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Abstract 
 

Optokinetic nystagmus (OKN) is a sequence of involuntary eye 
movements comprising slow phases of tracking a moving stimulus 
followed by fast saccades to reset the eye position. Although previous 
studies have studied the relationship between human OKN and 
functional vision via measurement of the contrast-sensitivity function 
(CSF), it has not been investigated using colour-varying, red-green, 
equiluminant patterns. In human vision, spatiotemporal changes in 
luminance convey a stronger sense of motion than do equiluminant 
patterns; yet, motion can nevertheless be perceived without luminance 
cues. The present study used spatial-frequency, band-pass luminance 
and red-green equiluminant noise patterns to measure OKN, and thus 
characterise the chromatic input to the mechanisms that drive the optokinetic 
response. The CSFs of 21 observers with normal vision were recorded using 
OKN and perceptual report. The results of the study demonstrate that an 
equiluminant red green stimulus can evoke a robust OKN response. There was 
a high correlation between OKN and perceptual report, for both luminance 
and colour stimuli, an indication of a common neural mechanism for defining 
stimulus direction. In all stimulus conditions tested, OKN can deliver a valid 
alternate technique for measuring the CSF.  
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1. Overview of the Present Thesis 
 

The most commonly employed measure of visual resolution is 
visual acuity. If an observer can discriminate correctly among small 
printed letters when they are viewed from a greater distance, their acuity 
is better than if they had to come closer to the letters to see them clearly. 
This method, while suitable for deciding whether you need to wear 
spectacles, is not sufficient for predicting variability in tasks, such as 
target identification (Ginsburg, 1982; Ginsburg, Easterly & Evans, 
1983). The contrast sensitivity function (CSF) has been proven to add 
further evidence to the functioning of the visual system, when compared 
with visual acuity; gauging sensitivity over a wide range of spatial 
frequencies (Owsley & Sloane, 1987). A popular route to the CSF 
assumes an observer’s aptitude in seeing a stimulus from their 
involuntary eye movements. In particular, a substantial quantity of work 
has studied relationships between human optokinetic nystagmus 
(OKN) and functional vision (Anstis, Cavanagh, Maurer & Lewis, 
1987; Brown, Lindsey, McSweeney, & Walters, 1995; Cetinkaya, Oto, 
Akman, & Akova, 2008; Crognale and Schor, 1996; Dakin & Turnbull, 
2016; Leguire et al. 1991; Tong, Peng, & Sun, 2003). 

This thesis will investigate the potential for any similarities 
between OKN and perceptual report; when applied to visual stimuli, 
and the degree to which these measures incorporate a similar neural 
mechanism. In purely scientific terms, our capacity to perceive detail in 
a visual scene is dependent on its relative size and the amount of contrast 
present. In the laboratory, perhaps no better example, to date, has 
illustrated this fact, than a sizeable grating pattern, where the luminance 
perpendicular to the bars is modulated sinusoidally around a set mean 
level (Campbell & Robson, 1968). 

Pioneering studies of how fundamental visual features are 
processed in the brain—Hubel and Wiesel (1962, 1968) on pattern 
perception, and DeValois, Abramov and Mead, (1967) on colour, for 
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example—have stimulated considerable research into the extent that 
early parts of the visual pathway process these features independently. 
As part of this thesis, an experiment will be conducted to examine the 
prospect that the motion system treats luminance and chromatic 
information differently. For example, previous results have suggested 
that a chromatic motion mechanism does not exist (Ramachandran & 
Gregory, 1978; Zeki, 1978; Livingstone & Hubel, 1988), whereas 
others have found evidence for a purely chromatic motion mechanism 
(Cavanagh & Favreau, 1985; Derrington & Badcock, 1985; Mullen & 
Baker, 1985; Cropper & Derrington, 1996). Such specificity in this 
study’s methodological design, aims to deliver a testing efficiency that 
avoids experimenter intervention, by enhancing the range and resolution 
for frequency sampling, and contrast of grating stimuli. In using small-
N designs with stimuli presented near the sensory threshold (the 
weakest stimulus that an organism can detect), it is estimated that the 
outcomes from such testing measures will help to solve problems in 
similar, earlier visual psychophysics studies. 

The experimental design allows for an extensive consideration 
of whether there is a genuine chromatic input to motion processing – a 
result that has been missing from previous studies, due to limitations in 
defining the nature of the fundamental visual circuitry. The goal, 
therefore, is to hopefully determine whether OKN can deliver a valid 
alternative means of measuring the chromatic CSF. A specific focus on 
the behavioural evidence from visual pathway studies is made in this 
thesis, as it concerns the bulk of previous published work, and also 
allows for the most relevant data when put into the context of the 
questions raised. Whatever the discipline of the individual reader of this 
thesis, it is hoped that its contents will offer some new and unexpected 
insights and generate new experimental hypotheses. Moreover, those 
who are unfamiliar with the material may be enriched and find a new 
branch of vision science opened to them. 
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2. General literature review 
 

This chapter provides the background to the empirical work 
described in the current thesis, beginning with a brief account of some 
computational theories of visual perception. Next, a concise overview 
of visual photometry is stated, before an explanation into the 
relationship between filtering and visual perception. Subsequently, an 
attempt has been made to outline the area of visual pattern analysis, 
which is then followed by a brief overview of colour vision pertinent to 
the experiment contained as part of this thesis. Then, there is a section 
that includes consideration of the literature on the perception of motion 
in chromatic stimuli, followed by an explanation of some statistical 
theory relevant to the design of the ensuing experiment. Lastly, some 
work investigating the role of eye movements in response to moving 
stimuli has been reviewed for the reader. 
 
2.1 Computational theories of visual perception  

The last half century has seen much progress towards an 
understanding of the mechanisms underlying visual processing. A great 
deal is known about human psychophysical performance in the 
detection and discrimination of visual properties such as luminance, 
wavelength, contrast, orientation, and motion. The neuronal substrates 
for these functions have also been the subject of electrophysiological 
investigation, beginning with pioneering studies such as those of Hubel 
and Wiesel (1962). These approaches complement each other and serve 
to place constraints on the types of theories that can be proposed 
regarding underlying mechanisms. Successful descriptions of low-level 
visual processes have been achieved in numerous areas, with detection 
and discrimination mechanisms comprising most of the work—
although recognition, constancy, and illusions have also offered us great 
insights. Although one cannot simply transfer the rules learned from 
studying threshold vision to suprathreshold vision, threshold 
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measurements have been enormously useful in theoretical and clinical 
work (Graham, 2011), 

A principal function of the human visual system is to 
reconstruct a three-dimensional representation of the world from its 
two-dimensional projection onto the retina. A fundamental question in 
vision research is thus how this reconstruction occurs. A useful level at 
which this question can be answered is that of computation (Marr and 
Poggio, 1977; Marr, 1982/2010): the human visual system can be 
regarded as an information processor, carrying out computations on 
internal representations of visual information. A distinction can be 
made between the physical manifestation of these computations and the 
abstract computations themselves; in other words, a distinction between 
aspects of the visual process that are specific to biological hardware, and 
aspects of the process that are specific to the problem being solved, 
independent of the particular implementation of that process. 
Accordingly, Marr maintained a firm stance with regards to the 
incompetence of a precisely neurophysiological method in 
comprehension, stating, ‘‘…trying to understand perception by 
understanding neurons is like trying to understand a bird’s flight by 
studying only feathers. It just cannot be done’’ (Marr, 1982/2010) 
(Figure 1). Marr believed that it was far greater to assume from the 
implementation (level 3) what algorithm (level 2) the nervous system 
employed in comparison to an analysis of the computational problem 
(level 1) it was attempting to unravel. 
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Figure 1. Marr’s Three Levels of Analysis. (A) A bird endeavours to fly by 
flapping its wings (algorithmic realization) while aerodynamics is contingent 
upon the features of its feathers (physical implementation). Image adapted 
from Krakauer, Ghazanfar, Gomez-Marin, MacIver and Poeppel (2016). 

