining contrast values when
considering a small stimulus (subscript: ‘stimulus’) against a larger
foreground/background field with a constant and uniform luminance (subscript:
‘bg’). The L-, M- and S-(Weber) cone contrasts (Lcontrast, Mcontrast and Scontrast,

respectively) are defined by Eq. 2.9, 2.10 and 2.11;
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Lstimulus - Ltarget

Leontrast = I Eq.2.9
target
Mstimulus - Mtarget
Mcontrast = M Eq.2.10
target
S ti l - St t
Spe = stimulus arge Eq.2.11

Starget

The subscripts ‘stimulus’ and ‘target’ represent the excitations produced in that
particular cone class by a particular stimulus and target chromaticity combination
(or stimulus and background, if the target and background are equal). Using this
CIE xy to cone contrast transformation method, the colour detection thresholds
measured in the CIE xy colour space can be converted into either an opponent (L-
M vs. S) relative cone excitation or cone contrast space. Fig. 2.9(a), (b) and (c)
show an example of a measured threshold ellipse plotted CIE xy, a relative cone

excitation and cone contrast space, respectively.
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Fig. 2.9(a), (b) and (c)

Examples of measured threshold data plotted (a) the CIE xy colour space,
(b) a relative cone excitation space and (c) cone contrast space.

2.3.4 Cone contrast curves

In order to visualise individual cone contrasts, cone contrast curves can be used.
These are plots that show the three L-, M- and S-cone contrasts as a function of
chromatic angle. They can be calculated for ellipses in any colour space that an
ellipse can be displayed in. Fig. 2.10(a) shows the L-, M- and S-cone contrasts
curves obtained from the threshold data displayed in Fig. 2.9(a). Fig. 2.10(b)
shows the L-, M- and S-cone contrasts for the same set of thresholds but for the

angles as defined by the ellipse in Fig. 2.9(c), i.e., an ellipse in L-M vs. S opponent
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cone contrast space. In Fig. 2.9(a) an angle of zero degrees refers to the positive
CIE x-direction. The minimum of the S-cone excitation curve occurs at
approximately 62 and 242°. The minima at 62° corresponds to the maximum
negative S-cone contrast and represented detections being made in the yellowish
CIE colour direction, the maxima at 242° corresponds to the maximum S-cone
contrast and represented detections being made in the bluish CIE colour direction,
both relative to the target chromaticity at CIE xy: (0.305, 0.323). At these points
the L- and M-cone contrasts are approximately zero, implying no L- or M-cone
contrast is required and the S-cones in isolation are making the detection.
Detections in the greenish and reddish colour directions, with respect to the target
are made within the regions from approximately 110° to 200° (greenish) and 310°
(wrapping around passed 360°) back to 40° (reddish), respectively. In these
regions the L- and M-cone contrasts remain relatively constant, while the S-cone is
shown to be at most half its peak values. Fig. 2.10(b) plots the variation of L-, M-
and S-cone contrasts as a function of cone contrast space angle; zero degrees is
defined by the positive [L-M]-cone contrast direction. It can be observed that the
S-cone contrasts minima and maxima values lie at 90 and 270°, respectively; these
directions correspond to S-cone detections in the yellowish (-S) and bluish (+S)
colour directions, the S-cones are active in isolation from the L- and M-cones at
both of these points. It can be noted that the S-cone maxima and minima are
broader when plotting the cone contrasts as a function of CIE colour angle and the

regions between these points the L- and M-cone contrasts are less parallel.
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Fig. 2.10 (a) and (b)

L-, M- and S-cone contrast curves as functions of (a) CIE and (b) cone
contrast colour angle, respectively. The insert indicates the approximate
colours for each direction in cone contrast space.

2.4 P_scan-100 pupillometry system

The P-Scan-100 pupillometry system (Barbur et al, 1987) was initially designed

and realised in order to measure and track pupil size and direction over time. In
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the investigation presented later in Chapter 7 it was employed to record the steady
state pupil size (diameter) produced when observers view a series of
chromaticities over a range of light levels. The ‘head box’ described earlier in the
chapter where observers’ position their head during the CAD test (Fig. 2.1)
contains the hardware for this system. An infrared light source consisting of
pulsed light emitting diodes (LEDs) were arranged in such a way as to illuminate
the observers’ pupil but minimise the reflections from the cornea. Images of the
eye were recorded, at a rate of 20 Hz, using a photon camera and relayed to a video
processing adapter board slotted directly into the controlling desktop PC. In order
to segment the pupil from within each image the system relies on the difference in
intensity between the pupil and iris; the system extracts the coordinates along the
pupil-iris border from within 64 pre-selected monitor scan lines, these values are
stored for use during the pupil size calculation. This data representing the circular
contour of the pupil had best fitting circles applied to it in order to obtain an
estimate of the pupil diameter. In order to measure the steady state pupil size a
series of images are obtained over a few thousand milliseconds, during this time
the pupil size will fluctuate so a mean value is calculated from the total of the

images recorded (along with an associated standard deviation).

2.5 The macular assessment profile (MAP) test

The experiment presented in Chapter 6 required a measure of individual observers
macular pigment optical density (MPOD); in order to obtain these measurements a
heterochromatic flicker photometry (HCFP) technique was employed. The

Macular Assessment Profile (MAP) test was implemented on a CRT display and
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provides a rapid and convenient means to MPOD (Barbur, et al., 2010; Rodriguez-
Carmona et al, 2006). The MAP test uses an optical notch filter to separate the
outputs of the three RGB phosphors of the CRT display into two components. One
component is absorbed maximally by the macular pigment (MP) and is derived
only from the spectrally modified blue phosphor gun: the ‘test beam’. The other is
based on a combination of red and green phosphor luminances and consists largely
of long-wavelength light that is not absorbed by the MP: the ‘reference beam’. The
luminance of the reference beam is set at 20 cd m2 and its modulation depth is
fixed at 20%. The MAP test makes use of the advantages of the visual display to
produce stimuli of varying size at a number of randomized locations, generating
counter-phased sinusoidal modulations of the two stimulus beams. The frame rate
of the display was 140 Hz and the stimulus modulation frequency was 15 Hz. The
high temporal modulation frequency employed ensures that at threshold the
activity of the luminance flicker detection mechanism that relies only on the L and
M cone signals is isolated. The stimulus was presented as a short burst of flicker of
approximately 500 ms duration and the observer’s task was to simply report the
presence or absence of perceived flicker. A modified staircase procedure with
variable step sizes was used to measure the mean luminance of the test beam
needed to cancel the perception of flicker generated by the reference beam. The
MAP test was used to measure the MPOD along a number of specified locations
from -7.8° to +7.8° eccentricity. The test stimulus changes from a disc of 0.36°
diameter when presented at the fovea, to a sector annulus when presented at one
of six discrete locations on either side of fixation across the horizontal meridian:
+7.8°, £6.8°, +£3.8°, +2.8° +1.8° and #0.8°. The width of the test annulus also
increases systematically with eccentricity to facilitate the detection and the nulling

of luminance flicker. Fig. 2.11 shows examples of the stimulus when presented at
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fixation (a), at +1.8° (b) and +7.8° (c); four guides are shown that assist the
observers to maintain fixation which are present on screen throughout the testing

procedure.

(b)

Fig. 2.11(a), (b) and (c)

Examples of the MPOD system stimulus presented at a series of
eccentricities: (a) zero, (b) +1.8° and (c) +7.8° (c). Image adapted from
Barbur et al. (2010).

Five set of randomly interleaved, repeat measurements were taken at each spatial
location investigated, and these values are referenced with respect to 7.8°
eccentricity; this is based on the assumption that the MP density at 7.8° is
negligible. The test was performed at a viewing distance of 70 cm and the stimulus
was presented only to the right eye. Similar measurements made with the left eye
confirmed previous findings showing a positive correlation in MPOD values
between the two eyes of a single observer (Robson et al., 2003). The MAP test was

validated (Barbur, et al, 2010) against MP measurements using a modified
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Moreland anomaloscope (Moreland and Kerr, 1979). This instrument employs a
narrow, short-wavelength beam with a peak output at 460 nm measuring the peak
MPOD. The MAP test, on the other hand, employs a broader, short-wavelength
beam slightly underestimating the peak MPOD. A simple photometric model that
predicts how the mean optical density of the MP, measured with the MAP test,
relates to its peak density (i.e., the optical density at 460 nm), was developed.
Following correction for peak optical density, the results obtained on the two
instruments were found to be in close agreement (Rodriguez-Carmona, 2006). Fig.
2.12 shows an example of the variation of measured MPOD as a function of
eccentricity for a typical observer. Two useful parameters are extracted from
these profiles and form the basis of the analysis in chapter 6, they are the peak

MPOD value (MPpeak) and the mean MPOD over the central 2.8° of visual angle

(MP2.g-).
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An MPOD profile for an observer with a higher than average peak MPOD,
in the range from zero (peak MPOD) to 7.8° eccentricity (~zero MPOD).
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Chapter 3

Colour detection thresholds as a function of chromatic

adaptation and light level

3.1 Introduction

This chapter describes how colour threshold discrimination ellipses were
measured for several states of chromatic adaptation and for a range of luminance
levels using the Colour Assessment and Diagnosis (CAD) test. An analysis of these
results was carried out by examining the cone excitation and contrast changes
required for threshold along the four cardinal cone excitation signal directions
(¥[L-M] and #S). These directions correspond roughly to reddish (+[L-M]),
greenish (-[L-M]), bluish (+S) and yellowish (-S) chromaticities, but do not
correspond to the directions in colour space corresponding to unique red, green,
blue and yellow (Wuerger et al, 2005). The results reveal a strong linear
relationship between the excitations induced by the adapting background field in
each cone class and the corresponding changes needed for threshold detection.
These findings suggest that the cone excitation change for threshold detection of
colour signals is always the same for a given background excitation level (in any
cone class); independent of the excitations generated in the other cone classes.
These observations are then used to develop a model to predict colour detection

thresholds for any specified background luminance and chromaticity within the
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range of values investigated in this study (0.3 < luminance < 31 c¢d m?%) and
chromaticities within the gamut of a typical CRT displays over that luminance

range.

3.2 Background

When the light reflected from an object differs in spectral composition to the
surrounding background field, these spectral differences are reflected in the
excitation levels produced in each class of photoreceptor. The colour
discrimination performance of the human eye is strongly affected by both the
luminance level and the spectral composition of the adapting light (Yeh et al.,1993;
Yebra et al., 2001). Knowledge of the limits of colour discrimination is important
in setting safety standards and guidelines in visually-demanding workplace
environments, for example in aviation, rail and maritime transport. Varying
conditions of illumination and chromatic adaptation are employed in different
working environments; these conditions will affect chromatic detection (Loomis
and Berger, 1979; Hita, 1989). It is therefore of both fundamental and practical
interest to be able to predict accurately how a subject’s colour detection
performance changes with light level and chromatic adaptation. These threshold
variations are analysed in terms of changes in L-, M- and S-cone excitation levels

required for threshold in the red, green, yellow and blue colour directions.
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3.3 Selection of background chromaticities and luminance levels

Two main factors determined the choice of chromaticities for the twelve
backgrounds employed in this study. The first was the chromaticities and the
output luminance range of each of the monitor phosphors. At higher luminance
levels the gamut of chromaticities available is reduced (Morovic, 2008) and this
limits the choice of background chromaticities for which colour detection
thresholds could be measured. The second factor is the massive increase in colour
detection thresholds at lower luminance levels (Walkey et al., 2001). This increase
can cause the thresholds to fall outside the gamut of the display. The twelve
background chromaticities were chosen to cover as much of the display gamut as
possible within its chromaticity and luminance limits, while also ensuring that the
measured colour detection thresholds fall within these limits. Colour threshold
ellipses could be measured for nearly every selected background in the range 1 to
31 cd m2. At the lowest light level investigated, 0.3 cd m2, only four of the 12
backgrounds could be measured. A spectrally calibrated neutral density filter of
optical density 1 log unit was employed when testing at luminance levels of

3 cd m2 and below.

3.4 Experimental procedure and data processing

Four subjects took park in this study; all had normal colour vision according to the

CAD test. All subjects had 6/6 vision or better and wore appropriate refraction
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lenses if required. Each observer carried out a CAD test run for each background
chromaticity and luminance level employed in the study. Ninety seconds of
adaptation to the uniform background field preceded the tests, in addition, for the
lowest background luminance levels (<3 cd m-3), subjects dark adapted for 20
minutes first. The testing was carried out over a number of sessions of ~45
minutes each. For each background and luminance level, the measured thresholds
were averaged for each of the 16 colour directions tested, collapsed over all
subjects. The measured ellipses become asymmetric at the very low light levels,
mainly due to an increased threshold in the yellow direction, as also shown
previously by Brown (1951). These observations reflect differences in sensitivity
for increments and decrements in S-cone signals at low light levels (Walkey et al.,
2001; Yebra et al., 2001). The non-fixed centre ellipse fitting algorithm (Fitzgibbon
et al., 1999) was applied to the mean raw thresholds for each condition; this
preserved any asymmetric elongations. This yielded a result set containing the
semi-major ellipse axis (a), the semi-minor ellipse axis (b), the orientation (0) of
the semi-major axis relative to the abscissa and the fitted ellipse centre co-
ordinates (Xo, Vo). R: Gt Bt and Y: were then calculated for each ellipse using
standard parametric ellipse equations Eq. 3.1(a) and Eq. 3.1(b) (Salomon, 2005),

where 0 is the ellipse orientation and t is any angle in the range 0 < t < 360°.

X(t) = X, + acos(t) cos(60) — b sin(t) sin(66) Eq.3.1(a)

Y(t) = y, + acos(t) sin(66) + b sin(t) cos(66) Eq.3.1(b)

The yellowish, greenish, bluish and reddish thresholds being the colour directions

96



0°, (6+90)°, (6+180)° and (6+270)° respectively, relative to the background
coordinates, in an anti-clockwise direction in CIE 1931 space. When transformed
into [L-M] vs. S-cone excitation space, the reddish, greenish, bluish and yellowish
threshold directions correspond to the cardinal directions +[L-M], -[L-M], +S and -
S, respectively. Fig.3. 1 shows the positions of these thresholds relative to the

background chromaticity (xug, ybg) in CIE xy space.

Fig. 3.1

Reddish, greenish, yellowish and bluish colour directions (R, G, Y: and By)
shown on a fitted ellipse contour. (xo, y,) are the CIE chromaticity co-
ordinates of the fitted ellipse centre and (x5 ybg) are the
background/foreground CIE xy coordinates.

These four CIE threshold coordinates along with the CIE background coordinates
(not fitted ellipse center co-ordinates) were transformed into their corresponding
CIE XYZ tristimulus values (Hunt, 1998). These in turn, were then transformed
into L-, M- and S-cone excitations using the method outlined by Golz and MacLeod
(2003), see chapter 2. This method was verified by calculating cone excitations
from first principles. The computation was performed by individually integrating
the product of the L-, M- and S-cone fundamentals and the corresponding spectral

radiance distributions needed to generate the specified background and
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foreground chromaticities, over the visible spectrum. This procedure yielded the
excitation in each cone class produced by foregrounds and backgrounds which
were found to be within 0.5% of the corresponding values computed using the

Golz and MacLeod matrix method.