 

 
In general, there could be many algorithms for solving any 

particular computational problem— however this thesis will be 
concerned with the algorithm used by the human visual system. As such, 
neurophysiology provides constraints on the architecture of the 
algorithm used to perform the computation. The notion that 
information in retinal images is decoded by at least semi-independent 
processes allows us to focus on specific processing modules without 
requiring an understanding of the entire visual system. However, Marr’s 
key problem in attempting to comprehend the brain from neuronal 
recording, was that instead of leading to explanations, it led to 
descriptions. An account of neural activity and connections is not 
identical to knowing their function in causing behaviour. Rather, clever 
behavioural studies in the nonappearance of effort at the neural level can 
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be extremely informative by themselves. Although the proceeding 
experimental work uses a behavioural methodology, the theories 
developed must be consistent with what is known about the biological 
substrates of form, colour and motion processing in human vision. In 
particular, the current thesis will examine whether there is a genuine 
chromatic input to motion processing as detected through involuntary 
eye movements known as optokinetic nystagmus (OKN). 
 
2.2 Filtering in the visual system 

Early processing in the visual system has been defined in terms 
of filtering. Kenneth Craik remarked that in order for objects to be 
separated from one another, a filter is typically required: “the essential 
part of physical ‘recognizing’ instruments usually involves a filter, which 
passes any quantities it is required to identify and rejects all others.” 
(Craik & Craik, 1966, p 12). One filter cannot deliver the information 
necessary to execute all the tasks essential for perception. Instead, 
parallel processing is carried out by multiple, independent visual 
channels. A large proportion of visual perception research involving 
spatial vision in the early 1970s was influenced by the concept proposed 
by Campbell and Robson (1968) that spatial patterns can be 
decomposed into components distinguished by specific, parallel spatial 
frequency channels (DeValois & DeValois, 1991). The concept of 
spatial frequency allows for the description of the response of a single 
cell as a function of the frequency of a sinusoidal grating (in cycles per 
unit of space) focused onto its receptive field, rather than as a function 
of different geometrical stimuli. 
Fourier's theorem posits that nearly any waveform can be described as a 
sum of sinusoidal waves. Applied to a visual luminance grating, Fourier 
analysis yields the amplitude of each sinusoidal component present. In 
such gratings, light intensity varies along only one axis, but a pattern in 
which intensity varies along all axes can be analysed in the same way. 
The low spatial frequency components in a pattern represent its large-
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scale properties, while the high-frequency components represent the fine 
details. This is illustrated by Figure 2, which shows the effects of 
filtering out either the high or the low spatial frequencies in a 
photograph. One might ask the frequency of grating that stimulates the 
maximum response from a system (perhaps a cell in the visual system, 
or a human observer), and how selective it is in its responses to different 
spatial frequencies. The reaction of a system to a grating is measured by 
its contrast sensitivity; the reciprocal of the threshold contrast necessary 
to attain a criterion response from the system. The selectivity of a 
system can be measured by the bandwidth; the proportion of the spatial 
frequencies at which more than half the maximum contrast sensitivity is 
achieved. 
 

 
 
Figure 2. Image filtering with low-pass, band-pass and high-pass filters. A) An 
image with only the lower frequency components retained. B) Image with 
medium frequency components retained. C) Image with only the high 
frequency components retained. D) A low-pass filter accentuates low spatial 
frequencies. E) The band-pass filter accentuates medium spatial frequencies, 
attenuating low and high. F) A high-pass filters accentuates high spatial 
frequencies. Images adapted from MATLAB (The MathWorks, Natick, MA). 
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2.3 Light and the perception of light 
A substantial role of the human eye is to adjust to equality of 

light; filtering the neural activity generated by a limited range of the 
electromagnetic spectrum. Light comprises photons vibrating at 
energies that interact with human photoreceptors, initiating the process 
that leads to what the observer sees. The wavelength of visible light 
ranges from about 400 to 700 nm. The fundamental concept of the 
difference threshold involves the precision with which the eye can make 
adjustments based on equality. For example, an observer can possibly 
detect some value y of a variable stimulus to exceed a threshold for the 
detection of differences. As thresholds are statistical quantities, a certain 
value of the luminance of the variable stimulus is associated with a given 
probability of discrimination of a difference. If this probability exceeds 
some arbitrary value, then it is safe to assume that the difference in 
luminance has exceeded a threshold. This difference might occur at a 
detection of 75 per cent of the trials or even one that is detected 
correctly on 87.5 per cent of its exposures, for example. 

Visual photometry has its origins in the scientific necessity for 
the measurement of the brightness of light. The demand for a typical 
luminous-efficiency function surfaced when physical photometry 
developed as a substitute for visual photometry. Therefore, when 
provided with a standard luminous-efficiency function, calculating the 
visual efficiency straight from the spectral distribution of energy in a 
light source is achievable. 

Luminance is the photometric analogue of radiance, with 
radiance recorded by the quantity of heat produced by a surface. 
Luminance is thus formally defined by the CIE Standard Observer: 

𝐿! = 𝐾" 	%𝐿#,%𝑉(𝜆)𝑑𝜆,
.

'
	 (1) 

where Le,l dl represents the radiant flux emitted in the 
wavelength interval dl, containing wavelength l, and V(l) represents 
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the photopic luminous efficiency function. The factor Km is the 
maximum luminous efficacy corresponding to the wave-length for 
which V(l) = 1. V(A) is the standard instrument for ascertaining the 
relative visual efficiency of lights of various wavelengths. 

For the purposes of this thesis, due to the integral in Eq. (l), 
luminance is regarded as being additive, irrespective of the spectral 
configuration of the components. For example, additive light 
measurements reliant on an observer’s luminous efficiency function, is 
known as sensation luminance. The measurement of sensation 
luminance is evident through the nulling of apparent motion (Anstis 
and Cavanagh, 1983). Anstis and Cavanagh showed that the nulling of 
apparent motion produces outcomes comparable to those acquired 
with a physical photometer (an instrument for measuring the intensity 
of light), or by heterochromatic flicker photometry (a technique used 
to measure the spectral sensitivity of the human eye). The nulling of 
apparent motion is further explained and subsequently implemented 
within the Methods section of this thesis. 

Brightness and darkness are attributes of visual sensation and 
perception, and have attracted the attention of many scientists, notably 
the founders of modern visual science: Von Helmholtz (1867), Hering 
(1878), and Mach (1897). These experts were well aware of the 
discrepancies between the distribution of perceived brightness in the 
environment and the physical distribution of light in the retinal image, 
and they offered possible explanations in terms of neural processes 
occurring in the retina and in the brain. 

When an area of the visual field seems to emit more or less light 
than its surrounding areas, this is referred to as brightness; darkness 
commonly refers to the opposite of brightness. Moreover, if a number 
of reflecting objects are concurrently present in the visual field, and are 
illuminated by daylight, some of them may appear white, while others 
may appear black. Lightness is the feature of visual sensation whereby 
an object appears to reflect more or less light in comparison with an 
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object that appears white. The relative difference in light levels is 
contrast, arguably the primary signal projected from the eye to the visual 
cortex.  

Contrast can be defined as follows, 

𝐶 =	
𝑌"() − 𝑌"*+
𝑌"() + 𝑌"*+

(2)	

where, Lmax and Lmin are the maximum and minimum luminance, 
respectively. This is referred to as Michaelson contrast, and can be used 
to describe any periodical pattern. Figure 3 represents three values of 
contrast. 

 

 
 
Figure 3. Luminance distribution across sine-wave gratings. Contrast is 
defined as (Imax - Imin)/ (Imax + Imin). Arrows indicate range of luminance. Distance 
is defined by the x-axis, and luminance by the y-axis. Three contrast ratios are 
shown: 1-0, 0.5 and 0-05. Note that the mean luminance level remains 
constant. Image adapted from Campbell & Green (1965). 
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For a given pattern, as contrast sensitivity increases, luminance 
increases, although it may reach an asymptote. Equivalently contrast 
threshold first decreases and then stays constant. Effects of mean 
luminance are best comprehended by describing them both in terms of 
contrast and of a second quantity, amplitude. Amplitude is the absolute 
difference between the peak and mean luminance, so that contrast is just 
amplitude divided by mean luminance. Amplitude thresholds tend to be 
constant at low mean luminances and then tend to increase. A valuable 
review of the physiological and psychophysical effects of mean 
luminance, and the models of such effects, including discussion of their 
perceptual function, can be found in Shapley and Enroth-Cugell 
(1984). 
 
2.4 The contrast-sensitivity function (CSF) 

One approach to the study of human vision is through 
psychophysical experiments designed to explore the way in which spatial 
patterns are perceived. Although the retinal image is usually formed as 
a projection of the three-dimensional external world, it is possible to 
produce an equivalent retinal light distribution by providing an 
appropriate two-dimensional external picture (Robson, 1980). Since 
this is so, pictures can be used rather than objects as visual stimuli; 
without the loss of generality but with a reasonable gain in simplicity. 
Such pictures are frequently implemented for experimental purposes, 
created by projecting electrons at a fluorescent screen. This latter 
technique, with the use of CRT displays, has made achievable many of 
the recent psychophysical and neurophysiological investigations of 
spatial vision that have used the contrast of the stimulus pattern as an 
experimental variable. The stimulus considered from hereon in is a two-
dimensional picture. This picture can be imagined as comprising an 
array of small areas (pixels), each emitting light towards the eye. Such a 
greyscale image can be specified by designating the luminance of each 



CHROMATIC CONTRAST SENSITIVITY FUNCTIONS MEASURED USING 
OPTOKINETIC NYSTAGMUS AND PSYCHOPHYSICS 

13 

pixel. 
So far, the stimulus picture has been considered as an array of 

pixels of different luminance. This may seem natural and useful, 
allowing the imaging of each stimulus element to be considered 
separately, without regard to the luminance of any other elements. 
However, rather than thinking of a visual stimulus being divided into 
independent points, there are benefits in considering the stimulus as a 
large number of superimposed patterns of light. In particular, the 
stimulus may be considered to be the sum of a number of sinusoidal 
grating patterns; each grating having a specified spatial frequency, 
orientation, contrast and spatial phase (Robson, 1980). Therefore, the 
complete retinal image is the sum of grating components each 
corresponding exactly to a component in the stimulus picture, except to 
such an extent as the contrast of the image components will always be 
less than that of the stimulus components. The decrease in the contrast 
of each grating component in the image, with respect to the matching 
component in the stimulus picture, fluctuates with spatial frequency, 
generally becoming more prominent at a higher spatial frequency. 
Certainly, beyond a specific spatial frequency, the image contrast 
becomes zero; the light is spread uniformly over the whole image. 

Thus, it is appropriate to define stimuli in terms of their point 
contrast:, 

𝑠(𝑥, 𝑦, 𝑡) =
𝐿(𝑥, 𝑦, 𝑡) −	𝐿,

𝐿,
(3) 

where L(x, y, t) indicates luminance at the point (x, y, t) and L0  is the 
mean luminance of the display area. The contrast functions hereon can 
be considered as the product of a modulation function M(x, t). 

The behaviour of such an internal imaging system can be 
described completely by specifying the ratio of image contrast to the 
external stimulus contrast at all spatial frequencies; this ratio as a 
function of spatial frequency is the system’s modulation transfer 
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function (MTF). If the system is not isotropic, the modulation transfer 
function will be contingent upon the orientation of the gratings. A 
particular way of measuring the modulation transfer function is to 
compare the contrast of the image, as captured by the imaging system, 
versus the contrast of the physical stimulus. As optical systems behave 
linearly, the contrast of the stimulus grating is unimportant. The 
stimulus contrast ratio is the same for any level of contrast, though the 
measurements may be easier to make if the contrast is high. 

The test picture by Campbell and Robson shown in Figure 4, 
permits direct observation of the reader’s own MTF. When Figure 4 is 
held at arm’s length, the spatial frequencies in the retinal image roughly 
correspond to those marked on the x-axis scale. The observer will likely 
see an inverted-U shaped border separating a visibly striped region from 
an apparently homogeneous region. This border is a plot of the MTF 
representing the relative visibility for each spatial frequency. As the 
viewing distance is changed, the location of the peak on the page 
changes, in agreement with the changing spatial frequencies of the 
retinal image. 
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Figure 4. The typical CSF is bandpass in nature. An observer is most sensitive 
for an intermediate range of spatial frequencies (roughly 4-6 cpd), and less 
sensitive to spatial frequencies both lower and higher than this. Image adapted 
from Campbell & Robson (1968). 

 