3.5 Results

All mean CAD measured ellipses in CIE space were transformed into the [L-M]- vs
S-excitation space and are shown in Fig 3.2. This plot shows the [L-M]- vs S-cone
excitations in the horizontal plane as a function of background luminance (cd m-2)
over a series of isoluminant slices in the vertical plane. A linear model of cone
excitation is assumed and hence the cone excitation proportions remain constant
as the background luminance level varies, i.e., the relative values of L:M:S. This
means that the ratio of [L-M]- to S-cone excitation will also stay constant. For a
given background chromaticity the coordinates of the background excitations in
the [L-M]- vs. S-cone excitation plane occur along a straight line as a function of
background luminance. This curve will always point in the direction of the origin
([L-M], S, Luminance) = (0, 0, 0). Hence a diagonal straight line can be plotted
through the 3D excitation space that represents a constant chromaticity, but
varying luminance. This is illustrated by the black solid line in Fig. 3.2, for a
whitish background located at CIE xy: (0.305, 0.323) over a range of luminance

levels.
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Fig. 3.2

Mean measured ellipse data (n=4) represented as [L-M]- vs. S-cone
excitations plotted as a function of background luminance. The black
dots represent the mean measured data; the green crosses represent the
projection of these measured points onto the zero luminance plane for
clarity. The fitted ellipses for each background are shown as red contours
and the black solid line shows how points of constant chromaticity (CIE
xy: (0.305, 0.323)) plot over different the luminance levels.

3.5.1 Variation in detection thresholds

The L-, M- and S-cone excitations were calculated for each background (L», My and
S, respectively), at each luminance level, along with the corresponding L-, M- and
S-cone threshold excitations (L, M: and S;, respectively) in the *[L-M] and %S
directions of cone excitation space. These thresholds are defined by Ry, Gt, Bt and

Y, respectively (as shown in Fig. 3.1).
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3.5.2 L- and M-cones

The changes in L- and M-cone excitations required for threshold in the reddish
+[L-M] direction are illustrated in Fig. 3.3. The x-axis represents the excitations
produced in the L- and M-cones (L, and My) by the different background
chromaticities over the luminance range employed. The y-axis plots the
increments in L- and M-cones needed to reach threshold (6L and 8M, respectively,
where 8L=L¢ - Ly and 6M=M; - My). The slight clustering of the data points along

the curves corresponds to the different background luminance levels tested.

8L and 6M-cone excitations

5 § i | @ L-cones
@ M-cones

o2 —
0 5 10 15 20 25

L- and M-background cone excitations

Fig. 3.3

The changes required in L- and M-cone excitations for threshold in the
reddish colour direction versus the L- and M-cone excitations produced by
the backgrounds.

The data show a strong linear relationship between the L- and M-cone excitations

produced by the background and the corresponding excitation changes required
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for threshold for all chromatic backgrounds and luminance levels in the measured
range (r? = 0.94 and 0.90 for the L-cone and M-cones, respectively). Eq. 3.2 and
3.3 are based on Fig. 3.3 and are used by the model to predict the amounts by
which the stimulus L-cone excitation must increase (Eq. 3.2) and the
corresponding M-cone excitation must decrease (Eq. 3.3) to reach threshold in the

reddish direction, both as a function of the background excitations.

SL(Lb) = 0.0042 Ly + 0.0071 Eq. 3.2

SM (M) = -0.0066 M - 0.0086 Eq.3.3

Similar sets of curves were produced for the greenish -[L-M] direction. From these
plots Eq. 3.4 and 3.5 were determined; these equations predict the increments and
decrements in M- and L-cone excitations, respectively, required to reach threshold

when S-cone changes are absent or negligible.

SL(Lb) = -0.0044 Ly, + 0.0084 Eq.3.4

SM(Ms) = 0.0069 My + 0.0081 Eq.3.5

Comparing the coefficients in these four equations (Eq. 3.2, 3.3, 3.4 and 3.5), it can
be determined that for all background chromaticities and light levels tested, the L-
and M-cone excitation changes required for threshold are approximately equal in

magnitude, but opposite polarity in the reddish and greenish directions.
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3.5.3 S-cones

Provided the relative S-cone excitation produced by the background is above ~9
excitation units (see x-axis of Fig. 3.4), the change in the excitation of S-cones
needed to reach threshold in the bluish colour direction follow a similar linear
relationship (r?2=0.96, p<0.05), see Eq. 3.6, as the L- and M-cones for the
reddish/greenish colour directions. Below this value, the relationship between the
S-cone excitation produced by the background and the change in S-cone excitation
(8S) required for threshold can be described by the power curve give by Eq. 3.7
(r=0.87, p<0.05). The background luminance levels that produced these low
excitations ranged from 0.3 to 24 cd m?; this wide range is due to some
background chromaticities being displayed at low luminance levels producing
similar S-cone excitations to different background chromaticities displayed at high
luminance levels. The two equations needed to predict the threshold excitation
increments in S-cones as a function of background excitation for the yellowish

direction are given below by Eq. 3.6 and 3.7.

8S(Sb) = 0.05 Sy + 0.64, for Sp>9 Eq.3.6

8S(Sb) = 0.32 Sp056, for Sp<9 Eq.3.7

Fig. 3.4 plots the measured S-cone increments at threshold as well as the fits of Eq.
3.6 and 3.7. The corresponding changes in L- and M-cones in the bluish direction
have also been calculated, they were shown to remain at zero over the whole range
tested, i.e., they are independent of S-excitation increments. A similar set of
equations was also produced to predict the S-cone excitation change required in

the yellowish -S colour direction.
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Fig. 3.4

Change in S-cone excitation required to reach threshold in the blue colour
direction versus the S-cone excitations produced by the backgrounds. The
blue colour direction represents the mean orientation of the major axis of
the threshold detection ellipse measured for each of the four subjects
investigated in this study. The curve obeys a linear relationship (see
Eq.3.6) for relative S-cone excitations above ~9 and a power law
relationship with a coefficient of 0.56 (see Eq.3.7) for cone excitations
below this value. Note that the corresponding changes in L- and M-cones
are approximately zero when thresholds are measured in the blue colour
direction.

3.6 Reconstruction of ellipses

A model was constructed that attempted to predict the threshold ellipses. The
orientation of the measured fitted ellipses in the [L-M]- vs. S-cone excitation space
was found to be 90 + 1.1° (mean * SD) relative to the +[L-M] axis. In view of this
small variation the model always assumed the ellipse orientation in excitation
space to be 90°; this alignment of the semi-major axes parallel with the S-cone

excitation axis is consistent with Boynton et al (1986). Along with the ellipse
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orientation, the four thresholds in the #[L-M] and #S directions were calculated
using the previously determined relationships that describe the changes in cone
excitation required for threshold for each colour direction. Based on these four
thresholds and the fixed 90° orientation, ellipse parameters could be calculated.
When using Eq. 3.2 and 3.3 to predict the total +[L-M] excitation change in the
reddish direction, the mean error between measured data and predicted threshold
excitations was 8.9 + 6.2% (meanzSD). The corresponding error in the greenish
direction for the -[L-M] excitation decrement was found to be 8.5 + 7.1% (mean *
SD). As the CIE 1931 diagram is popular and used in many industries (Shevell,
2003; Valberg, 1995) the ellipses were transformed back into CIE space for
visualization using the inverse of the XYZ to LMS transformation matrix. Fig. 3.5,
3.6, 3.7 and 3.8 show the mean measured ellipse data (black dots) in CIE xy space
for background luminance levels of 1, 3, 8 and 24 cd m?, respectively. The

predictions of the model are shown in Fig. 3.5, 3.6, 3.7 and 3.8 as red contours.
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Fig. 3.5, 3.6, 3.7 and 3.8

The red contours show the predicted ellipses in CIE xy space, the mean

measured are thresholds (black dots) are shown for comparison.

The

luminance levels shown are 1 cd m*2 (top left), 3 cd m*2 (top right),
8 cd m (bottom left) and 24 cd m~ (bottom right).

To assess the differences between the measured and predicted thresholds, the
predicted cone excitations required for threshold for the points G, Ry, Yt, Bt shown
in Fig. 3.1 were compared to the corresponding excitations computed for the fitted

data. The results reveal the smallest differences for the reddish colour direction

and the largest differences for the yellowish directions, as outlined in Table. 1.
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Colour Direction | Cone Class | Mean*SD (%) | Maximum Error (%)

L 0.49+1.13 5.36

Reddish M 1.27+2.80 13.13

s 1.93+1.67 6.94

L 0.67+1.32 6.46

Yellowish M 0.74+1.46 7.34

s 451+2.55 9,57

Table. 3.1

Mean and maximum L-, M- and S-cone excitation percentage errors for
model predicted increments and decrements in the reddish +[L-M] and
yellowish -S directions.

The maximum errors occur when predicting the threshold excitations for the
lowest background luminance level (0.3 cd m=2). These errors combine when
ellipses are predicted in CIE space. Fig. 3.9 shows the percentage differences
between predicted and fitted ellipse parameters in CIE space as a function of
background luminance. At luminance levels above 3 cd m2 there is no significant
change in the accuracy of the predicted ellipse parameters. The mean errors for
the predicted semi-major and -minor axes and also the ellipse orientation above 3
cd m2 are ~ 6.8%, 5.6% and 5.7%, respectively. Below 3 cd m-2 the errors are
larger, particularly for the ellipse semi-major axis; consistent with measured

thresholds along this axis showing an increased inter-subject variability.
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Fig. 3.9

The mean errors for each set of predicted ellipse parameters (when
grouped by background luminance level). Each error reflects the
difference between the measured and the corresponding prediction for
that parameter based on the mean fitted ellipse. The large errors are
restricted to the semi-major axis and reflect the larger inter-subject
variability in S-cone threshold excitation.

3.7 Additional data for detections made at 24 cd m2

An additional set of data was collected for the 24 cd m2 luminance condition. This
was achieved by measuring detection threshold ellipses over the range of
chromaticities initially measured at 24 cd m2 for an additional n=18 subjects. Fig.
3.10 shows the mean fitted detection ellipses for this n=18 group (black contours)
along with the n=4 group (red contours) that participated in the full experiment.
Note that for clarity the ellipses shown in Fig. 3.10 have been scaled up by a factor
of 2 along the semi-major and -minor axes. Between the two groups no significant

differences exist in terms of semi-major or -minor axis lengths, ellipse orientation,

or (CIE x, CIE y) centre coordinates.
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Fig. 3.10

Graphical comparison of mean ellipses for the n=4 subjects (red) and
n=18 subjects (black) groups, no significant differences exist. All ellipses
have been scaled along their semi-major and -minor axes for clarity by a
factor of 2.

3.8 Comparison with MacAdam’s ellipses

MacAdam performed an experiment in which observers made a series of colour
matches (MacAdam, 1944). A fixed reference colour was presented and the
observers’ task was to adjust a second colour next to it in a 2° comparison field
until it matched the reference colour. The observers made repeated colour
matches, using the same reference colour, along different directions in colour
space and the standard deviations of the matches for a number of colour directions
were calculated. It was discovered that plotting the standard deviations with

respect to the reference colour on the CIE 1931 chromaticity diagram produced an
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ellipse. In total 25 reference colours were used, hence 25 ellipses were finally
calculated from the data. The reference and test fields were presented at a
luminance of approximately 48 cd m-2; over the course of the experiment it has to
be assumed that some chromatic adaptation to the stimulus occurred. Performing
the same analysis, as presented in section 3.7, on MacAdam’s data, similar
relationships between the excitations produced by the reference field and the
change in cone excitations required to produce the standard deviation MacAdam
measured in the reddish, greenish, yellowish and bluish colour directions were
found. The luminance range used in this investigation was 0.3 to 31 cd m?, so it
did not include any experimental measurements at 48 cd m; which was the
luminance level MacAdam used. The above relationships were, however, used to
predict ellipses at 48 cd m2 in CIE xy space in order to test the validity of the
relationships at this higher light level. There is a significant difference in size
between MacAdam’s ellipses and the ellipses measured using the CAD test. This is
largely due to them being measures of different parameters; MacAdam’s method
produces a set of standard deviations estimated from repeated matches used to
quantify thresholds, whereas the CAD test method measures colour detection
thresholds using a four-alternative, forced-choice procedure based on two-down,
one-up staircase method (Levine, 2000). It was found that the predicted ellipse for
"MacAdam's white", located at CIE xy: (0.305, 0.323), was larger than the
corresponding MacAdam'’s ellipse by a factor of ~4.5, both along the semi-major
and -minor axes. Fig. 3.11 shows the model-predicted threshold ellipses (red
contours) and the scaled MacAdam’s ellipses (black contours). No significant
difference is found between the ellipse parameters (semi-major axis, the semi-
minor axis and ellipse orientation in CIE xy space) for the predicted and

MacAdam'’s ellipses once the scaling factor of ~4.5 is applied to each MacAdam
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ellipse. This implies the model has validity above the measured 31 cd m-2

luminance level.

CIEy

CIEx

Fig. 3.11

CIE xy space showing the model predicted ellipses (red contours) and
MacAdam’s ellipse scaled up by a factor of 4.5.

3.9 Comparison with the Cambridge Colour Test

A dataset was supplied by Marcelo Fernandes Costa (University of Sao Paulo,
Brazil), it was originally collected and used in a study on colour vision in adults

and children (Ventura et al., 2002). The dataset consists of a series of semi-major
110



and semi-minor ellipse axes and ellipse orientations for threshold ellipse
measured using the Cambridge Colour Test for five different colour locations. The
data were collected using a sample of 84 observers with an age of 29.3 + 12.0 years
(meanSD) in the range 17 - 60. The measurements were made monocularly with
73 observers using their right eye. The Cambridge Colour Test uses the CIE 1976
v’'u’ colour space; the ellipses were therefore transformed from this space into the
CIE 1931 xy space (see chapter 2) and compared to the model ellipse predictions
for the same chromatic locations at an equal luminance level (29 cd m2). Fig. 3.12
shows the Cambridge Colour Tests measured ellipse (black contours) and the
model predicted ellipses for the corresponding chromatic locations (red contours).
A suitable single factor was not found that could scale all the Cambridge Colour
Test measured ellipses to make them comparable to the predicted ellipses along
both the semi- major and -minor axes. This is most clearly illustrated by the
almost equal red-green threshold, but very different yellow-blue thresholds for the
ellipse at CIE xy: (0.351, 0.342) (centre ellipse in Fig. 3.12). These differences are
potentially due to two main factors. The first is the difference in methods for
acquiring thresholds; the CAD test measures detection thresholds via the detection
of a small moving chromatic stimuli, whereas the Cambridge Colour Test is more
comparable to a visual search (with fixation) task where observers attempt to
detect the gap of a Landolt-C. The second factor is that the state of chromatic
adaptation will be different during blocks of testing using the Cambridge Colour
Test as it does not use a chromatic background and the interleaved staircases will

greatly reduce any adaptation to the target stimuli.
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The monocular and binocular conditions employed between the two tests was
considered as a possible explanation to account for some of the difference in
threshold magnitudes and unequal [red-green]:[yellow-blue] ratios. It has,
however, been previously shown for the Cambridge Colour Test that no significant
differences arise due to monocular or binocular testing conditions, eye dominance
or testing order (i.e., learning/practice does not affect the measured thresholds)
(Ventura et al, 2006). This is not, however, the case with CAD threshold ellipses

which show lower thresholds under binocular viewing conditions.
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Fig. 3.12

The Cambridge Colour Test measured ellipses (black contours) shown in
CIE xy space, along with the model predicted ellipses for the same
chromatic locations and luminance.