 
As the stimulus contrast ratio is independent of the level of 

contrast, two comparable methods can be implemented when measuring 
the modulation transfer function. When the spatial frequency of the 
stimulus is varied, its contrast can be kept fixed and the varying contrast 
of the image measured. Alternatively, the image contrast can be fixed at 
an appropriate level and then, for each spatial frequency, the contrast in 
the stimulus that is required to produce the selected image contrast can 
be found. The resulting data plot, comparable to the contrast sensitivity 
function (CSF), measured psychophysically or neurophysically, is the 
inverse of the modulation transfer function, a plot of stimulus/image 
contrast. A Fourier Transform converts information in the space 
domain into frequency information that can be explained by a linear 
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combination of suitably weighted sines and cosines. 
 A popular conception of one of the earliest stages of visual 
information processing is an assortment of feature detectors that 
concurrently process dissimilar kinds of information in the visual 
stimulus. Each feature detector is presumed to respond vigorously only 
when the stimulus contains the appropriate “feature”—for example, an 
“edge detector” responds only when there is an edge in the appropriate 
place on the retina. A specific type of feature detector is a spatial 
frequency channel. The CSF typically involves the incidence of spatial 
frequency channels; making it a proven and successful measure for 
exploring the function of the visual system. Here, the word channel, 
refers to a two-dimensional array, or, in terms of the physiological 
analogue, a collection of receptive fields that are identical except in 
position. 
 The work of Graham and Nachmias (1971) showed that the CSF 
also represented the envelope of several underlying sensitivity curves 
with narrower spatial frequency tuning than the system as a whole. As a 
result of the pioneering work from these authors, subsequent research 
focused on measurement of the spatial frequency and orientation tuning 
of these underlying mechanisms. Such research generally employed 
either subthreshold summation, spatial frequency adaptation, or 
masking. The latter mechanism is implemented to the formation of 
stimuli in the experiment contained in this thesis. The typical stimulus 
in a subthreshold summation experiment (adding up the effect of 
multiple stimuli, that are all individually subthreshold, so that together 
they are suprathreshold and are able to generate a response) comprises 
two components: a test pattern and a summation pattern. In this 
manner, the degree to which gratings of different spatial frequencies 
summed to generate a threshold response can be measured. 
 The original experiments of Campbell and Robson (1968) and 
Graham and Nachmias (1971) may be viewed as special cases of this 
paradigm, in which the test pattern and summation pattern were in the 
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ratio of 3:1. Their findings contradict the single-channel model and 
strengthen the case for exhibiting a multi-channel model. Moreover, 
results from patterns that had a specific lower frequency f, provide 
confirmation for the presence of two channels, even though the results 
from all frequencies examined, argue for the presence of at least three 
channels. Attempts were then made to use subthreshold summation to 
measure the spatial frequency tuning of individual spatial mechanisms 
by reducing the ratio of test patterns and summation patterns until 
summation was obtained (Sachs, Nachmias & Robson, 1971; 
Kulikowski & King-Smith, 1973). These studies produced 
exceptionally narrow bandwidth estimates on the order of 0.25 octave 
at half-amplitude. 
 The third paradigm used to estimate bandwidths of orientation 
selective units in the human visual system is masking, which measures 
the threshold elevation produced by superposition of a high contrast 
masking pattern on a test stimulus.  Thus, masking measures the degree 
to which a high contrast mask interferes with the visibility of a test 
pattern.  In the experiments of interest here a high contrast grating mask 
was superimposed on a test pattern, whose contrast was then set to 
threshold.  By comparing test thresholds in the presence and absence of 
the mask, the threshold could be defined as the factor by which the 
mask raised the test threshold. 
 Phillips and Wilson (1984) used a variant of this masking 
paradigm to record the orientation tuning of human visual mechanisms. 
Each test stimulus was masked by a cosine grating of identical spatial 
frequency over a range of orientations. Results showed bandwidths 
decreasing from 30 degrees at low frequencies to 15 degrees at high 
frequencies. Thus, human spatial mechanisms are more narrowly tuned 
for orientation and spatial frequency at high spatial frequencies.  These 
masking studies have made it possible to provide a quantitative 
description of two-dimensional human space filters. 



CHROMATIC CONTRAST SENSITIVITY FUNCTIONS MEASURED USING 
OPTOKINETIC NYSTAGMUS AND PSYCHOPHYSICS 

18 

An example of gratings containing one sinusoidal component, 
or two sinusoidal components is shown in Figure 5. Below each pattern 
is a graph that shows how the intensity of the grating varies across space. 
For the left pattern, the function is a single sinusoid centred on the mean 
luminance, while for the right pattern, the function is the sum of two 
sinusoids. For patterns like these, it is easy to visually identify the spatial 
frequency: The left pattern comprises only one spatial frequency and 
the right pattern comprises two frequencies at a ratio of three to one. 
For the pattern on the left, the spatial frequency is the number of peaks 
(bright bars) per unit of horizontal distance. The contrast of a stimulus 
is defined as half the distance between the peak and trough intensities, 
divided by the mean intensity. An observer's sensitivity to a grating can 
be measured by finding the contrast threshold: the minimum contrast 
that allows the observer to establish that there is a grating present 
instead of a blank field. Contrast sensitivity is expressed as the reciprocal 
of the contrast threshold: The higher the contrast threshold, the lower 
the contrast sensitivity. When contrast is high enough for a channel's 
peak response to surpass some criterion, contrast threshold is attained. 

In photopic (daylight/bright light vision) luminance 
conditions, observers tend to be most sensitive to contrast at a spatial 
frequency of roughly 4 cpd and less sensitive to spatial frequencies either 
below or above this frequency (Graham, 1980). Extremely high 
detection frequencies can occur around 40 to 60 cpd. Decreasing the 
average light level results in the peak sensitivity and high-frequency cut-
off to shift to lower spatial frequencies (Van Nes, Koenderink, Nas, & 
Bouman 1967). Moreover, contrast sensitivity can differ as a function 
of grating orientation (Campbell & Kulikowski, 1966; Mitchell, 
Freeman & Westheimer, 1967), with reduced contrast sensitivity to 
horizontal gratings, and greatest for vertical gratings. 
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Figure 5. Simple and compound gratings. A simple sine-wave grating 
containing one spatial frequency is shown on the top left, and a compound 
grating containing two spatial frequencies is shown top right. Underneath are 
the intensity profiles of the gratings, showing intensity of grating at each 
horizontal location across the pattern. Image adapted from Graham and 
Nachmias (1971). 
 
 
 

Measuring the entire CSF in the clinical setting seldom occurs, 
with many clinical tests shorter in duration and less precise than 
laboratory measurements. For example, the Pelli–Robson chart (Pelli, 
& Robson, 1988) fails to offer any insight into frequency-specific 
defects (Ginsburg, 2003) because rather than of using gratings it alters 
the contrast of specific-size letters. Though the test can detect visual 
deficits revealed by macular degeneration, cataract, and diabetic 
retinopathy (Ismail & Whitaker, 1998), test flexibility and reliability 
are limited (Bradley, Hook, & Haeseker, 1991; van Gaalen, Jansonius, 
Koopmans, Terwee, & Kooijman, 2009). Contrast sensitivity is essential 
as a clinical measure because it can better predict functional vision 
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(Thorn & Comerford, 1983; Faye, 2005; Ginsburg, 2003). In the 
empirical work described in this thesis, the CSF is measured at a range 
of spatial frequencies and contrasts. 

 
2.5 Motion aftereffect and adaptation 

One of the most convincing demonstrations of the presence of 
a distinct motion processing system in the visual system is the well-
known motion aftereffect (MAE). After observing a direction of 
motion for several minutes, observers experience illusory motion in the 
opposite direction. This phenomenon, studied in detail by 
Wohlgemuth at the beginning of the century (Wohlgemuth, 1911), is 
also known as the waterfall illusion due to the experience often 
occurring after observing the waterfall and then fixating on a stationary 
part of the adjacent environment (Addams, 1964). It induces a percept 
of apparent motion without any change in position, which is taken as 
strong evidence for the presence of distinct spatial and motion 
processing visual mechanisms (Gregory, 1966). 

A related phenomenon is the well-studied direction-specific 
adaptation. Exposure for several minutes to an upward-moving grating 
of high contrast produces a twofold increase in the detection threshold 
for upward motion, while the ability to see downward motion remains 
the same (Sekuler & Ganz, 1963). Since both the upward and the 
downward motion of the grating involve stimulation of the same spatial 
locations, direction-specific adaptation is also considered to be a strong 
evidence for the existence of a specific mechanism in the visual system 
that detects image motion. 