112



3.10 Discussion and conclusion

It has been shown that even when the differences in chromatic adaptation are
large, a strong linear relationship exists between the background L-, M- and S-cone
excitations and the corresponding increments required for threshold in each
colour direction over all or the majority of the luminance range tested. This
corresponds to the linear relationships existing over at least 2 log units for the L-
and M-cones and slightly less for S-cones, but a correction can be applied at low
light levels to extend the predictive range of the model for the S-cone increments
and decrements. Using these derived relationships it is possible to predict the
cone excitations required for threshold detection of colour signals in the reddish,
greenish, yellowish and bluish colour directions, at least within the chromaticity
range and luminance levels associated with typical display applications. These
excitations can be used to predict the discrimination ellipse parameters in CIE
space with small errors of ~6% over most of the range. Predictions of yellowish
and bluish thresholds are less accurate below 3 cd m2, but these thresholds also

show larger inter-subject variability when measured experimentally.

At a high background luminance level, the L-cone excitations of the stimulus in the
reddish and greenish colour directions need only increase/decrease by ~0.4% (see
Fig. 2.10), but for threshold to be reached at the lower luminance levels the
increase needed can be as large as ~1.4%. The M-cone excitation of the stimulus
also only requires a small change for threshold in the reddish and greenish
directions. A change of only ~0.65% is required at the highest light levels, but at
the lowest light levels this change can be as large as ~2.3%. The S-cone excitation
at threshold requires much larger changes typically an increase/decrease of ~6%

relative to the signals generated in S-cones by the background for either the
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yellowish or the bluish colour directions. However this change can be as large as

~25% for background luminance levels below 3 cd m-2.

The data show that provided the background cone excitation in a particular cone
class remains unaltered, changes in chromatic adaptation are equivalent to
changes in luminance. For example, the L-, M- and S-cone excitations produced by
the background CIE (x, y): 0.305, 0.323 at a luminance of 24 cd m2 are 15.98, 9.23,
and 28.22, respectively. The L-, M- and S-cone excitations produced by the
background CIE (x, y): 0.215, 0.175 at the lower luminance of 8 cd m-2 are 5.31,
3.52 and 28.98, respectively. Due to this particular difference in chromaticity and
luminance there is a large difference in the L- and M-cone excitations that the two
backgrounds produce (33.2% and 38.1% respectively). These two conditions of
chromatic adaptation produce almost identical S-cone excitations of 28.22 and
28.98 (a difference of only 2.6%). The S-cone excitation required for threshold in
the blue colour direction for the first background is 30.17, and 31.02 for the second
background (a difference of only 1.2%). There are also small differences between
the S-cone excitation required for threshold in the red, green and yellow colour
directions between the two states of 1.0%, 1.2% and 0.1%, respectively. These
observations suggest that when threshold detection of coloured signals is involved,
the state of chromatic adaptation only affects the measured thresholds through
changes in absolute cone excitation levels. No significant interaction of signals
generated in different cone classes is therefore involved. The result suggests that
cone signal changes needed for threshold detection are always the same for a given
background cone excitation level (in any cone class); and are independent of the

excitation generated in the other cone classes.
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Chapter 4

Effect of the adapting field on chromatic sensitivity

4.1 Introduction

This chapter describes how the investigation performed in chapter 3 was extended
to examine how colour detection thresholds change in different colour directions
for combinations of adapting background fields and foregrounds of differing
chromaticities. The method employed for measuring these threshold ellipses is
similar to the method described in chapter 3. The Colour Assessment and
Diagnosis (CAD) test was used following the procedure described in chapter 2

except two parameters were varied;

¢ The background adapting field was isoluminant (24 cd m-2), but not of an
equal chromaticity relative to the foreground; this allowed investigation of
any effect this difference would have on the ellipse parameters.

¢ A delay was added between each trail presentation to ensure the subject
had sufficient time to re-adapt to the background field chromaticity and
were not actually chromatically adapting to the foreground chromaticity

(see re-adaptation time control experiment, section 4.2).

It was found that using an isoluminant adapting field and foreground combination
that differed in chromaticity greatly affected the magnitude of detection thresholds
and orientation of detection ellipses; this is consistent with and extends some

earlier findings reported by Krauskopf and Gegenfurtner (1999).
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4.2 Re-adaptation time control experiment

A control experiment was performed to determine the delay time required
between each trial presentation. This was to ensure the observers remained
adapted to the background field and to minimise any chromatic adaptation to the
foreground during each CAD presentation, ensuring the subject remained
chromatically adapted to the background chromaticity. The adapting field
chromaticity used to test this was CIE xy: (0.305, 0.323) and the foreground
chromaticity was a greenish colour at CIE xy : (0.285, 0.558). Detection ellipses
were measured for a series of different delay times between each trial
presentation from 0 to 3000 ms; during this delay the observers were exposed
only to the uniform background. The measured detection ellipses are shown, in
CIE xy space, in Fig. 4.1. The smallest central black ellipse is shown for comparison
and is the measured ellipse produced when both the background and foreground
are located at CIE xy : (0.285, 0.558). Note the top left side thresholds for the 1000,
2000 and 3000 ms delay ellipses appear unchanged; this is simply due to the
display gamut limit being reached in this direction (indicated by the black solid
line). The results show that as the delay between presentations increases (and
hence the time available to re-adapt to the background adapting field increases),
the measured thresholds increase. The measured thresholds are shown to
increase until the delay is 2000 ms, at which point they plateau. Based on this
observation, a fixed 3000 ms delay between presentations of the foreground was
introduced into the CAD testing procedure; during this delay the subject viewed
the background adapting chromaticity only. This 3000 ms second delay meant
that the foreground would only be displayed for ~25% of the time each CAD

stimulus sequence was presented.
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Fig. 4.1

Detection threshold ellipses measured for varying delay times between
each CAD trail presentation. As the delay is increased the detection
thresholds increase and then plateau at 2000 ms onwards. The black
central ellipse was measured for comparison for the condition where the
adapting field (BG) and foreground chromaticities were equal.

4.3 Method and data collection

A series of seven different adapting background field chromaticities were chosen.
These were distributed over the available display gamut at 24 cd m2 in order to
maximise the spacing between them, while still allowing the entire detection
ellipse to be measureable with the gamut. Before each CAD test run the subject
was chromatically adapted to the background chromaticity, by exposing them to it

for ~90 seconds. Fig. 4.2 shows the time course of one stimulus sequence; A: the
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subject is exposed to 3000ms of the background adapting field only, B: the moving
stimulus is displayed (~700ms), embedded in the foreground chromaticity grid of
luminance noise, C: the background chromaticity only is displayed until the subject
submits their response regarding the direction of motion of the stimulus; the
subject is then exposed to another 3000 ms of the background only (A), in order to
maintain chromatic adaptation to it. This is repeated until a threshold in each of

the colour directions being tested has been demined (see chapter 1).

Py
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Fig. 4.2

The time course of a CAD stimulus sequence, A: forced 3000 ms
adaptation to background, B: CAD stimulus displayed on foreground of
luminance noise, C: wait for subject to respond.

Measuring a detection ellipse for each combination of foreground and background
yielded a dataset of 42 (6x7) ellipses per observer. The added 3000 ms delay
between each stimulus sequence increased the time taken to measure each

detection ellipse from ~12 minutes to ~25 minutes.
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4.4 Observer B]j

Due to the extended data acquisition time (>17 hours in total) only one observer
took part in the study (the author BJ). Comparing BJ to the standard normal CAD
observer (Barbur et al., 2006), a difference in detection ellipses as measured at CIE
xy: (0.305, 0.323) was found to be ~3% along both semi-major and -minor ellipse

axes and ~1° in orientation, making them a close match in sensitivity.

4.5 Results

The results of the experiment reported in chapter 3 showed that when the
foreground and background chromaticity are equal the measured detection
ellipses were found to align themselves, along their semi-major axes, with the
cardinal S-cone excitation axis. Detection ellipse parameters measured for
combinations of different adapting background fields and foreground
chromaticities were found to exhibit two main differences to those measured with
equal background and foreground chromaticities. The first is an elevation of
detection thresholds in all directions i.e., larger detection ellipses are produced
(both major and minor axes). The second difference is that, depending on the
relative direction between the foreground and background chromaticity, a large
change in ellipse orientation can be observed. Fig. 4.3 illustrates this using two
fitted ellipses in [L-M]- vs. S-cone excitation space. The black point corresponds to
a whitish chromaticity at CIE xy: (0.305, 0.323) and the red point corresponds to a
red at CIE xy: (0.3977, 0.3283). Both ellipses were measured using the red as the
foreground. The black ellipse was measured with the background adapting field

displayed set CIE xy: (0.305, 0.323) (white) while the red ellipse had the
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background adapting field displayed as CIE xy: (0.3977, 0.3283) (red). The red
ellipse shows (in agreement with chapter 3) that if the subject is adapted to a
background field and makes detections based on a foreground of equal
chromaticity then the measured ellipse will be aligned parallel to the cardinal S-
cone excitation axis. For an adapting and foreground field combination that differ
in chromaticity, the elevation of detection thresholds, along with the change in
ellipse orientation relative to the cardinal axes is observed as illustrated by the
black ellipse. The orientation shift more closely aligns the detection ellipse’s semi-
major axis towards the adaptation point; this is consistent with the results of

Krauskopf and Gegenfurtner (1992).
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Fig. 4.3

Both the red and black ellipses, shown in cone excitation space, are the
results of using a red foreground at CIE xy:(0.3977, 0.3283). The red
ellipse is the result of using the same red for the background adapting
field, the black ellipse is the result using a white adapting field located at
CIE xy : (0.305, 0.323).

Fig. 4.4(a), (b) and (c) show three of the seven adapting background fields used,
along with the six corresponding measured detection ellipses per adapting field

displayed around their foreground chromaticity. The colour scheme used in Fig.
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4.4(a), (b) and (c) approximately indicate the adapting field and foreground

chromaticities.
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4.5.1 Variation of thresholds along cardinal L-M and S axes

Ellipses were fitted to all measured data and four thresholds (*8[L-M] and #6S)
were calculated from them using the general parametric ellipse equations in cone
excitation space. The calculated thresholds were defined such that the length of
the straight line connecting the foreground coordinate and the surface contour of
the ellipse (in both positive and negative, and parallel and perpendicular direction,
i.e., +§[L-M]) thresholds are determined when 6S=0 and +6S thresholds when §[L-
M]=0, with respect to the foreground coordinate. As some ellipses displayed a
large asymmetry, the centre coordinate of the fitted ellipse did not necessarily
equal the coordinate of the foreground chromaticity; the thresholds were always
calculated relative to the foreground coordinates. The differences between the
foreground and adapting field [L-M]- and S-cone excitations were also calculated
parallel and perpendicular to the [L-M]-axis, respectively. An example of a fitted
ellipse along with the adapting field and foreground chromaticities is illustrated in
Fig 4.5. The difference between the adapting field and foreground excitations, in
terms of [L-M]- and S-cone excitations ([L-M]for-ada and Stor-ada) along the cardinal
excitation axes, are given by Eq. 4.1 and Eq. 4.2, respectively, where, the subscript
ada refers to the adapting field, the subscript fr refers to the foreground and the

subscript for-ada refers to the difference between the adapting field and foreground.

[L - M] = [L-M],, - [L-M] Eq.4.1

for-ada ada

Stor-ada = Sfor = Sada Eq.4.2
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Fig. 4.5

An example of the coordinates of an adapting field and foreground
combination are illustrated. The size and orientations of the +5[L-M] and
+6S thresholds are illustrated with respect to the foreground
chromaticity. The #6[L-M] thresholds are defined as the distances from
the foreground chromaticity to the ellipse surface (parallel to [L-M]-cone
excitation axis), the +6S thresholds are defined as the distances from the
foreground chromaticity to the ellipse surface (parallel to the S-cone
excitation axis). X and Y represent the difference between the [L-M]- and
S-cone excitations of the adapting field and foreground ([L-M]for-adza and
Sfor-ada), Tespectively. X and Y are calculated from Eq.4.1 and Eq. 4.2,
respectively.

4.5.2 L- and M-cone thresholds along L-M and S axes

The calculated +8[L-M] thresholds were plotted as a function of [L-M]for-ada. The
resulting graph is shown in Fig. 4.6. The region of the x-axis where [L-M]for-ada > 0
refers to values of [L-M]for-ada Wwhere the L-M foreground excitations are greater
that the L-M excitations of the background (see Equation 4.1), the opposite is true
for the region [L-M]for-ada < 0. Table. 4.1 lists the linear relationships for each of

quadrant of Fig 4.6.
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0.5

3[L-M] thresholds

Fig. 4.6

[L-M],, . .4.-CONE excitation

The red and green circles represent the thresholds in the +[L-M] and -[L-
M] directions, respectively, for positive and negative [L-M]fr-ada values.
Note: the #[L-M] axis is not exactly aligned with unique red and green
(Philipona, 2006), but +8[L-M] and -6[L-M] can be considered to be

detection thresholds in reddish and greenish colour directions,
respectively.
Q'I.Iﬂdl‘ﬂllt [L'M]fnr_ada E[L'M] E[L'M] = a[L'M]fDr_ada + k I'2

1 +ve +ve | S[L-M]= 0.076[L-M];, 4 +0098 | 064
2 +ve -ve §[L-M] = -0.087[L-M] __,-0126 | 067
3 “ve -ve S[L-M] = 0.054[L-M], 4. -0113 | 0.1
4 -ve +ve | 8[L-M]=-0.070[L-M], . +0.088 | 0.82
Table. 4.1

Parameters that represent the four #[L-M]for-ada Vs. #8[L-M] relationships
(one per quadrant) shown in Fig 4.6, along with their linear correlation
coefficients.
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Considering the positive and negative sets of values of 6[L-M] separately, the mean
values of the §[L-M] axis intersections are at ([L-M]for-ada, 6[L-M]) = (0, 0.093) and
([L-M]for-ada, 6[L-M],) = (0, -0.12). These points correspond to the condition of the
foreground and adapting fields producing equal [L-M]-cone excitations, i.e., zero on
the horizontal axis. Analysing the data from chapter 3 (for the same luminance
level of 24 cd m<2) where [L-M]forada was always zero, the corresponding
intersection is found at ([L-M]for-ada, +8[L-M]) = (0, 0.11).  Within the
experimental/observer error this implies that if [L-M]for-ada=0, the =*§[L-M]
threshold will be equal and oppositely signed around the [L-M]for-ada axis (~+0.1 [L-
M]-cone excitations units); therefore the +8[L-M] thresholds can be considered as
independent of the adapting field S-cone excitation value. Fig. 4.6 also shows that
the magnitude of the threshold is directly proportional to the difference between
the foreground and adapting field excitation ([L-M]for-ada), when [L-M]for-ada is
positive or negative. The gradients of the four curves are similar to within one
standard error, apart from the case when measuring -§[L-M] thresholds for
adapting field and foregrounds produced positive values of [L-M]for-ada. These
relationships are independent of the differences between S-cone excitations
produced by the foreground and adapting fields. For the case where §[L-M] and
[L-M]for-ada are both negative, the results show there is a strong directly
proportional relationship (r?2 = 0.81, p<0.05), but the magnitude of the -§[L-M]
threshold is lower than the +8[L-M] threshold produced by a [L-M]for-ada Value of
opposite sign but of the same magnitude. This implies that the observer was
slightly more sensitive when making detections in the -[L-M] direction when a
negative [L-M]-contrast exists between the foreground and adapting field i.e., [L-
M] decrements. Alternatively, as the deviation of the curve in quadrant 4 from the

curves in the other three quadrants is small the difference could be accounted for
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by some small observer error. If this assumption was true then detection
thresholds along the [L-M]-cone cardinal axis direction could be considered
symmetrical around the [L-M]forada and both the +8[L-M] and -§[L-M] axes. This
would mean that for any given adapting background field and foreground
combination ([L-M]for-ada), the corresponding adapting field and foreground that
produced the same sized but opposite signed difference [L-M]for-ada, would result

the thresholds being the same size for both +§[L-M].