Anstis (1967) was the first to report that after adaptation to a 
uniform field which repetitively grew brighter, a steady uniform field 
showed a negative after effect, appearing to grow dimmer (also known 
as the ramp after-effect). Anstis also reported that space luminance 
gradients appear to move after adaptation to temporary luminance 
change. Anstis (1990), again noted the occurrence of these effects when 
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he reported MAEs generated by adaptation to luminance change. The 
apparent direction of the MAE was determined jointly by the temporal 
polarity of the ramp after-effect, and the spatial polarity of the 
stationary edge onto which the ramp after-effect was projected, so that 
the same ramp after-effect could generate MAEs moving in opposite 
directions when projected onto edges with opposite spatial polarities. 
Similar adaptation effects were also reported by Moulden and Begg 
(1986). 

 Anstis concluded that neural representations of luminance 
change, offer an input into the neural pathways that signal motion. The 
same conclusion was reached by Mather, Moulden and O'Halloran 
(1991) who used counterphase sawtooth gratings to investigate polarity 
specificity. Adaptation of observers to an equiluminant colour-varying 
grating yields contrast sensitivity loss which is bandpass in orientation 
and spatial frequency (Bradley, Switkes, & De Valois, 1988). A key 
quality of such a grating is that its component colours must not differ 
in luminance; this is called an equiluminous pattern. Adaptation in 
spatial processing is considerably higher for equiluminant colour-
varying patterns compared with luminance-varying patterns. Yet, these 
adaptation functions are unmistakeably bandpass, signifying that colour 
systems, along with luminance systems, analyse patterns with an array 
of tuned filters, which are discriminatory for orientation and spatial 
frequency. 

 
2.6 Low-level and high-level vision 

The human visual system has restricted spatial and temporal 
resolution, so sampled motion that exceeds these resolution limits will 
necessarily be indiscriminable from continuous motion. Watson, 
Barlow and Robson (1983) used a forced-choice procedure to measure 
the temporal sampling frequency that produced motion that was 
indistinguishable from continuous motion. The authors found that the 
sampling frequency depends on the spatial characteristics of the 
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stimulus and the speed of the motion. A low-frequency sinusoidal 
grating (1 cpd) moving slowly (8 deg/sec) could be sampled at a 
relatively low rate of 45 Hz, but a thin bright line moving at the same 
speed had to be sampled at a much faster rate (over 100 Hz). Even 
higher sampling rates were required for a line moving at faster velocities. 
It is easy to see why speed affects the perception of continuity at a fixed 
frame rate, as the faster the target moves, the larger spaces between 
successive positions become visible. Using sinusoidal grating targets 
drifting at 12 Hz, Burr, Ross and Marrone (1986), measured the spatial 
sampling rate at which continuous and sampled motion were 
indistinguishable. The tolerable “jump” size differed at high spatial 
frequencies (30 cpd) to about 6 degrees at low spatial frequencies (0.07 
cpd). 

Practical considerations aside, sampled motion, often called 
apparent motion, has been a valuable tool in psychophysical studies. 
The question is not whether the observer can discriminate sampled from 
continuous motion, but rather whether a particular sampling rate is an 
adequate stimulus for some types of human motion judgements, and 
what that reveals about the subsystem responsible for the particular 
judgment (Morgan & Cleary, 1992). 

Across the visual hierarchy, the visual system moves from a 
representation in terms of arrays of light intensity to a representation 
that is more symbolic in character, representing the positions of objects 
together with information about each object 's relevant action. An 
important consideration for vision researchers to make in order for an 
observer to judge the spatial, temporal and spectral qualities of a 
stimulus, is finding where in this process the system applies specific a 
priori knowledge about the type of objects it can recognize. A specific 
level of processing can be implemented to recode the information prior 
to the application of this knowledge; thus, low-level refers to a 
mechanism directly sensitive to the spatiotemporal orientation of the 
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input, reserving the term high-level vision for a mechanism that deduces 
the temporal orientation from the spatial properties of the input. 

The concept of two separate motion systems was originally 
suggested by Julesz (1971). He proposed that the low-level motion 
detectors discovered by Hubel and Wiesel (1968) were separate from 
higher-level movement analysers that function succeeding pattern 
matching. These two motion streams have been described as low-level 
and high-level processes, with each stream studied to determine how 
each might analyse the motion of different stimulus types (Cavanagh, 
1991). Cavanagh and Mather (1989) showed the possible 
combinations of passive and active motion processes with five types of 
stimuli. Specifically, colour and luminance were classified as first-order 
stimuli, while motion was classed as one of the second-order stimuli. 
These classifications were based on the statistical structure of the spatial 
modulation of the stimulus, unaided by any ambiguous underlying 
mechanisms. Two parts of an image tend to vary in first-order statistics 
when they exhibit dissimilar mean luminances or spectral compositions, 
while motion detectors specialized for first-order luminance patterns 
relate to widely studied directionally selective units.  

Psychophysical (Cavanagh & Anstis, 1991) and physiological 
studies (Dobkins & Albright, 1993) have also argued for low-level 
motion detectors for equiluminous colour. Furthermore, two parts of 
an image may have identical mean luminance and colour, but different 
temporal or spatial distributions of luminance and colour. These parts 
can be segregated by second-order properties including motion, texture, 
or binocular disparity; with differences among first-order and second-
order structure lying in the stimulus. If this pattern moves, its motion is 
visible, although the percept may be impoverished in various ways 
compared with the perception of luminance motion. In the experiment 
conducted as a part of this thesis, an attempt will be made to answer the 
question of whether human observers carry a motion mechanism 
perceptive to the displacement of purely chromatic stimuli. It is hoped 
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that the results demonstrate a motion response to a red-green 
equiluminant stimulus, which is independent of any potential 
deleterious luminance artefact. 

Julesz (1971) also proposed that if cues for low-level and high-
level motion exist, low-level motion typically dominates, while higher-
order motion is obscured. Julesz asserted that exercising cyclopean 
stimuli avoided using low-level processes, permitting higher-level 
processes to be isolated. A test to separate the two motion streams was 
developed to study the role of low and high-level motion in the 
perception of motion for colour stimuli (Cavanagh & Anstis, 1991; 
Cavanagh, 1992). In the test (Figure 6), the two motion streams 
detected opposite directions of motion, with the observer reporting 
either at will. Luminance and colour gratings were superimposed, with 
the bars of the luminance not visible, nor could they not be tracked due 
to the masking from the colour grating. Nevertheless, their motion was 
visible, determining the observed direction of rotation. So-called 
disembodied motion was striking because no features could be seen 
moving in the direction of the overall motion.  

Conversely, the bars of the colour grating were visible and could 
be tracked at will by the high-level, attention-based process. The 
tracking of the colour bars could not be recognised by the motion 
signals from low-level detectors as the low-level motion response was 
dominated by the grating. If only the low-level signal were adequate for 
tracking, then the luminance bars should have been tracked as easily as 
the colour bars; but the luminance bars were not tracked at all. In this 
composite stimulus, the colour bars could be seen to move only when 
they were being tracked. Clearly, the motion impressions during 
tracking of the colour bars in this stimulus must represent the output 
of a distinct motion process; one that cannot be founded on the motion 
signals from low-level detectors. The results propose the presence of 
two independent sources for the impressions of motion in this stimulus: 
one for the judgment of overall motion, and another one for tracking. 
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Figure 6. The contribution of colour to motion. Total effective contrast, T, and motion 
direction in a contrasting moving stimulus as a function of luminance contrast, L, 
between red and green in a colour grating. The colour grating drifts leftwards, while the 
superimposed luminance grating drifts rightwards. The luminance grating harbours a 
fixed contrast. Contrast, C, is the colour grating and the total effective contrast is, T. 
Image adapted from Cavanagh and Anstis (1991). 
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Different types of low-level detectors may contribute to a 
common motion pathway. Consequently, the motion of a luminance 
grating drifting in one direction could null the motion of an oppositely 
moving, non-luminance-based stimulus. If the two attributes are nulled, 
this suggests the existence of low-level detectors for both attributes 
converging on a common pathway. Cavanagh and Anstis (1991) 
reported that when a colour grating is perceived to move, say, to the left 
and a luminance grating is moving to the right, the overall motion will 
appear to be in the direction of the colour grating when the grating has 
low contrast. At much higher contrasts the overall motion is in the 
direction of the grating. At some intermediate value, say between 10 and 
20% contrast, the two motions cancel, and a flickering stimulus is seen. 
The fact that the two stimuli cancel suggests that they contribute to a 
common mechanism.  If they did not contribute to a common 
mechanism, one might expect a perception of transparency, with the two 
gratings appearing to slide through each other.  This sliding or 
transparency can be seen with two opposing luminance gratings if they 
are sufficiently separated in spatial frequency (about a factor of four).  
Similarly, colour and luminance gratings slide over each other if they 
have dissimilar spatial and temporal frequencies. 

To create patterns that vary in colour, but which comprise of 
no luminance variation, is challenging. In theory, when one combines 
two coloured luminance-varying patterns out of phase, such a pattern 
can be produced (Anstis & Cavanagh 1983; Cavanagh, Tyler & Favreau, 
1984). Moreover, if such patterns are balanced in average luminance 
and in luminance contrast, then this match can yield a colour-varying 
sinusoid. However, chromatic aberration, formed by the eye’s optics, is 
known to occur, producing luminance artefacts in the retinal image of 
equiluminant patterns (Lee & Stromeyer, 1989; Teller & Lindsey, 
1993). Nevertheless, this deviation from photometric equiluminance 
can be accounted for, either by physical or behavioural means. For 
example, if spatial frequency is kept below 1 cpd, and temporal 
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frequencies are maintained correspondingly low, chromatic aberration 
is minimized. Although it is possible to abate the effects of such 
unintended luminance variations, a truly equiluminant retinal image is 
unlikely (see Cropper & Wuerger 2005 for a review). As the visual 
system is extremely sensitive to even minute quantities of luminance 
contrast, luminance artefacts have been known to occur. In order to 
calibrate the stimulus to the observer’s unique equiluminant point, 
measures such as minimally distinct border, minimal flicker, and 
minimum motion are generally employed. However, due to individual 
neurons in an observer having somewhat dissimilar equiluminant points, 
that is, the inhibitory and excitatory luminance inputs being perfectly 
balanced, true equiluminance within the system rarely occurs. 
Nevertheless, the minimum motion technique was developed by Anstis 
and Cavanagh (1983) and modified by Cavanagh et al. (1987) to 
minimize chromatic aberrations. Their technique was employed as part 
of the requisite conditions for running the experiment contained in this 
thesis, to supplement the established methods for measuring spectral 
sensitivity to different hues, namely heterochromatic flicker photometry 
and minimum-border (Wagner & Boynton, 1972). A comprehensive 
description of the stimulus is given in Cavanagh et al. (1987). The 
minimum motion technique has the benefit of simplicity when used for 
correcting colour luminances on CRT monitors.  The minimum-
motion technique enables inexperienced observers to make 
straightforward equalization settings of color brightness, such that the 
direction of motion on the screen tells the observer in which direction 
they should adjust the luminance.   

Principally, the photometric properties of the stimulus are 
explained in relation to the stimulus when it is presented to the cathode 
ray tube. Hence, photometric equiluminance translates to no luminance 
change when measured using visual calibration. Subsequently, the 
chromatic properties of the stimulus need to be measured from the peak 
of the projection of the stimulus on the retina. A divergence from 
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photometric equiluminance can occur within the eye through chromatic 
aberration under a variety of states, with such divergence needing to be 
accounted for. Achieving this outcome will be discussed later on in the 
thesis. Behaviourally, minimum motion is regularly used to normalize 
the stimulus to the observer’s equiluminant point that will differ among 
observers. Lastly, neural representation of the stimulus is transduced at 
the retina while becoming a pattern of neural firing inside the system. 
In such occasions, the definition of equiluminance wanes while the 
stimulus is represented, though, the system is capable of achieving such 
a feat, with the definition becoming a property of the result.  

The effect of contrast on the minimum motion technique 
implemented by Anstis and Cavanagh (1983), depends on the type of 
target used to measure the threshold. Contrast has a relatively small 
effect on thresholds measured with grating targets. Nakayama and 
Silverman (1985) found that the displacement threshold for a 2 cpd 
grating reached its asymptotic value at a contrast of 2–3%. However, 
displacement thresholds for edge targets improve over a much larger 
contrast range. Lee, Wehrhahn, Westheimer and Kremers (1993) found 
that parafoveal thresholds for edge targets reached asymptote at 20–
40% contrast, while Mather (1987) found that foveal displacement 
thresholds improved as the square root of contrast over the whole range 
from 1–80% contrast. When contrast increment and motion 
displacement thresholds are limited by such sources of noise, these two 
thresholds show a similar dependence on contrast. 
 
2.7 Human colour vision 

Colour is considered a psychological construct of one’s visual 
experience, representing a pairing between the illuminant, the physical 
properties in the environment, and their nervous system (Kelber & 
Jacobs, 2016). An individual’s colour experience is subjective, yet the 
quality of any hue of distinguishable colours (10,000–10 million) is 
often adequately explained by four unique hues: red, green, blue, yellow, 
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and three achromatic terms: black, white, and grey (Berlin & Kay, 1964; 
Boynton & Olson, 1990). Chromatic information in the local visual 
scene can be extricated at the earliest stage of visual processing by the 
combination of cone photoreceptor signals, with transformations of 
cone signals through the visual system carried by three post-receptoral 
mechanisms (King-Smith & Carden, 1976; Stromeyer, Kronauer, & 
Cole, 1983; Cole, Hine, & McIlhagga, 1993). 

Recognising the spectral sensitivity functions of the cones is 
fundamental for comprehending colour vision. The human visual 
system records the spectral energy distribution of light incident on the 
retina by utilising the three types of cones’ broad range of spectral 
sensitivities. A triplet of cone responses forms the input data, with each 
response the measure of the incident light in either the long (L), middle 
(M), or short (S)-wavelength band of the spectrum. Figure 8 indicates 
the absorption spectra of the blue (S), green (M) and red (L) pigments 
of the human retina, with peak respectively at 419 nm, 496 nm and 558 
nm. In comparison, rods (R) peak at 531 nm. In modern opponent 
process theory, input from the cones is processed in three separate 
channels directly following a receptor’s response (see Figure 7). The 
luminance channel functions from summed input from different classes 
of cones; the red–green channel operates from the difference of long- 
and middle- wavelength cone signals; and the yellow-blue channel 
operates from differences among the short-wavelength cones and the 
combination of the further two.  
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Figure 7. Colour Opponency: The three types of cones at the top of the 
diagram are labelled by the wavelengths to which each is optimally sensitive. 
The opponent processes are labelled first by their excitatory (+) connections; 
they are Y–B (yellow–blue), R–G (red–green) and Wh–Bk (white–black). The 
inhibitory connections to Bk (indicated on the right) proceed from all three types 
of cones. 
 