4.5.3 S-cones thresholds along the L-M and S axes

A similar method of analysis to the one described in the previous section was
performed for the cardinal S-cone excitation direction. The thresholds +8S were
calculated and plotted as a function of Sfor-ada, this is shown graphically in Fig. 4.7.
Table. 4.2 list the linear relationships that exist in each of quadrant of Fig. 4.7. The
+0S excitation axis is not aligned with measured responses for unique blue and
yellow (Philipona, 2006), but +8S and -0S can be considered to be detection
thresholds in bluish and yellowish colour directions, respectively, as described in

chapter 3.
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Fig. 4.7

The blue and yellow circles represent the thresholds in the +S and -S
directions, respectively, for positive and negative Sfor-ada values.

Quadrant| Sfor-ada &8 85 = a Storada + k r*
1 e tve 8S = 0.067 Syapags + 1.159 0.38
5 tve e 5S=-0.046 S___;, + 1.486 0.67
3 e ve §S = 0.020 Sy, -1.648 0.27
4 ve tve 55 =-0.102 S, ;. - 1.549 0.47
Table. 4.2

The linear relationships between 6S and Sfr-ada are outlined for each
quadrant of Fig. 4.7, all ps<0.05.

Performing Grubbs' test for outliers (Pham, 2006) identified the point in quadrant
1 at (23.32, 5.56) as a significant outlier (p<0.01), this point is highlighted with a

blue ring in Fig. 4.7. This measured point was assumed to be due to a random
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observer error and was removed from that data, resulting in a new adjusted
relationship for quadrant 1; 6S = 0.0516 Stor-ada + 1.5995, r2 increased from 0.38 to
0.61 (p<0.05). If the adjusted linear fit for quadrant 1 is compared to quadrant 2
the mean &S axis intersection (Sfor-ada = 0) occurs at (0, 8S) = (0, 1.54) which falls
within the mean standard errors for the two curves. As magnitudes of the
gradients are effectively within +1 standard error of each other, the two curves can
be considered symmetrical around the +68S axis. This implies that any values of
Sfor-ada €qual in magnitude but of opposite signs will result in equal sized +68S
thresholds; these values are independent of [L-M]for-ada. No outliers were identified
in quadrants 3 and 4. The mean -6S axis intersection (Sfor-ada = 0) occurs at (0, 8S) =
(0, -1.60) which falls within the mean standard errors for the two curves. The
gradients in quadrants 3 and 4 differ significantly by a factor of ~5. The data
implies that the observer was less sensitive when making detections for positive
values Sfor-ada than negative values of Sfor-ada Of the same magnitude in the -8S
direction. Comparing quadrants 3 and 4 (Sfor-ada < 0) the £8S thresholds can differ
by up to 30% over the range so +8S values are not symmetrical around the
negative Stor-ada axis. This shows that when making detections in the +S direction, a
directly proportional relationship exists between +6S and both #Sfrada. The
relationships that exist in quadrants 3 and 4 are not symmetrical around the -8S

axis.

4.5.4 Variation of thresholds with respect to ellipse orientation

An alternate method of analysing the results is presented. The previous section

examined the thresholds in the *[L-M] and *S-cardinal cone excitation directions,

128



while this section is an analysis of the detection thresholds relative to the ellipse
orientations. A general example is shown in Fig. 4.8 illustrating how the
thresholds can be defined relative to the individual ellipse orientations. The
thresholds that most closely align to the +[L-M] and -[L-M] directions are defined
in Fig. 4.8 as +8[L-M]e and -8[L-M]s, respectively. The thresholds that are most
closely aligned with the +S and -S directions are defined in Fig. 4.8 as +8Sg and -
0Se, respectively. The thresholds are calculated by extending the line from the
foreground coordinate parallel to the relevant ellipse axis until it reaches the
ellipse surface. The +§[L-M]e point in opposite directions (180°) relative to each
other, as do +Sg. Defining the thresholds in this manner means that the thresholds
are not necessarily aligned with the cardinal excitation axes, so the thresholds for a
foreground with a given [L-M]fr-ada may not have a constant S-cone excitation
along the semi-major and -minor axes and vice versa. The difference in excitations
between the adapting field and foreground combination are defined as before ([L-

M]for-ada ln Eq. 4.1 and Sfor-ada ln Eq. 4.2).

129



S-cone excitation

A

Fitted elipse centre

Foreground

Adapting field

b
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Fig. 4.8

An example of the coordinates of an adapting field and foreground
combination is illustrated. The size and orientations of the +6[L-M]s and
+6Se thresholds are illustrated with respect to the foreground
chromaticity and ellipse orientation. The +6[L-M]e thresholds are defined
as the distances from the foreground chromaticity to the ellipse surface
(parallel to the ellipses semi-major axis), the #6S¢ thresholds as the
distance from the foreground chromaticity to the ellipse surface (parallel
to the ellipses semi-minor axis). X and Y represent the difference between
the [L-M]- and S-cone excitations of the adapting field and foreground
([L-M]for-ada and Sfor-ada), respectively.

4.5.5 L- and M-cone thresholds along the ellipse exes

The individual L- and M-cone thresholds (+8Le and +6Ms) were analysed and were
used to calculate the total #6[L-M]e threshold. +8Lg and +6Mp are defined by Eq. 4.3
and Eq. 4.4 and calculated along the ellipse axes that correspond most closely to

the +[L-M]-excitation axis.

8Lg = Lthreshold — Lforeground Eq.4.3
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8Mg = Minreshold — Mforeground Eq.4.4

The +6Lg thresholds that are most closely aligned to the [L-M]-cone excitation axis
in the positive x-direction with respect to the fitted ellipse (i.e., the detection
thresholds that most strongly correspond to a reddish colour direction) are plotted
as a function of the difference between the L-cone excitation of the foreground and
adapting fields (Lfor-ada), see Fig. 4.9(a). Fig. 4.9(b) shows the threshold excitations
for the M-cones (-6Mp) in the same positive [L-M] direction. Fig. 4.10(a) and (b)
show the -8Lg and +8Mp cone excitations at threshold for the direction that most
strongly corresponds to the greenish -[L-M] direction. These are the cone
excitations, plotted in excitation space, orientated 180° relative to the +[L-M]
direction. All results indicate that as either the L- or M-cone excitation difference
between the adapting field and foreground increases the magnitude of the
individual cone thresholds increases linearly. Some of the linear relationships are
noisy; for example Fig. 4.10(b) shows that the +6Mg cone thresholds vs. Mfor-ada has
r2 = 0.30 (p=0.54). Only the relationship between +6L¢ vs. Lfor-ada (Fig. 4.9(a)),
within its errors, can be considered symmetrical around the 8Lg axis; the L-cone
excitations at threshold are of equal magnitude for equal sized (positive or
negative) L-cone excitation differences between adapting field and foreground

combinations.
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Fig. 4.9 (a) and (b)

The +6L¢ (a) and -6Mg (b) thresholds are shown for detections that

correspond to the reddish +[L-M] direction.
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Fig. 4.10 (a) and (b)

-0L¢ (a) and +6Me (b) thresholds are shown for detections that

correspond largely to the greenish -[L-M] direction.

The
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Fig. 4.11(a) shows the result of combining the above cone thresholds into L-M
pathway thresholds, to produce the relationship -6[L-M]e vs. [Lfor-ada - Mfor-ada]; this
indicates how the -§[L-M]e thresholds vary when making detections in a greenish
colour direction relative to the foreground chromaticity. Fig. 4.11(b) combines the
above results in a similar way; it shows how the +8[L-M]e vs. [Lfor-ada - Mfor-ada]-
excitations vary for detections made in a reddish colour direction relative to the
foreground chromaticity. Comparing the variation of *8[L-M]e thresholds for
[Lfor-ada — Mfor-ada] > 0 and [Lfor-ada = Mfor-ada] > O for the greenish direction, it is found
that the -6[L-M]p thresholds are not equal in magnitude for a given #[Lfor-ada — Mfor-
ada] value. Within the measured standard errors, the magnitude of +§[L-M]e
thresholds are equal in the reddish direction for given values of *[Lfor-ada — Mfor-ada],

i.e., Fig. 4.11(b) can be considered symmetrical around the +8[L-M]s axis.

06 I

'4.5'-:-'..5'-23'-1.5'41.5'u.s'1.5'2.5'3.5'4.5 %45 35 251505 05 1.5 25 3.5 45
[L'M]fnr-ada [L'M]fnr-ada
Fig4.11(a) and (b)

The -6[L-M]e (a) and +6[L-M]s (b) thresholds plotted as a function of
difference between the adapting field (the background) and the
foreground, i.e., [L-M]for-ada-
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4.5.6 S-cone thresholds along the ellipse axes

The +6Se thresholds were calculated and plotted (Fig 4.12). Table 4.3 shows the

linear relationships that exist within each quadrant of Fig. 4.12.
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Fig. 4.12

Thresholds for the #48S directions as a function of difference between
foreground and background S-excitation.

Quadrant| Sirada 55, 8Sp = a Stor-ada + k 2
1 +ve +ve 85 = 0.1725 Sfor-ah + 0.4832 0.82
2 -ve +ve 5S = -0.0651 Sfor-ada + 1.4162 0.56
3 -ve -ve 85 = 0.0387 Sfopad - 1.6551 0.39
4 +ve -ve 85 = -0.202 Sjyr-ad - 1.1902 0.9
Table. 4.3

The linear relationships between 6S¢ and Sfor-ada are outlined for each
quadrant of Fig. 4.12, all ps<0.05
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The 6Sp axis intercept (Stor-ada=0) for the two detection curves in the +8Sg direction
are at (0, 8Se) = (0, 0.48) and (0, 6Se) = (0, 1.42), for positive and negative values of
Sfor-ada, respectively. These values differ by more than one standard error (SE ~
0.58). This could imply observer error or it could be accounted for by a small
deviation from the linear relationships when Sfor-ada tends to zero. The large
difference in gradient magnitudes clearly indicates that the two curves are not
symmetrical around the +8Sp axis. The two curves representing the thresholds in
the -8Se¢ direction intercept the 8Se axis at (0, 6Se) = (0, -1.19) and (0, 8Se) = (O, -
1.66), for positive and negative values of Swr.a respectively. These values are
within the value of one mean standard error for the two curves (SE ~0.61). These
intercepts are consistent with earlier finding when Sfor-ada is zero (see chapter 3).
The large difference in gradient magnitudes clearly indicates that the two curves
are not symmetrical around the -6Sp axis. However, there is an agreement in the
gradient for +8S¢ when Sfor-ada < 0, indicating the yellowish and bluish thresholds
will have the same size for a given adapting field and foreground that produce a
negative Sfor-ada- FOr Sforada > 0 combinations of the same magnitude, the
corresponding +38Se thresholds will be larger indicating the observer was more
sensitive at making detections along the +46Sg ellipse axis when a negative S-cone

contrast existed between the foreground and background (Sfor-ada < 0).

4.5.7 Distribution of ellipse orientations

The previous sections have outlined the influence of the background adapting field
and foreground cone excitation differences on threshold sizes; one major problem

arises with this analysis as the thresholds of interest (£6[L-M]es and +6Se) are not
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necessarily all aligned at a constant orientation relative to the [L-M]- or S-cone
excitation cardinal axes. Therefore knowing how the thresholds vary for an
adapting field and foreground chromaticity combination is of little practical use if
only the magnitude of the threshold can be estimated and not the orientation in
excitation space relative to the foreground chromaticity. The orientations were
therefore also analysed. The ellipse orientations are defined as the angle between
their semi-major axis and the +[L-M]-cone excitation axis. The results of
measuring detection ellipses using a foreground and adapting field of the same
chromaticity are described in chapter 3; these ellipses in cone excitation space
have their semi-major axes aligned parallel to the S-cone excitation axis. When the
background chromaticity is not equal to the foreground the ellipse orientation can
deviate from this S-cone axis parallel alignment, as shown previously in Fig. 4.4(a),
(b) and (c). The measured ellipses were found to shift and orientate themselves
such that the semi-major axes point in the direction towards, or at least closer to,
the adaptation chromaticity coordinate. This effect has also been observed by
Kraukopf (1992). The measured ellipse orientations were analysed in terms of the
angle they subtend relative to the +[L-M]-cone excitation axis (Benipse) and the
angle between the adaptation point (background) and foreground chromaticity
coordinates (Bada-for). Modulus values of the angle were used to keep the range 0 <
Oada-for < 180° (Fig. 4.13). It is shown later in this chapter that the angles are
symmetrical around the [L-M] axis - justifying this modulus transformation. The
angle the foreground makes with the adapting field, in cone excitation space, is
given by Eq. 4.5. It is a function of both the difference between the S-cone
excitation signal (AS) of the foreground and the background adapting field (Eq. 4.6)
and the difference between the [L-M]-cone excitation signals (A[L-M]) of the

foreground and the background adapting (Eq. 4.7).
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Badator (A[L-M], AS) = | tan-1(AS / A[L-M]) | Eq. 4.5

AS = Sfor - Sada Eq. 4’.6

S-cone excitation

Foreground

Adapting field
(0,0) [L-M]-cone excitation

>

Fig. 4.13

The ellipse orientation is given by Oenipse and the angle between the
adaptation point and foreground chromaticity coordinates is given by
Hada—for-

A plot of Beliipse VS. Bada-for is shown in Fig. 4.14. The linear relationship that exists

between Bellipse and Bada-for (r2=0.92, p<0.01) is described by Eq. 4.7.

Ge]]ipse = 0.4‘4‘ eada—for + 50.20 Eq 4‘.7
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Fig. 4.14

The relationship between the measured ellipse angle (Oeiipse) and the
angle between the foreground and adapting field angle (6ada-for).

Eq. 4.7 passes through the point (Bada-for, Belipse) = (90.00°, 89.91°); if the angle
between the coordinates of the background adapting field and the foreground is
+90° then the ellipse will be aligned with its semi-major axis parallel to the S-cone
excitation axis. This is consistent with earlier results for adapting field and
foreground combinations that produce equal [L-M]-cone excitation values. The
ellipses are spread, in cone excitation space, over a range ~6 times wider in the S-
cone direction than the [L-M]-cone direction; this has the side effect that the angles
between the foreground and adapting field for this dataset are centred around 90°
within the restricted range 61° < Bada-for £ 109°. It is unlikely that this Bada-for VS.
Oenipse linear relationship remains valid for higher and lower foreground to

adapting field angles outside this range 61° < Bada-for < 109°, as it implies that when
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Bada-for=0 the ellipses semi-major axes would subtend an angle of Benipse ~ 50°. In
order to verify this, an additional set of ellipses were measured for combinations of
foregrounds and adapting background field chromaticities that subtended the 0,
30, 150 and 180° angles. Fig. 4.15 shows this extended dataset and Eq. 4.8 shows

the fitted sine relationship that exists between 0ada-for and Benipse-

ee]]ipse = 18.60 Sln(1.928 eada-for) + eada—for Eq. 4‘.8

This fitted sine function passes through the points (Bada-for, Belipse) = (0.00°, 0.00°)
and (Bada-for, Benipse) = (180°, 178.68°), the mean measured ellipse angles at these
points are (Bada-for, BenipsetErr) = (0.00°, 2.97°+6.08°) and (Oada-for, Oenipse+Err) =
(180°, 178.68°£5.45°), respectively. Hence to within all ellipse fitting errors (Err)
the fitted sine relationship is in agreement with the extended experimental dataset
at these extreme values. This implies that when the S-cone excitation of the
foreground and adapting field are equal, the ellipses will align their semi-major
axes parallel to the [L-M]-cone excitation axis; consistent with earlier findings
(Krauskopf and Gegenfurtner, 1992). The extended dataset shows that the outside
of the 61° < Badafor < 109° range where most of the data is clustered, the linear
relationship of Eq. 4.7 is not valid; however the sine and linear fitted functions are
in agreement and differ by a maximum of only ~1.5% within the 61° < Qada-for <

109° range.
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The relationship between the foreground and adapting field angle (Oada-
for) vs. the measured ellipse angle for a foreground to adapting field angle
range of 0 < Ouda-for < 180.