 

The contribution of S cones to luminance is still today disputed 
among visual science researchers. Findings from physiological studies 
propose that S cones have minimal input to spectrally non-opponent 
retinal ganglion cells (Gouras, (1968); de Monasterio (1978); Zrenner 
and Gouras, (1981). Additionally, Eisner and MacLeod (1980) claimed 
that based on heterochromatic flicker measurements, S cones 
contributed noting to luminance. However, a limitation of these 
findings indicates that they relied directly or indirectly on rather high 
spatial or temporal frequencies to estimate luminance, while there is an 
indication that (Brindley, DuCroz, and Rushton, 1966; Kelly, 1974) 
the sensitivity of S cones or their related pathways falls quickly as spatial 
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or temporal frequency increases. This makes it necessary to test for a S-
cone contribution by using the lowest possible spatial and temporal 
frequencies.  

On the other hand, Cavanagh, MacLeod & Anstis (1987) reveal 
greater short-wave-length sensitivity at low spatial frequencies, 
signifying that S cones do contribute to achromatic sensitivity, as the 
signal from S cones is weakened at high frequencies. Yet when the 
experiment was repeated after carefully bleaching the S cones to quash 
their involvement, the pairing across all spatial frequencies remained 
unaffected. The authors asserted that the spatial-frequency dependence 
of heterochromatic pairing stemmed from the inhomogeneities in 
macular pigmentation instead of the S cones affecting the pairings. 

For the purposes of the experiment contained as part of this 
thesis, only the red-green chromatic axis (not the blue-yellow axis) was 
used, as blue cones are reported to have minimal effect on the luminance 
pathway, with blue stimuli affecting the luminance pathway nearly 
exclusively through the red and green cones (see Cavanagh, Macleod & 
Anstis, 1987). 
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Figure 8. Absorption spectra of the three types of cones (S, M, and L; dark 
curves) and rods (R; grey curve), with peak absorptions indicated. Image 
adapted from Kremers, Silveira, Parry and McKeefry (2016). 

 
 

Colour channels vary between display devices, which has 
significant consequences for the use of colour in psychophysical 
experiments. The visual luminance channel is excited by patterns that 
vary from white to black via shades of grey, but also by colour-varying 
patterns that contain incidental fluctuations in luminance. However, 
with careful calibration, patterns can be formed that vary only in their 
excitation of the red–green or the yellow–blue channels. Therefore, the 
various filtering properties of the colour channels can be studied and 
compared with the luminance channel. This notion underpins the 
experimental work contained within this thesis. If contrast sensitivity is 
recorded for equiluminant gratings, where an individual’s luminosity 
function and its fluctuation throughout the visual field is ascertained, 
then large between-individual disparities can be discovered (Dees, 
Gilson, Neitz & Baraas, (2015).  Therefore, sensitivity to chromatic 
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spatial patterns is heavily reliant on elements of retinal photoreceptors 
and post-receptoral processing. 

Complex transformations are often required to convert from 
one colour space to another. The term colour space refers to an 
assortment of colours arranged in a dimensional space. As only three 
different receiver types occur in colour vision, it is feasible to match a 
specific patch of coloured light with a combination of just three colours, 
called primaries. Although a target patch may have a completely 
different spectral composition, the matching primaries are balanced to 
generate the identical response from the cone receptors as the patch of 
light to be matched (Ware, 2013). The fact that any colour can be 
matched with a combination of no more than three primary lights is the 
basis of colourimetry. Colour can be defined by the following equation: 

𝐶 = 𝑟𝑅 + 𝑔𝐺 + 𝑏𝐵 (4) 
 
with C depicting the colour being matched; R, G, and B depicting the 
primary light sources that produce a match; and r, g, and b representing 
the quantities of each primary light. The gamut of the monitor is 
defined when these primaries are produced by the phosphor colours of 
a colour monitor. An example of three phosphors used, along with their 
chromatic coordinates, is shown in Table 1. In general, a gamut is the 
set of all colours that can be produced by a device or sensed by a receiver 
system, though only colours that are situated inside the gamut of the 
three primaries can be created. Blue and yellow have a smaller gamut, 
which means that if they are implemented, a lesser range of colours is 
replicated. Equation 4 is a linear relationship; thus, if the quantity of 
light on the left is doubled, the quantity of light for each primary can 
be doubled, with the match still holding. A basic concept in colour 
research is the standard observer, whose colour sensitivity functions are 
held to be typical of all humans with normal colour vision. The majority 
of colour specification is performed using the Commission 
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Internationale de l'Eclairage (CIE) system of colour standards (Smith 
& Guild, 1931; Figure 9). 
 

 
 
 
Figure. 9. CIE 1931 x, y chromaticity figure. The procedure of maximizing the 
value of R, G, or B results in a definite 3-pointed star illustrated above, centred 
at the D65 white point. Luminosities are not equal across the figure. 

 
The CIE system implements a set of abstract observer 

sensitivity functions referred to as tristimulus values, which can be 
thought of as a set of abstract receptors, labelled XYZ. They are 
transformations of actual measured sensitivities, chosen for their 
mathematical properties. A central element of the system is that the Y 
tristimulus value indicates luminance. Specifically, colours that can be 
generated by R, G, and B monitor phosphors are expressed by a pyramid 
shape within the RGB axes; making the monitor gamut. The CIE 
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primaries are formed by the X, Y, and Z axes, and remain external to 
the gamut of physically achievable colours. Due to the CRT monitor 
being a light-emitting device with three primaries, it is possible to 
calibrate the monitor with regards to the CIE coordinates. 

Colour and lightness are often referred to as separate, and 
dissimilar properties, so there is value in having a gauge that outlines the 
vividness and hue of a colour while disregarding the quantity of light. 
Chromaticity coordinates possess this quality by normalizing with 
regards to the quantity of light. sRGB is the commonly implemented 
standard for the colour of monitor primaries. The chromaticity 
coordinates for sRGB are listed in Table 1. 

 
 
Table 1. A Common Example of Colour Addition in Computer Monitors, where 
Three Phosphors are Used with the Chromatic Coordinates. Table adapted 
from Watamaniuk and Duchon, (1992). 

 

 
Once a display is implemented to produce colour, the CIE 

tristimulus values can be computed by the subsequent equation: 

>
𝑋
𝑌
𝑍
A =

⎣
⎢
⎢
⎢
⎡
𝑥-
𝑦-

𝑥.
𝑦.

𝑥/
𝑦/

1 1 1
𝑧-
𝑦-

𝑧.
𝑦.

𝑧/
𝑦/⎦
⎥
⎥
⎥
⎤
>
𝑌-
𝑌.
𝑌/
A (5)	

where (xR, yR, zR), (xG, yG, zG), and (xB, yB, zB) signify the chromaticity 
coordinates of the specific monitor primaries, and YR, YG, and YB 
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represent the actual luminance values generated by a phosphor for the 
specific colour being transformed. In specific monitors, the 
transformation matrix is constant, with the only change occurring for a 
vector. 