If the adapting background produces an S-cone excitation lower that the S-cone
excitation of the foreground then the angle between the foreground and adapting
field coordinates will be in the range 180 < Bada-for < 360°. The ellipse angle can still
be determined in this range by transforming Eq. 4.8 into a format that is valid for

the range 0 < Bada-for < 360°, see Eq. 4.9.

ee]]ipse = 360 - (18.6 Sln(1.93 eada-for) + eada-for) Eq. 4’.9

The different combinations of adapting field and foreground chromaticities tested
had Euclidean separations that varied over the wide range 2 < “excitation space
separation” < 40 (cone excitation units) with 18.1+10.4 (mean+SD). This indicates

that it is not necessary to take into account the magnitude of the separation of the
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adapting field and foreground; the angle between them is sufficient to estimate the
resulting ellipse orientation. This suggests that the ellipse orientation is

determined by the ratio of the cone excitations between the adapting field and

foreground and not the absolute magnitude of the difference between them.

4.5.8 Fitting errors

The measured and the fitted linear relationships were compared for the [L-M]- and
S-cone thresholds along the cardinal axes and ellipse axes. The results are shown
in Table. 4.4. All values are the mean percentage errors and their corresponding
standard deviations (meanSD) for the comparison of the fitted linear
relationships to the measured thresholds. The percentage errors were calculated
for both the +§[L-M] and +8&S thresholds along the cardinal axes and the +§[L-M] ¢

and +8Se thresholds relative to the ellipse axes.

Along ellipse axes Along cardinal axes

[L-M]sor-ada™ O{[L-M]sorada< Of [L-Mlor-adga> 0 | [L-M]iyraga< 0

+8[L-M], 16.2 # 15.2 14.8 + 10.7 | +8[L-M] 27.0 + 20.3 141 + 140

S[L-M]g | 163+113 | 1782163 | -8[L-M]| 248+181 114 + 5.7

Star-ada > 0 Star-ada < 0 Sear-ada > 0 Star-ada < 0

+88g 231 +16.2 216 +179 +0S 15.0+ 136 166+ 12.2

-85 203 £ 225 178 £ 13.2 -68 2688115 210+ 131

Table. 4.4

A comparison of fitting errors (%) for L-M and S detection in different
directions relative to the fitted ellipses.

Table. 4.4 shows that the +5[L-M]e and +§[L-M] thresholds can all be estimated
with good accuracy, either to within or slightly above +1 SD, apart from the -8[L-M]

when [L-M]for-ada < 0 which has a SD of less than half the mean SD. The percentage
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error between the predicted ellipse orientation and the orientations based on the

fitted ellipses is 5.9% * 3.8%.

In order to assess the accuracy of these fitted relationships in predicting new
ellipse parameters, an additional independent set of five detection ellipses were
measured for observer B]. These were measured using different sets of adapting
field and foreground combinations not previously used. All 5 of these fitted
ellipses had their parameters predicted to within, or approximately equal to, the
errors as estimated by the fits of the data presented in this chapter, using both the
“along cardinal axis” threshold data and also the “along ellipse axes” threshold data

(coupled with the orientation data).

4.6 Discussion and conclusion

The results presented here are consistent with Krauskopf et al. (1992) who
investigated the variation of threshold sizes when discriminations were made in
regions of colour space that were distant to the adapting background chromaticity.
Both studies found that the thresholds are lowest when the adaptation point and
foreground (which they refer to as “test vectors”) are of similar or equal
chromaticity i.e., observers become more sensitive as they make detections near
the adaptation point. Kraukopf's analysis is presented mainly in terms of
thresholds along the cardinal axis directions; the analysis of the data presented
here has been extended to examine the threshold variations relative to the
individual ellipse orientations and along the ellipse axes. The results presented
here are also consistent with Hita et al. (1989) in finding that adapting to a reddish

chromaticity results in the largest increase in thresholds for detections made at
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different locations. In general the thresholds along the ellipse axes are higher than
the corresponding thresholds along the cardinal axes; this is expected as the
thresholds relative to the ellipse orientation are approximately equal to the ellipse
semi-major and -minor axes (neglecting the slight difference that can occur
between the foreground and fitted ellipse’s centre coordinates). The ellipse axes
most closely align with the cardinal axes when either Stor-ada Or [L-M]for-ada iS zero.
When either Sfor-ada Or [L-M]for-ada is zero, both methods of analysis are equivalent
and give equal results. When considering the thresholds along the ellipse axes,
linear relationships need to be supplemented with a method of determining their
direction in colour space; this relationship takes the form of a sin(x)+x curve.
Krauskopf et al. (1992) found that along the cardinal L-M axis the measured
thresholds depended only on the difference between the background and the
adaptation point and it was noted this was analogous to brightness discrimination
(Craik, 1938). Krauskopf showed the test vector magnitudes along one cardinal
direction had no influence on the thresholds in another cardinal direction. The
results presented here are consistent with this, for example +6[L-M] vs. Stor-ada is
constant and insignificant compared to +8S vs. Stor-ada. This observation supports
the hypothesis of independent detection mechanisms acting along the cardinal [L-
M] and S-cone axes. It is important to note that psychophysical studies have
demonstrated that although the coding of elementary visual features within each
chromatic pathway seem to be independent at perceptual threshold, they can be
subject to highly non-linear interactions (inhibitory or facilitatory) at

suprathreshold stimulation (Kulikowski, 2003).

143



Chapter 5

Effect of chromatic adaptation as a function of retinal

location

5.1 Introduction

During the previous sets of experiments outlined in chapters 3 and 4, observers
attempted to detect a chromatic stimulus as it moved diagonally across a ~2.9° x
2.9° region of the 3.3° x 3.3° area of luminance contrast noise (the foreground area
of the CAD test). During this task, observers always fixated on the centre of this
foreground region (there is a small solid dark dot in the centre of luminance noise
that acts as a fixation guide). Observers therefore only ever make colour
detections based on a foveally projected stimulus. Throughout each CAD run
(chapter 4) the chromaticity of the foreground region alternated between the
foreground chromaticity and the background adapting field chromaticity during
the 3000 ms delay periods between each trial each presentation; this maintained
chromatic adaptation to the background chromaticity, see chapter 4 control
experiment. The rest of the adapting field (the full 22° x 24° of the CRT display)
surrounding the foreground was kept constant throughout each testing block.
Therefore, if the observers fixate throughout each testing block, only the central
3.3° x 3.3° region of the retina where the detections are made is ever exposed to
the foreground chromaticity. This chapter presents the methodology and results
of an experiment performed to investigate the influence that peripheral

chromatically adapted cones have on chromatic detection thresholds being
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measured using central chromatically adapted cones, when adapted to equal or

difference chromaticities.

5.2 Method

The experiment was performed in three sections to systematically investigate the
effect of chromatically adapting different regions of the retina to different

chomacticities;

e A control experiment was performed
e An experiment using a dark border surrounding the foreground
along with a background of equal chromaticity was performed, and
¢ An experiment using a dark border along with a background of a
different chromaticity to the foreground was performed.
The CAD test was used to measure chromatic detection thresholds (chapter 2). A
variable sized dark border was introduced around the 3.3° x 3.3° foreground
region; the purpose of this border was to create a retinal area that was not
stimulated by light coming from the region of the CRT screen immediately
surrounding the CAD test foreground area. The border comprised a hollow square;
its thickness subtended a visual angle of X° in the horizontal and vertical directions

around the foreground area (see Fig. 5.1).
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Fig. 5.1

The full display (22° x 24°) is shown along with the central 3.3° x 3.3°
patch of luminance noise where the moving chromatic stimulus is
detected (not to scale). X indicates the thickness of the dark surround.

A series of borders, of varying sizes (X°), were constructed from light insulating
black felt and stuck around the foreground area directly onto the display; this
ensured no light was emitted from the border region as CRT displays are capable
of emitting some light even when “black” is required (Brainard, 2002). The border
thicknesses subtended a variety of angles (X=1, 2, 3, 6, 8, 12°) and only allowed the
adapting background field to be visible beyond them towards the retina’s
periphery. Detection thresholds were measured for each border thickness
(including zero, i.e., no border (X=0) and no background (X=o0), i.e., all of the
background was covered by the dark border) with equal and unequal background
and foreground chromaticity combinations. @ When the foreground and
backgrounds were equal, the 3000 ms delay between trials was removed as it was

not required; this also had the advantage of reducing data acquisition times.

146



5.3 Observers

Two observers were chosen to take part in this experiment the author BJ] and
subject MRR, both of whom are experienced psychophysical observers. This was
important as possessing the ability to maintain good fixation was required in order
to ensure different areas of the retina were kept in different chromatically adapted

states (or kept inactive).

5.4 No border control experiment

Chromatic detection thresholds were measured along one colour direction using
two different foreground chromaticity combinations, a reddish foreground at CIE
xy: (0.3977, 0.3283) and a bluish foreground at CIE xy: (0.2600, 0.2400). A white
adapting background field at CIE xy: (0.305, 0.323) was used in combination with
both foregrounds. Fig. 5.2 shows, in CIE xy space, the coordinates of the adapting
field (white circle), the two foreground chromaticities (blue and red crosses) and
the position of the measured thresholds (blue and red circles) for B] with no
border present. The same 3000 ms delay was included between presentations, as
used in chapter 4, to ensure the central foveal cones remained adapted to the
whitish background throughout the experiment. The two thresholds were
measured in the colour direction from the foreground chromaticity to the white

point.
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Fig 5.2

The white disc plots the chromaticity coordinates of the white adapting
background field, the red and blue crosses are the chromaticity
coordinates of the red and blue foreground fields and the red and blue
discs are the detection thresholds obtained with no border present.

Fig 5.2 shows the thresholds to be consistent with the results of chapter 4;
thresholds measured for unequal background and foreground chromaticities
indicate when measured at a rate of one threshold per test (rather than 16 as
measured in the experiments described in chapters 3 and 4) will result in a
threshold of equal magnitude being produced, i.e., thresholds in a given direction
can be measured separately without the need to use interleaved staircases in
different directions in the same testing block, i.e., each measured threshold is
independent. Fig 5.2 shows thresholds for observer BJ only, however observer

MRR produced similar thresholds.
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5.5 Results

The results are presented in two sections; firstly for the condition when the
adapting background and foreground chromaticities are equal and secondly for the

condition when they are unequal.

5.5.1 Equal adapting field and foreground chromaticity results

The effect of varying the border thickness on detection thresholds when the
foreground and visible background are of equal chromaticity are shown in Fig.
5.3(a) and (b); these are the measured thresholds (the mean is indicated by the
horizontal dashed lines) for detections made for the reddish foreground and
background combination. The results indicate, for both observers, that the
threshold level remains constant and independent of border thickness, over the
whole range from zero (no border) through each thickness used to infinity (no
visible background). Both observers’ thresholds, in these directions are consistent

with their fitted threshold ellipses as measured in chapter 3.
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Fig. 5.3(a) and (b)

Threshold sizes (CD) plotted as a function of border thickness for B] and
MRR. The thresholds were measured using reddish adapting background
field and foreground.

5.5.2 Different adapting field and foreground chromaticity results

Fig. 5.4(a), (b), (c) and (d) illustrate how the measured thresholds, expressed as
chromatic displacements (CD) (i.e., Euclidian distances) in the CIE xy colour space,
vary as a function of border thickness for the two observers. Fig. 5.4(a) and (b) are
the measured CDs for the reddish foreground, Fig. 5.4(c) and (d) show the CDs for
the bluish foreground; both using the white at CIE xy: (0.305, 0.323) as the
adapting chromaticity. The data indicates that with no border, a border of any
thickness or a border of infinity will result in equal thresholds being measured;
this was the case for both observers. Only 2/16 (BJ) and 3/16 (MRR) measured
thresholds out of the total of the 16 measured are located further than one

standard error from the mean threshold (shown as the dashed horizontal lines in
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Fig. 5.4(a), (b), (c) and (d)). The mean measured CD for both observers are
consistent in those colour directions with their fitted ellipse predictions for the
same foreground and adapting field chromaticity combinations (also illustrated for
BJ in Fig. 5.2). During the experiment for large border thicknesses, both observers
reported an increase in the perceived luminance, i.e., brightness, of the foreground
region; this is consistent with Williams (1998). For the largest border thickness,

observer MRR remarked the foreground area was “painfully bright”.
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Fig. 5.4(a) and (b).

Threshold sizes (CD) plotted as a function of border thickness for B]

and MRR. (a) and (b) are thresholds produced using a combination of
white adapting field and red foreground.
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5.4 (c)and (d)

Threshold sizes (CD) plotted as a function of border thickness for B]

and MRR. (c) and (d) are thresholds produced using a combination of a
white adapting field and bluish foreground.

5.6 Discussion and conclusion

There are some well known phenomena that act across large regions of the retina,
such as colour constancy (Land and McCann, 1971). Colour constancy is the
process whereby the global appearance of hues across a scene or image remain
unaltered with changes in either or both of the spectral power distribution or
intensity of the scene’s illumination. In order for colour constancy to be
maintained, signals from across a large region of the scene and hence the retina
(Leeuwen, 2004) need to be combined. In isolation, however, smaller regions of
the scene will be subject to colour appearance changes, indicating long range
interactions are involved. Further, P6ppel (1986) has shown that colour induction

(the phenomena of perceiving colour without the corresponding retinally located
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cones receiving any stimulating signals) is a retinal process which relies on
integration over large regions, suggesting long range retinal interactions.
However, the results presented here show threshold levels to be independent of
the dark border thickness, implying that there cannot be any long-range
interactions between cones in the adapted foveal and peripheral retina when the

adaptation states are either equal or unequal in those regions.

Only the adapted state of the central ~3.3° x 3.3° region where the detections are
made is of importance. This implies that the use of a 22° x 24° adapting
background field was not required to produce the measured threshold ellipse sizes
shown in chapters 3 and 4; provided the observers have their foveal cones
chromatically adapted and make detections using those foveally adapted cones
then the adapted state or absence of cone signal (regions covered by the dark
border) in the peripheral retina will not influence the detection sensitivity. This
suggests no mechanism exists that communicates chromatically adapted states
globally across the retina. This is possibly an advantage when viewing real world
scenes composed of a variety of different illuminations (Graham et al., 1997), as
any peripherally adapted cones will not affect chromatic sensitivity in the fovea.
Psychophysical testing using the full CRT display as a chromatic adapting field is,
however, an advantage for practical reasons as it safeguards against any
involuntary saccades that are made; the background adapting field will always be
in view maintaining chromatic adaptation. This is advantageous when attempting
to test inexperienced observers that may find it difficult not to make eye

movements throughout each testing block.
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Chapter 6

The variation of cone contrasts at threshold with macular

pigment optical density

6.1 Introduction

The amount of macular pigment present on the retina, i.e., the macular pigment
optical density (MPOD), has been shown to vary in both peak value (MPpeax)
(Kilbride, 1988) and spatial distribution (Hammond Jr et al, 1997) within the
general population. These variations have been shown to be due to a combination
of both genetic and dietary factors (Hammond Jr, 1995). The macular pigment
filters the incoming light by absorbing some of the relatively high energy photons
over the range ~390 to ~550 nm, peaking in the bluish region for a wavelength of
457 nm. An increase in MPOD will result in a higher proportion of bluish light
being filtered (absorbed) and hence not reach the photoreceptors. The macular
pigment absorption range spans the whole wavelength range the S-cones are
sensitive to, but only partially overlaps the M-cone spectral sensitivity range and to
an even lesser degree the L-cone spectral sensitivity range. This chapter presents
an investigation examining the effect that differing MPODs in individuals (n=15)
with normal colour vision has on their chromatic detection thresholds and
specifically how it affects the individual L-, M- and S-cone contrasts as a function of
colour direction. Simulations were performed varying the size and orientation in

CIE xy colour space of a detection ellipse to assess the effect these two parameters
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had on the cone contrast curves (see chapter 2); it is shown that some of the
variation can be attributed to MPOD. The results reveal a relationship between the
L-cone contrast curve gradient over the region of reddish chromaticities and the
MPOD levels. This relationship can be used to estimate MPOD for individuals with

~10% error, based only on their chromatic detection ellipse.

6.2 Method

In order to investigate the effect MPOD levels have on chromatic detection
thresholds, two tests were employed; the Colour Assessment and Diagnosis (CAD)
test was used to measure subjects’ colour detection threshold ellipse and the
Macular Assessment Profile (MAP) test was used to measure MPOD profiles (see
Chapter 2 for details). Fifteen subjects took part in the investigation, they had an
age of 29.3+7.4 years (mean+SD), all subjects had 6/6 vision or better and wore
refractive correction when required. All subjects had normal colour vision as

determined by the CAD test.

6.2.1 Colour Assessment and Diagnosis (CAD) test

A chromatic detection ellipse was measured for each of the 15 subjects using the
CAD test (see chapter 2). The following test parameters were used: the foreground
and background chromaticity were whitish and located at CIE xy: (0.305, 0.323)
and the luminance of both was kept constant at 24 cd m2. Thresholds were
measured along 16 equally spaced directions in colour space using 16 interleaved

staircases. Two identical blocks of the CAD test were performed; this meant
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ellipses could be fitted (Fitzgibbon et al., 1999) to the mean data points from both
trials lowering the overall fitting errors and also the two individual trials could be

fitted separately giving an estimate of the error of the fitted ellipse orientation.

6.2.2 Macular Assessment Profile (MAP) test

The MAP test was employed to measure the macular pigment profile of each
student. This test produced a macular pigment optical density profile as a function
of visual angle (6) where 0 < 6 < 7.8° (zero corresponding to central vision). Two
useful values relating to macular pigment levels were extracted for each subject
from this optical density profile; the subject’s peak macular pigment level (MPpeax)
located foveally at 6=0° and the average MPOD over the subject’s central 2.8° field
of view (MP2g°). During each CAD trial the moving stimulus was displayed moving
diagonally over a region of ~2.9 x 2.9° within the foreground 3.3 x 3.3° region.
This means the value of MP2g- accurately represents the average filtering effect of
the macular pigment with respect to the central retinal region that the chromatic

stimulus is being detected within.

6.3 Results

6.3.1 Range of test subject macular pigment levels

The peak macular pigment levels for the 15 subjects were found to be in the range
0.13 < MPypeak < 0.80; these correspond to the macular pigment levels at zero

eccentricity. The mean macular pigment levels over the central 2.8° were found to
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be in the range 0.05 < MP2g° < 0.45. These data show a linear trend (r? = 0.36,
p=0.059) for peak macular pigment levels (MPpeak) to increase with the mean
macular pigment levels over the central 2.8° (MP2g°) (see Fig. 6.1). This
relationship is described by Eq. 6.1; the linear fitting of which was forced through
point (MP2.g°, MPpeax)=(0, 0) as this tuplet cannot be a combination of zero and non-

zero values.

MP,eak = 1.7 MP, g Eq.6.1

Neelam (2005) measured macular pigment levels in subjects using both Raman
Spectroscopy and Heterochromatic Flicker Photometry techniques and concluded
that peak macular pigment values only approximately represent total macular
pigment concentration. This is consistent with the data presented here as a highly

significant relationship is not expected between MP;g- and MPpea.
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Fig. 6.1

The weak relationship between peak macular pigment levels vs. the
average macular pigment levels over the 2.8° of central vision.
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6.3.2 Ellipse orientation vs. macular pigment levels

The CAD test measured threshold ellipse orientations were compared to the MAP
test results. The ellipse orientation (@enipse) was defined as the direction of the
semi-major axes of the fitted ellipse relative to the positive CIE x axis. The mean
orientation for the 15 subjects was found to be 62.2°. This orientation is consistent
with the standard CAD observer ellipse (Barbur et al, 2006) which has an
orientation of ~62° (see chapter 2). The fitted ellipses were orientated within a
~10° range (56.8° < @eliipse < 67.2°). Fig. 6.2 and 6.3 shows the relationship
between the fitted ellipse orientation in CIE xy space vs. the peak (MPpeax) and
central 2.8° (MP2g) levels of macular pigment, respectively. The error bars shown
in Fig. 6.2 and 6.3 are the difference between the two fitted ellipses based on two
estimates of CAD thresholds per observer; this value is typically ~2.5°. The ellipse
orientations vs. peak macular pigment levels (Fig. 6.2) essentially show only a
linear trend (p=0.054) and are not considered further. The ellipse orientations
show a linear relationship (r2 = 0.67, p<0.05) with the mean central 2.8° macular
pigment levels (MP2g°) as shown in Fig. 6.3. The relationship is described by Eq.
6.2; the fitting error cannot be significantly reduced by fitting a higher order

polynomial curve to the data.

(Z)ellipse = —25.5 MP, 5. + 70.0 Eq.6.2

In Eq. 6.2 @elipse is the ellipse orientation in CIE xy space and MP;g- is the mean
central 2.8° macular pigment level; for the n=15 observers tested this spans the

range 0.05 < MP2g° < 0.45.
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Variations of fitted ellipse orientations in CIE space as a function of peak
macular pigment levels. A non-significant trend exists (r?=0.56, p=0.054).
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Variations of fitted ellipse orientations in CIE space as a function of
average central 2.8° macular pigment levels. A linear relationship
(r?=0.67, p<0.05) described by Eq. 6.2 is plotted as the solid black line.

The data shown in Fig. 6.3 shows that for the average orientation of 62.2°, an

observer would be expected to have MP2g ~ 0.3. Ellipses with MP2g- > 0.3 will be
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orientated at a lower CIE angle relative to the mean ellipse orientation, i.e., their
ellipse will appear to be rotated clockwise towards the deutan confusion line; this
is consistent with previous finding of Moreland and Westland (2003). For MPzg° <
0.3, ellipses are orientated at a higher CIE angle relative to mean ellipse
orientation, i.e., the ellipse will appear to be rotated anti-clockwise towards the

protan confusion line.

6.3.3 The effect of ellipse size and orientation on cone contrast

curves

Cone contrast curves in CIE xy space (as introduced in chapter 2) are used to
visualize the variation of L-, M- and S-cone contrasts along the contour of a
threshold detection ellipse as a function of angle (8¢) in CIE Xy colour space with
respect to the foreground chromaticity location; this angle is zero when parallel to
the positive CIE x axis. The observers’ measured threshold ellipses varied in both
size and orientation; these two parameters were investigated independently by
two simulations assessing their effect on the cone contrast curves. A simulation
was also performed which varied levels of macular pigment and re-calculated the
“corrected” L-, M- and S-cone contrast curves; the cone contrast curves used for
this were calculated from the standard CAD observer ellipse parameter. The
following two sections describe the effect that simulated variations in ellipse size

and ellipse orientation have on the L-, M- and S-cone contrast curves.
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6.3.3.1 Variation of ellipse size and cone contrast curves

A series of ellipses were generated that varied in size using the standard CAD
observer ellipse parameters. This was achieved by scaling the semi-major and -
minor ellipse axes of the standard CAD observer ellipse by a range of factors from
0.5 to 1.5 in 0.2 spaced increments. These ellipses are shown in Fig. 6.4 in CIE xy
space. The corresponding L-, M- and S-cone contrast curves were calculated for
each of the simulated ellipses and are plotted in Fig 6.5(a), (b) and (c), respectively.

The method for this transformation is outlined in chapter 2.
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The series of generated ellipses based on scaled values of the standard
CAD observer’s semi-major and -minor axes, the standard CAD observer
ellipse would fall between ellipse x0.9 and ellipse x1.1.
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Fig. 6.5(a), (b) and (c)

The L-, M- and S-cone contrast curves plotted as a function of CIE angle
(Ocie); the greyscale corresponds to the grayscale used in Fig 6.4, for
example the largest ellipse in Fig. 6.4 corresponds to the largest S-cone
contrasts in Fig 6.5.
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Relative to the whitish foreground and background at CIE xy: (0.305, 0.323)
reddish chromaticities are represented, in the CIE xy colour direction range of
angles from 0¢e~297° (wrapped around through zero degrees) to 6~7° and the
greenish chromaticities are represented in the range ~117° < O¢e < 187°. The
results of this simulation indicate that as the ellipse size either increases or
decreases both the L- and M-cone contrasts in the reddish and greenish CIE xy
colour directions increase or decrease, respectively. The simulation also shows
that in the yellowish (B¢e ~ 60°) and bluish (B¢ie~240°) colour directions, the S-
cone contrast also increases and decreases with increasing and decreasing ellipse
size, respectively. As the ellipse size is increased, the L- and M-cone contrast
curves in the reddish and greenish directions also show a slight variation in

gradient; this effect is slightly more visible in the M-cones.

6.3.3.2 Variation of ellipse orientation and cone contrast curves

In order to investigate the effect of ellipse orientation on the cone contrast curves,
a series of ellipses were simulated that varied in orientation in both clockwise and
anti-clockwise directions relative to the standard CAD observer. The standard CAD
observer ellipse size was used and kept constant as it was rotated around its
center coordinate. Two degree increments within the range -6° < 8. < 6° relative
to its initial ~62° orientation were simulated. These simulated ellipses are shown
in Fig. 6.6. The corresponding cone contrast curves were calculated for each of the
simulated rotated ellipses, these are shown in Fig 6.7(a), (b) and (c) as a function

of colour angle for the L-, M- and S-cones, respectively.
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The standard CAD observer ellipse, centered at CIE xy: (0.305, 0.323), is
shown at rot:0 i.e, not rotated, the other ellipses are shown rotated
relative to this within the range -6°to 6°.
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Fig. 6.7(a), (b) and (c)

The L-, M- and S-cone contrast curves contrast curves plotted as a
function of CIE angle (B.ic), the greyscale corresponds to the grayscale
used in Fig 6.6.

Fig. 6.7(a), (b) and (c) show a smaller variation in L-, M- and S-cone contrast
magnitudes compared with increasing or decreasing the ellipse size, but a much

larger variation in the gradients of the L- and M-cone contrast curves in the
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reddish and greenish colour directions. The S-cone contrast curves show a slight
shifting of their peaks and troughs along the CIE angle axis, but with approximately

constant maximum and minimum contrast values.

6.3.4 Extraction of L- and M-cone gradients from the fitted data

The gradients of the L- and M-cone contrast curves were extracted from the cone
contrast curves within the reddish and greenish regions. The reddish and greenish
CIE colour direction angle ranges, relative to the target at CIE xy: (0.305, 0.323),
are defined as 117° < B¢e < 187° and 297° < B.e (wrapped around through zero
degrees to) < 7°, respectively. The L- and M-cone contrast curves follow a very
strong linear relationship in these regions with typical r2 values greater than 0.98;
the gradients were calculated using a standard statistical ‘best gradient’” algorithm
(Sheskin, 2007). This produced a set of four variables: the L-cone contrast
gradient over the reddish and greenish regions (Lgrad_red and Lgrad_green, respectively)
and the M-cone contrast gradient over the reddish and greenish regions (Mgrad_red

and Mgrad_green, respectively). Lgrad green, for example, is calculated using Eq. 6.3.

— AL‘com _ n zLCOﬂte_ ZLcontze

= Eq. 6.3

Lgrad_green - AO nz 92 _ (Z 9)2
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6.3.4.1 L- and M-cone gradients in the reddish and greenish colour

directions

Four plots are presented that show the relationships between the gradients of the
L- or M-cone contrasts for detections made in the reddish and greenish CIE xy
colour directions as a function of the mean macular pigment level within the
central 2.8° of visual angle. Fig. 6.8(a) shows the L-cone contrast gradients over
the greenish colour direction range (117° < 6 < 187°) and Fig. 6.8(b) shows M-cone
contrast gradients over the reddish colour direction range (297° < 6 (wrapped
through 0°) < 7°). No significant relationship exists between the variables shown

in Fig. 6.8(a) or (b) and they are no longer considered.
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Fig. 6.8(a)

The gradients of the L-cone contrast curve over the greenish colour
direction is plotted. No significant relationship exists (p=0.084).
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The gradients of the M-cone contrast curve over the reddish colour
direction is plotted. No significant relationship exists (p=0.10).

Fig 6.9(a) shows the distribution of L-cone contrast gradients over the reddish
direction and Fig. 6.9(b) shows the distribution of M-cone contrast gradients over
the greenish colour direction, both plotted as a function of MP2g.. The error bars
are the maximum and minimum gradients derived from the raw CAD test data, i.e.,
they are the difference between the L- and M-cone contrast gradients for the two
CAD test trials per subject. The mean differences are ~7x10-7 and ~2x10-¢ for the
reddish and greenish colour directions, respectively. Exponential curves were
fitted to the datasets shown in Fig 6.9(a) and (b); these are described by Eq. 6.4
and 6.5, respectively. The data were reduced to a linear form and the product
moment correlation coefficients were found to be r2 = 0.92 (p<0.05) and 0.86

(p<0.05) for Lgrad_red vs. MP2.ge and Mgrad_green VS. MP2.ge, respectively.

Lgrad_red = —1.05 % 1076 e*89MP2e° Eq.6.4

Mgrad green = 4.14 * 1076 06 MPzee Eq.6.5
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Fig 6.9(a) and (b)

The significant exponential relationships between Lgrad_rea and MPzg- (a)
and Mgrad_green and MPz.g> (b) are plotted.
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6.3.4.2 Predicting MP levels from cone contrasts

The highly significant relationship between the mean central 2.8° macular pigment
level (MP2g°) and the gradient of the L-cone contrast over the CIE reddish colour
direction (Lgrad_red) described by Eq. 6.4 can be used to estimate MP2g.. Eq. 6.5 is
derived from Eq. 6.4 and when tested for prediction accuracy yields a mean
percentage error of 9.9 * 5.1% (mean % error+SD) and provides a method of
estimating an individual’s macular pigment levels based only on their L-cone

contrast curve.

(L, ) +13.69
28 4.69

Eq. 6.5

6.3.5 Correcting cone fundamentals for MP

When the chromatic stimulus is located at or very close to that observer’s
chromatic threshold an observer making a chromatic detection for a single CAD
test presentation in either the reddish or greenish colour direction will not have
any perception of the actual stimulus chromaticity, i.e., when they detect a stimulus
at, or close to, threshold then the perceived colour remains largely invariant over
the red and green ranges. This implies that the L- and M-cone contrasts required
for threshold should vary over the reddish and greenish colour direction regions
such that the total signal in the red-green chromatic channel remains unchanged,
i.e., the [L-M]con: signal will be a constant over the two regions. This constant [L-

M]cont contrast signal is independent of, for example, whether a green stimulus is a
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greenish-yellow stimulus (when 6 is close to 117°) or a greenish-blue stimulus
(when 0 is close to 187°). This constant [L-M]cont contrast signal at threshold
would be achieved if the L- and M-cone contrast curves over the reddish and
greenish regions were parallel. The calculated L- and M-cone contrasts presented
so far in this chapter have been calculated using the Stockman-Sharpe cone
fundamentals; in deriving this set of cone fundamentals the populations’ mean
macular pigment level was factored into them (Stockman and Sharpe, 2000). Some
subjects in this study were found to have their L- and M-cone contrast curves
aligned in a non-parallel fashion over the reddish and greenish directions. In order
to test whether these non-parallel L- and M-cone contrast curves are the result of
using the Stockman-Sharpe cone fundamentals (with a fixed MP level factored into
them) as opposed to individual observer levels of MP, a set of cone fundamentals
were calculated for each observer based on their measured peak macular pigment
level. This was achieved by adjusting the Stockman-Sharpe cone sensitivities using
the Bone (1992) macular pigment template. The Stockman-Sharpe cone
fundamentals incorporate a macular pigment optical density with a peak value of
0.35; this macular pigment concentration was subtracted from each of the L-, M-
and S-cone functions using the method outlined in Gegengurtner and Sharpe
(1999, chapter 2). Once the mean macular pigment level had been removed from
each of the cone sensitivity curves, an amount of macular pigment was factored
back based on the peak measured value for each individual observer. The three
cone contrast curves were re-calculated using the same method as before except
that the individually adjusted cone sensitivities were substituted for the Stockman-
Sharpe cone sensitivities. The four gradients Lgradred, Lgrad green, Mgradrea and

Mgrad_green Were also re-calculated.
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6.3.5.1 Effect of macular pigment corrected cone sensitivities on

the L- and M-cone contrast curves

When the individually adjusted cone sensitivities were used to calculate the L- and
M-cone contrast curves it was observed that the L- and M-cone contrast curves
over the reddish and greenish regions align themselves more closely parallel (i.e.,
the angle between them tends to zero) with the colour direction x-axis and also
more parallel relative to each other. This is consistent with the above hypothesis
regarding constant [L-M]-cone contrasts at threshold over these two regions.
6.10(a), (b) and (c) shows the raw (non-fitted) L- and M-cone contrasts vs. CIE
angle for 3 subjects calculated using the Stockman-Sharpe cone sensitivities
(dashed lines) and their corresponding individually MP adjusted L- and M-cone
contrast curves (solid lines). These three subjects have MP2g- values that are
spread throughout the measured range; MP2.g(MOB)=0.05, MP2g:(SFR)=0.23 and
MP2g°(AT)=0.41. The individually MP adjusted cone contrast curves are shown to
become more parallel to the colour direction x-axis; this effect can be observed
clearly in Fig. 6.10(b) in the L- and M-cone contrast curves for subject SFR over the

greenish region (117° < 6 < 187°).
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Cone contrasts calculated with the Stockman-Sharpe (dashed lines) and
individually macular pigment adjusted cone spectral sensitivity functions
(solid lines) for subjects MOB, SFR and AT, respectively.
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6.3.5.2 Effect of macular pigment corrected cone sensitivities on

the S-cone contrast curves

The same adjustment as that performed with the L- and M-cones, was also
performed on the S-cone contrast curves; they were also re-calculated with the
individually adjusted MP cone sensitivities. It was found that between individuals
with differing levels of MP.g, adjusting for this MP concentration had no
significant effect on the S-cone contrasts at threshold. This was true for negative S-
cone contrasts in the yellowish (8¢e ~ 60°) colour direction and also bluish (8¢ ~
330°) positive S-cone contrasts, relative to the foreground chromaticity. This lack
of shift in S-cone contrasts at threshold when adjusting for MP is illustrated in Fig.
6.11(a), (b) and (c) for the same three subjects as Fig. 6.10(a), (b) and (c),
respectively. This observation is consistent with the reported invariance of S-cone
contrast and macular pigment as reported by Rodriguez-Carmona et al. (2006).
The solid lines are the Stockman-Sharpe calculated S-cone contrasts and the
individual solid circles are the S-cone contrasts calculated from the individually MP
adjusted cone sensitivities. The mean percentage difference between the MP
adjusted and the Stockman-Sharpe calculated S-cone contrast curves for these
three observers (MOB, SFR and AT) are only (1.82+0.50)%, (1.22+0.33)% and
(0.54£0.14)%, respectively; this small difference is reflected in Fig. 6.11(a), (b) and

(c) by the almost perfect alignment of the lines and circles.
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Fig. 6.11(a), (b) and (c)

S-cone contrast curves calculated using the Stockman-Sharpe (solid lines)
and the individually MP adjusted S-cone spectral sensitivity functions
(circles). Note the values of each are almost exactly equal.
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The lack of change of S-cone contrasts when adjusting MP levels can be explained
as follows, when making a detection of a chromatic stimulus on a chromatic
foreground the difference between the S-cone excitations produced by the
stimulus and foreground provide the S-cone contrast that the subject uses in order
to make the detection. Macular pigment filtering affects the whole of the S-cones
sensitivity range so the S-cone excitations of both the stimulus and foreground will
be affected by equal amounts i.e., the macular pigment filters the stimulus and
target by the same amounts. Therefore whilst the total S-cone excitation may
change, the S-cone contrast required for threshold will remain constant and
independent of macular pigment concentration. This finding forms the basis for
the model described by Rodriguez-Carmona et al. (2006) to explain the lack of

correlation between yellow-blue thresholds (in the £S direction) and MPOD values.

6.3.6 Correcting cone fundamentals for lens yellowing

While the average age range of 14 of the 15 subjects tested was 29.3+2.4 years
(mean * SD), one observer was >50 years. It has been shown that the filtering
effect of the crystalline lens varies dramatically over the course of a human lifetime
as it loses its transparency becoming “yellow” (Weale, 1988). This is possibly due
to damage from high energy photons within the blue region spectral power
distribution of sunlight. The assumption was made that the 14 closely aged
observers will posses similarly yellowed lens (as they had all been exposed to
approximately the same amount of sunlight over their lifetime) and hence a
correction for the yellow filtering was not applied. It was expected that the single

older observer would appear as an outlier during the data analysis due to
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increased lens yellowing; this is not the case so it was decided not to adjust any

data for lens yellowing.

6.4 Discussion and conclusion

Within the tested set of n=15 subjects, a weak linear correlation existed between
MP2g and MPpeak. It was expected that the peak MPOD would not reliably give an
estimate of the total (in this case MP2.g) MPOD, in agreement with Neelam (2005).
The measured detection ellipses were not orientated in CIE colour space
dependent on MPpeak , but instead orientation was linearly related to the MP2g-
levels. Ellipse size was found to affect the L- and M-cone contrast curves;
increasing or decreasing them by fixed ratios over values of O¢e. The effect of
varying the ellipse orientation had a more interesting effect on the L- and M- cone
contrast curves; a change in ellipse orientation caused a change in the gradient of
the L- and M-cone contrast curves over the reddish and greenish CIE colour
directions. The gradient of the L-cone contrast curve over the reddish colour
region was significantly correlated with MP2g.. This could be due to the filtering
effect of the MP only partially overlapping the L-cone sensitivity range in the lower
wavelength region of the sensitivity curve, as opposed to the S-cone sensitivity

curve which has its whole range affected by the MP.

Adjusting individual subject’s cone sensitivities for MPOD and re-generating the S-
cone contrast curves had an insignificant effect on the contrast required for
threshold. The relative cone excitations vary but the MP filtering will apply to both
the foreground and stimuli so no change in contrast is required, although the S-

cone excitations may vary. Loughman et al. (2008) found an MPOD independence
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with colour discrimination along the yellow-blue confusion axis in agreement with
results presented here. Loughman however attributes this (possibly) to a long-
term chromatic adaptation effect that acts on the blue-yellow retinal pathway with
respect to the prevailing MPOD; they show how this long-term chromatic
adaptation can be temporally upset by applying a short-term chromatic adaptation
using the Short-term Automated Perimetry Test (SWAP) (Racette, 2003). This
technique involves decreasing the sensitivity of the L- and M-cones via the use of a
chromatic adapting light which leads to the isolation of the yellow-blue chromatic

pathway.

The main finding of the experiment presented here is that it is possible to reliably
estimate (with a typical fitting error of <10%) an individual’s mean central 2.8°
MPOD using only a series of colour detections made over the reddish CIE direction

(relative to CIE xy : (0.305, 0.323)).
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Chapter 7

Cone noise, pupil size and photoreceptor excitation

7.1 Introduction

The first experiment (experiment 1 - pupil size) presented in this chapter
investigates the variation in steady state pupil size as a function of L-, M- and S-
cone, rod and melanopsin excitation following adaptation to a series of background
chromaticities and light levels. The second experiment (experiment 2 - cone
noise) investigates the L-, M- and S-cone signal-to-noise ratios as a function of

colour space direction relative to a whitish adaptation point.

7.2 Introduction - Experiment 1

The human eye has an iris that defines the pupil and is formed of a partially
opaque medium located on the outside surface of the lens. It can vary in size, i.e.,
the diameter of the pupil is not fixed, due to a variety of factors ranging from, for
example, external lighting conditions to attentional loads (see chapter 1). This iris
is known as the aperture stop; as it varies in diameter with the constriction or
relaxation of the iris sphincter muscle only a small effect on the field of view of the
eye is induced, but the total amount of light entering the eye will vary greatly,
varying the retinal illuminance. Small and large pupil diameters correspond to low

and high retinal illuminances (R;), respectively. R;is defined by Eq 1.5 (chapter 1).
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A study presented by Atchison et al. (2011) demonstrated that if corneal flux
density (F, the product of the stimulus size and luminance, measured in
cd deg? m2) is constant the steady state pupil diameter will remain constant as the
size of the stimulus field increases. This was shown for stimuli sizes in the range 1

to 24° and is illustrated in Fig. 7.1.

PUPIL DIAMETER [{mm)
o

FIELD DIAMETER (degrees)

Fig 7.1

A constant pupil diameter is observed as the stimulus field size is varied
from 1 to 24°. Reproduced from Atchison et al. (2011).

This result is consistent with Stanley and Davies (1995), they presented data for
pupil diameters as a function of luminance for a variety of field sizes and conclude
that the pupil control mechanism acts as a flux integrator, proposing that the pupil
diameter (D in mm) can be estimated from the relation defined by Eq. 7.1 for a

given corneal flux density (F).

D =7.75-575 (0.41 (=) /(041(2) /2)) Eq.7.1
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However, both of these studies used the total amount of incoming white light as a
measure of the input signal and failed to examine the differing contributions
individual cone classes make to the control of pupil size. Bouma (1962) partially
addressed this by investigating the variation of steady state pupil sizes when the
eye was exposed to a series of different wavelengths. It was found that when the
eye was chromatically adapted to a bluish light the state pupil size was smaller. It
was not clear when the rods are saturated and not contributing to the perceptual
experience whether they have some role in regulating the steady state pupil
diameter. Laurens (1923) presented data relating pupil size to wavelength and
showed it was dependant on the eye’s adaptation state. The data for a light-
adapted eye showed a minima at ~554 nm, whilst a dark-adapted eye showed a
minima at ~ 514 nm, this could have possibly been due to both rods and cones
influencing pupil size. De Launay (1949) performed an experiment that first dark
adapted the eye and then slowly increased the incident light level, thereby
allowing the eye sufficient time to adapt to the new light level, their data indicated
that the pupil shows very little, if any, variation in pupil size, until the point that
the cone threshold is exceeded. This experiment implied a cone only based
mechanism for pupil control. These experiments did not however investigate the
relationship between the individual L-, M- and S-cone excitations and the steady-
state pupil diameter. Another candidate for pupil size control are the
photosensitive Retinal Ganglion Cells (ipRGC). Hattar et al. (2002) showed in rats
the ipRGCs expressed melanopsin and concluded that this pigment could be
responsible for phototransduction that inputs into non-visual processes. Zaidi et
al. (2007) extended this finding and showed in humans that these cells can input
into visual and non-visual mechanisms, such as pupil control. Tsujimura et al.

(2010) performed an experiment that isolated the cones and ipRGCs via the use of
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narrow band light emitting diodes, they showed that changes in pupil size when
the melanopsin is stimulated is ~3 times larger than that of the summed L- and M-
cones, i.e, the luminance signal. They suggest that the ipRGC and cones contribute
to the steady state pupil size via some unknown non-linear signal summing, but
some issues exist in the isolation due to the large overlap of melanopsin, S-cone
and rod sensitivity curves. The following experiment was conducted in order to
examine the relationship between the individual chromatically adapted

photoreceptors and the steady state pupil size.

7.3 Method and data collection

The five subjects, all with normal colour vision, as assessed by the Colour
Assessment and Diagnosis (CAD) test had their steady state pupil diameters
measured during exposure to a series of background lights of different
chromaticities, displayed over a range of luminance levels. In total, eight different
chromaticities were employed over a maximum of six luminance levels; not all
chromaticities were reproducible for each luminance on the CRT display. Table.
7.1 lists the CIE xy coordinates of the chromaticities tested and summaries

reproducible luminance levels for each chromaticity employed in the study.
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Luminance level (cd m™?)

CIEx CIE vy 31 24 16 g 3 1
0.305 0323 v v v v v v
0.285 0.558 v v v
03977 03283 v v v v v

0.385 0472 v v v v v v
0.265 0.25 v v v v v

0.25 0.3 v v v ¢ v

0.3 0.22 v v v v

0.215 0.1745 v v v

Table. 7.1

The CIE xy coordinates of each of the tested chromatities, the ticks
indicate that the chromaticity was reproducible on the CRT display and
hence pupil sizes at that chromaticity and luminance level were
measured.

The experimental procedure was as follows; the subject was exposed to a test
chromaticity displayed uniformly, at a given luminance, over the entire CRT
display (220 x 27°). Subjects were chromatically adapted by fixating the display for
~90 s. Using the P_Scan pupilometer the steady state pupil diameter was
measured (see chapter 2). This process was repeated for each of the reproducible
chromaticity and light level combinations for each subject. The chromaticities at
each light level were transformed in the corresponding L-, M- and S-cone
excitations and rod excitations that they produced using the method outlined in

chapter 2. For each condition the data were averaged across subjects.

7.4 Results

Fig. 7.2 is a summary of the results; it plots the mean pupil diameters as a function

of the adapting field luminance level. The symbol colours approximate the
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adapting chromaticities. It can be observed that for each chromaticity tested
decreasing luminance levels results in larger pupil diameters (Dpupi), this is
consistent with many previous studies, for a summary see Oyster (2006).
However the pupil diameters for given luminance levels are not necessarily equal,
i.e., they are shown to be dependent on the adapting chromaticity; for example at
16 cd m2 a yellowish adapting field will produce a pupil that is ~1.7 times the

diameter as that produced by a bluish adapting field.
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Fig. 7.2

Pupil diameter a function of luminance level, as the luminance increases
the pupil diameter decreases, but for a given luminance the pupil
diameter is also dependant on the adapting chromaticity.

The relationships between pupil diameter and the L-, M- and S-cone excitations

(and rod excitation) are presented in the following figures; Fig. 7.3, 7.4(a) and (b),
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and 7.5, each of these plots have fitted linear regression lines and in all cases these
were calculated for the whole dataset collapsed across chromaticities; note, the
data have again been plotted in a colour coded manner so as to approximately

indicate the adapting field chromaticities.

7.4.1 Pupil size vs. rod, cone and melanopsin excitation

The rod excitations were calculated using the scotopic luminous efficiency function
(CIE Proceedings, 1951) along with an analogous method to that used to calculate
the cone excitation. Fig. 7.3 shows the mean pupil diameter plotted as a function of

log(Rod-excitation), the relationship is described by Eq. 7.2.

Dpupil (mm)

-0.5 0 0.5 1 1.5 2
log(Rod-excitation)
Fig 7.3

The mean pupil diameters (Dpui) plotted as a function of log(Rod
excitation) (R? = 0.82, p<0.05), the fitted line is given by Equation 7.2.

Dpupil =-1.8 log(Rexcitation) + 6.5 Eq. 7.2
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The L- and M-cone excitations were calculated for each adapting field chromaticity
at each reproducible luminance level. Fig. 7.4(a) and (b) show the mean pupil
diameter plotted as a function of log(L-cone excitation) and log(M-cone excitation),
respectively. The corresponding fitted functions are indicated by Eq. 7.3 and 7.4,

respectively.
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Fig 7.4(a) and (b)

The mean pupil diameters (Dpupit) plotted as a function of log(L-cone
excitation) (R? = 0.68, p<0.05) in (a) and log(M-cone excitation) (R =
0.68, p<0.05) in (b), the fitted lines are given by Equation 7.3 and 7.4,
respectively.

Dpupi] = '1.7 log(Lexcitation) + 6.1 Eq. 7.3

Dpupi] = '1.7 log(Mexcitation) + 5.6 Eq. 7.4‘

The S-cone excitations were also calculated for each adapting field chromaticity at

each reproducible luminance level. Fig. 7.5 show the mean pupil diameters plotted
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as a function of log(S-cone excitation), the corresponding fitted function is

indicated Eq. 7.5.

Deugil {mm)

? —

15 2
log(5-cone excitation)

Fig. 7.5

The mean pupil diameters (Dpui) plotted as a function of log(Rod
excitation) (R = 0.91, p<0.05), the fitted line is given by Equation 7.5.

Dpupi] =-1.6 log(Sexcitation) + 6.3 Eq. 7.5

Finally the melanopsin excitations were calculated, these data are plotted against

pupil size in Fig. 7.6. The fitted relationship is indicated by Eq. 7.6.
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Fig. 7.6

The mean pupil diameters (Dpupi1) plotted as a function of log(melanopsin
excitation) (R?=0.63, p<0.05), the fitted line is given by Equation 7.5.

Dpupi] =-1.6 lOg(Mexcitation) + 6.1 Eq. 7.6

7.5 Conclusion - experiment 1

Within the range investigated the data presented in Fig. 7.2 illustrate that the
steady state pupil size after adaptation to different chromaticities can differ
widely, even when the luminance remains unchanged. These data are consistent
with that of Bouma (1962) that showed bluish/purple chromaticities, composed of
short wavelength light, will produce the smallest steady state pupil sizes for a
given light level. Further analysis using the cone excitation levels reveal that the S-
cone excitation is most highly correlated with the steady state pupil size. The rod

excitation was correlated significantly but to a lesser extent than the S-cones, and
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finally the L- and M-cones and melanopsin excitations were correlated with pupil
size, but again to an even lesser extent. Whilst it cannot be concluded from these
data that the S-cones have a dominant input to the pupil size, and it is possible a
non-linear combination of inputs is responsible, it is interesting to note that the
correlation is not dependant on absolute luminance level. For example, a blue
which produces a relatively high S-cone excitation and a green (which produces
only a small S-cone excitation) could be displayed in such a way as to produce
equal S-cone excitations (by reducing the luminance level of the blue). In spite of
the large difference in luminance, the blue and green lights produce very similar

steady state pupil sizes.

7.6 Introduction - experiment 2

After performing the within subjects experiment presented in chapter 3, the
question arises as to how much variation exists when chromatic threshold
measurements are repeated within a single observer. The investigation described
in this section addresses this and derives an estimate of what can be considered as
the cone noise (and hence the signal-to-noise ratios) over a range of colour
directions. The signal-to-noise estimate used in this study is one that is commonly
employed in a variety of different fields, e.g., medical imaging (Bushberg, 2006), is

defined by Eq. 7.7.

SNR = Eq.7.7

SH R
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Where, X is the mean signal (contrast) and o is an estimate of the noise, assumed

to be equal to the standard deviation of the mean.

7.7 Method and data collection

A set of twenty one threshold detection ellipses were measured under the same
conditions for two observers (B] and MRR). This allowed the cone noise to be
estimated from the standard deviations derived from the multiple threshold
measurements (in terms of chromatic displacements). The CAD system was used
to obtain thresholds along twenty equally distributed directions in CIE xy colour
space relative to the adapting background. Both the background and foreground
chromaticity was located at CIE xy : (0.305, 0.323), and both displayed with a
luminance of 24 cd m2 The time to measure twenty one detection ellipses
represented more than 4 hours of psychophysical testing per observer, hence the
testing was carried out over 4 sessions on separate days. The L-, M- and S-cone
contrasts required for threshold were calculated from measured chromatic
displacement thresholds in CIE space for each colour direction. The mean and
standard deviations, and hence signal-to-noise ratios were derived. These are
presented as a function of colour direction (in degrees) and in cone L-M vs. S-

contrast space in the following section.

7.8 Results

The results obtained for the two observers were similar, observer BJ’s data will be

presented. Fig. 7.7 shows the distribution of the repeated measurements of
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thresholds plotted in CIE xy space for each colour direction tested. Fig. 7.8 shows
the relationship between the coefficients of variation (CoV) over the range of
colour directions tested. The CoV is observed to remain relatively low (~18%)

over the whole range with no significant differences existing over the range

(p<0.05).
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Fig. 7.7

21 repeated threshold measurements are plotted in CIE xy space for the

20 colour directions tested. The “+” indicates the location of the
background and foreground chromaticity.
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Fig. 7.8

The coefficient of variation vs. CIE colour angle for observer B]. The CoV
remains low and independant of colour angle across the whole range.

7.8.1 Variation of L-, M and S-cone contrast signal-to-noise ratio

The L-, M- and S-cone signal-to-noise ratios were calculated in terms of cone
contrast for each colour direction. Fig. 7.9(a) shows the variation as a function of
colour direction; 0, 90 180 and 270° correspond to the reddish, bluish, greenish
and yellowish colour directions, respectively (see insert within Fig. 7.9(a)). Fig.

7.9(b) plots only the L- and M-cone contrasts for clarity.
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Fig 7.9(a) and (b)
The L-, M- and S-cone contrasts (plotted as red, green and blue circles,
respectively) as a function of cone contrast space angle are shown in (a).

The L- and M-cone contrast curves from (a) are plotted alone in (b) for
clarity.

(Insert in (a) indicates the distribution of chromaticities over cone
contrast space).

As a linear model of cone excitation is assumed the thresholds in terms of CIE
chromatic displacement correspond proportionally to L-, M- and S-cone contrasts
at threshold, therefore any variance in thresholds within one cone class will be
present and equal in the other cone classes for a given direction. It should be
noted that within CIE xy space this proportional relationship becomes non-linear

for high contrast levels, but the contrasts presented here are low and within the
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linear region. As the magnitude of the S-cone contrast increases around 90°
(bluish) and 270° (yellowish) in cone contrast space, the noise increases in such a
way as to keep the signal-to-noise ratio constant. This is also observed in Fig.
7.9(b) for the L- and M-cones, where a larger contrast corresponds to a larger
noise level, this occurs in both the reddish and greenish colour directions (0 and
180°, respectively). Fig 7.10 plots the absolute values of signal-to-noise ratio for
each chromatic direction tested, the dashed black line indicates the mean, the grey
shaded area indicates the 95% confidence interval. The signal-to-noise level

averaged over all colour directions, is 5.56+0.77 (mean%SD).
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Fig. 7.10

The cone signal-to-noise ratios plotted as a function of cone contrast
space colour direction, the mean value (~5.6) is indicated by the dashed
line, the grey area indicated the 95% confidence interval.
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7.9 Conclusion - experiment 2

It has been shown that as the radius of the ellipse varies with colour direction, i.e.,
the chromatic displacement required for threshold, the noise also varies; this
variation increases and decreases so as to maintain a constant coefficient of
variation, observed in both subjects B] and MRR (~18% and ~23%, respectively).
When these thresholds are transformed into L-, M- and S-cone contrasts, it is
shown that the cone signal-to-noise ratios are also constant, over the three cone
types in all colour directions. The results show that in the yellowish and bluish
directions, that are dependent on the S-cone contrast alone being ~6% used (the
stimulus is presented under isoluminant conditions so the L+M contrast is zero),
the noise increases as the S-cone signal increases. Similarly over the reddish and
greenish colour directions, where the L- and M-cones both reach threshold at
~0.5% contrast, the signal-to-noise is also constant in this region. In contrast
space S-cones only contribute to detection at threshold within two relatively small
ranges, from ~75 to 105° (the bluish region) and ~255 to 285° (the yellowish
region). In all other directions outside of these S-cone ranges the L- and M-cones
are used for either greenish or reddish detection. The noise levels close to these
transitions are likely to be artefacts arising due to, for example, the S-cone
contrasts being calculated in every direction even when they are not made use of.
At 80° in contrast space, for example, the S-cones are active and used for detection
of a stimulus with +S contrast, in this direction the calculated signal-to-noise ratio
in the L- and M-cones remains at ~5, but this value is essentially irrelevant and
needs not be considered as they play no active role in the detection. In conclusion,
provided that a cone class is actively contributing to detection, at threshold, the

signal-to-noise ratio will remain constant at ~5.
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Final conclusions

The majority of experiments reported in this thesis investigated how chromatic
detection sensitivity varies under different states of light adaptation. Both
chromatic and light level variations were investigated. These variations are of
practical importance since they represent frequently encountered conditions
particularly in visually-demanding working environments. Many examples of
work places exist where employees are subjected to illumination conditions that
induce chromatic adaptation. An example is the lighting within an airplane cockpit
during a flight at night; pilots are subjected to a background illumination that is
often reddish and may be tasked with reading a map that contains airspace
marking printed in red against a blue or green background (representing water or
land, respectively). It is hence useful to be able to predict the limits of chromatic
detection capability under a variety of conditions in order for colour coding to be
implemented, for example in maps or safety critical instrumentation. In order to
study chromatic detection the Colour Assessment and Diagnosis test was
employed, it isolates colour signals by embedding the isoluminant chromatic
stimulus within dynamic luminance contrast noise. A series of detection threshold
ellipses were measured for different states of chromatic adaptation. This was done
for adapting background and foreground (upon which detections were made)
combinations that were located either in the same (chapter 3) or in different
(chapter 4) locations in colour space. The measured ellipses were analysed in
terms of the differences in L-, M- and S-cone excitations required for threshold. A
model is proposed that can predict the threshold ellipses accurately for a range of
background chromaticities. This model assumes the ellipse semi-major axis aligns
with the S-excitation axis (this is consistent with the measured data) when the
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background and foreground are equal. When the background and foreground are
unequal, i.e., when detections are made away from the adaptation point, a change
in ellipse orientation is observed, the ellipse semi-major axis rotates to align more
closely along the direction towards the adaptation point. These ellipse
orientations can be predicted accurately from the difference in cone excitations
produced by the background and foreground combination. For the conditions
when an equal background and foreground combination was employed additional
ellipses were measured over a series of light levels, typically from 0.3 to 31 cd m2.
The findings from these experiments show that when a cone class is adapted to a
given excitation level, the signal at threshold is independent of the light level and
chromatic combination employed to achieve adaptation and is also independent of

the adapted state of the other cone classes.

The results from the experiment presented in chapter 5 indicate that foveal colour
thresholds remain independent of the adapted state of the peripheral retina, i.e., no

long range retinal interactions are demonstrated.

The effect that macular pigment optical density can have on colour detection
thresholds was investigated (chapter 6). Measurement of observers’ peak and
mean macular pigment optical densities were obtained over the central 2.8° of
visual angle and these two measures approximately correlated as expected.
Controlled simulations that varied the chromatic threshold ellipse size and
orientation in order to assess theoretical variations in the cone contrast curves
were performed. These simulations revealed that changes in ellipse orientation
caused either an increase or decrease in the L- and M-cone contrast curve
gradients over the reddish and greenish colour directions, relative to the colour

direction axis. Subsequent analysis of observers’ measured ellipse orientations
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along with the measured macular pigment optical densities was performed; these
were also related to the cone contrast curves. It was found that the variation in the
L-cone contrast curve gradient was highly correlated with macular pigment optical
density; this provides a method for estimating macular pigment levels from the L-
cone contrasts required for threshold alone. At threshold the hue of a reddish or
greenish CAD stimulus is not perceived, i.e.,, observers cannot discriminate
yellowish-reds from bluish-reds, or yellowish-greens from bluish-greens. This
implies that the L- and M-cone contrasts over the reddish and greenish regions
should be constant. It is shown that when the cone sensitivity functions are
individually corrected for the filtering provided by an individuals’ macular pigment
optical density the cone contrasts over these regions become more stable, i.e.,
aligned more parallel with the colour direction axis. Correcting for macular
pigment differences does not change the S-cone contrasts; this is due to the
filtering effect of the macular pigment effecting both the background and stimulus
(within the foreground) by an equal amount. So while the S-cone excitations may

change, when expressed in terms of contrast they remain constant.

Previous studies that investigated steady state pupil size have been extended
(chapter 7). Pupil sizes were measured after adaptation to a range of
chromaticities and light levels, this allowed for analysis to be performed that
related the measured pupil size to individual L-, M- and S-cone excitations.
Consistent with an earlier study, the smallest pupil size was found to correspond to
exposure to light composed of short wavelengths. The S-cone excitation was found
to be highly correlated with the steady state pupil size and also to be independent
of the adapting chromaticity and luminance level that induced it. Noise within

colour mechanisms was also investigated; signal-to-noise ratios were derived from
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repeated measurements of detection ellipses and are shown to be constant over all
colour directions. This result indicates that in a particular cone class as the
contrast level required for threshold increases so does the noise level. When a
cone class is not playing an active role at threshold, for example the S-cones when
a reddish colour is being detected, the noise level will be small. On the other hand
when the S-cone signal is being used at threshold, for example when making
detections in the yellow direction, their noise level will increase, but the signal-to-
noise ratio will remain constant. These observations suggest that red-green and

yellow-blue chromatic mechanisms are independent at threshold.

The principal outcome from this study is the ability to predict accurately colour
detection thresholds against a range of light levels and adapting chromaticities.

The practical applications of the findings remain to be explored.
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