Previous studies have provided evidence that colour 
mechanisms are approximately equally spaced in what is commonly 
referred to by vision researchers as DKL space (Figure 10). The 
Derrington, Krauskopf and Lennie (1984) opponent modulation 
colour space is centred around the Macleod-Boynton (1979) 
chromaticity diagram. In such a diagram, colour and luminance are 
stated graphically by a point in three-dimensional space with orthogonal 
axes indicating each cone type’s level of excitation. Therefore, colours 
can be identified by relating each colour with a straight line through the 
origin, with numerous points on each line expressing the excitation 
formed by an intensity at some constant chromaticity. Most planes in 
cone excitation space function as a potential chromaticity diagram, 
whereby each colour is signified by the point where its line meets the 
plane.  In the DKL space, colours are signified by three dimensions 
exploiting spherical coordinates, which state the elevation from the 
equiluminant plane, the hue and the contrast. Its effectiveness is 
contingent upon whether it produces consistencies in experimental data. 
Generally speaking, the model underlying the space greatly captures the 
opponent nature of colour coding (e.g., Hurvich & Jameson, 1957). 
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Figure 10. Diagram of DKL colour space in which the ‘S-axis' and 'L-M axis’ 
define an equiluminant plane (shaded). The S-axis is assigned the direction 9 
deg, the constant L-M axis 0 deg. The ‘Luminance’ axis passes orthogonally 
through the equiluminant plane. The direction of any line is specified by its 
azimuth (angle f, which takes values from 0 to 360 deg) and its elevation 
(angle q, which takes values from -90 to 90 deg). The colour space is indicative 
of a sphere with the white point at its centre; the azimuth and elevation of a 
point are indicative of the longitude and latitude respectively. Image adapted 
from Derrington, Krauskopf & Lennie (1984). 

 
 
2.8 Motion detection, direction and speed discrimination 

A common thread running through all motion-detector models 
is the use of quadrature relationships between component receptive 
fields to introduce a spatiotemporal offset. Gabor functions (see Figure 
11) offer a convenient and simple way to characterize spatial receptive 
field structure, since they consist of a sinewave multiplied by a Gaussian 
“window”. They also offer an optimal compromise between spatial 
precision and frequency resolution (Grzywacz, Watamaniuk & Mckee, 
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1995). An offset in the spatial sensitivity profiles of two such receptive 
fields, centred on coincident retinal locations, can be implemented by 
phase-shifting the sinewave component of the Gabor function in one 
field relative to the function in the other field. A phase shift of one-
quarter cycle, or 90°, will convert an even-symmetric receptive field 
(cosine phase) into an odd-symmetric one (sine phase). A phase shift of 
90° prevents spatial distortion, or illusionary images, because it is scaled 
to the spatial frequency response of the receptive field. In general, any 
pair of receptive fields which exhibit even and odd symmetry about the 
same spatial axis can be said to approximate a quadrature pair (Adelson 
& Bergen, 1985). 
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Figure 11. Top image: Sinusoidal gratings that have been windowed by a 
Gaussian function, called Gabor functions (A-D indicates	four different scales). 
These stimuli are optimally localized both in space and in spatial frequency. 
Below image represents contrast sensitivity functions for Gabor function (A-D), 
where sensitivity is the inverse of the contrast threshold. 

 
Imagine a horizontally drifting sinewave, sampled by two 

receptive fields differing in spatial phase or position by a quarter of a 
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spatial cycle along the x axis (a quadrature pair). Image intensity at each 
receptive field position will fluctuate over time sinusoidally as the 
sinewave passes over and, because of the spatial offset, the temporal 
modulation at the two positions will be offset by quarter of a temporal 
cycle. If the sinewave drifts rightward, then the temporal modulation at 
the left-hand sampling position will lead the modulation at the right-
hand position. If the sinewave drifts leftward, then modulation at the 
right-hand sampling position will lead. A direction-selective response 
can be constructed by introducing a relative temporal offset between the 
responses of the two receptive fields. The response of each receptive 
field is given by the product of its spatial response and its temporal 
response. If the temporal responses also form a quadrature pair, so that 
the righthand field’s response leads the left-hand field by a quarter 
temporal cycle, then the two responses will be temporally in phase for 
rightward motion, but 180° out-of-phase for leftward motion. If the 
temporal response of the left-hand field leads the right, then the two 
responses will be in phase for leftward motion.  

As in the case of spatial quadrature, the precise form of the 
temporal responses is not crucial, as long as they exhibit temporal 
quadrature. The above quadrature relationship could help explain the 
production of remaining activity in luminance-based units in answer to 
the colour gratings used in the experiment contained in this thesis, as 
well as further demonstrating that colour plays a valuable role in the 
perception of motion. For example, by using contrasting drifting 
luminance and colour gratings, similar to the technique described above, 
Cavanagh and Anstis (1991) suggested that the influence of colour to 
motion is moderated by opponent-colour pathways. Particularly, the 
involvement of colour to motion diminished with temporal and spatial 
frequency. Such reductions are persistant with the behaviour of the 
chromatic mechanisms and contrasting in behaviour of luminance 
mechanisms in the frequency ranges examined (deLange, 1958; Kelly, 
1983). 
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Clear psychophysical evidence for spatiotemporally oriented 
receptive fields comes from Burr, Ross and Marrone (1985). The 
authors estimated receptive-field structure by measuring the minimum 
contrast necessary to recognise the direction of drift in sinusoidal 
gratings, when in the company of phase-reversed masking gratings of 
multiple spatiotemporal frequencies.  A mask of comparable 
spatiotemporal frequencies to the test grating reduced the sensitivity 
substantially, while a mask that conflicted prominently in spatial or 
temporal frequency had minimal effect. There is also convincing 
physiological evidence that the receptive fields of cortical direction-
specific cells are tuned to spatiotemporal orientation (Emerson, Bergen 
& Adelson, 1992; Emerson, Citron, Vaughn & Klein, 1987; McLean & 
Palmer, 1989). 

Spatiotemporal tuning has been observed extensively by means 
of random dot kinematograms (RDK), which are assumed to offer no 
motion cues based on segmented features and shapes. The expectation 
is that the visual system must assimilate localized motion vectors to 
indicate a single foremost direction. Typically, a simple RDK contains 
two frames of random dots, generated in temporal sequence. At least 
some of the dots in the second frame are a duplicate to those in the first, 
except for the addition of a coherent spatial offset in one direction. The 
offset creates an impression of motion when the kinematogram is 
animated, which is usually quantified in terms of the percentage of 
correct responses in a direction-discrimination task. Early data indicated 
that there were strict spatial and temporal limits on the subjects’ ability 
to perform the discrimination (e.g., Braddick, 1974; Lappin & Bell, 
1976). Additionally, Edwards and Badcock (1996) employed RDKs to 
explore the exchange between chromatic and luminance signals in a 
spatiotemporal motion percept. The amount of coherently moving dots 
that were obligatory to judge the direction of motion indicated their 
dependant variable. They reported that threshold elevation stemmed 
from adding dots of low a luminance contrast to a chromatic motion 
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signal. This finding provided confirmation in contradiction to the 
hypothesis that chromatic motion serves as a low-contrast luminance 
motion. 

In many experimental conditions, the direction of motion can 
be identified at contrast threshold. For example, if the percentage 
correct for detecting a drifting vertical grating is compared to the 
percentage correct for identifying the drift direction at the same 
contrast, detection and identification are equally good, at least at low 
spatial frequencies (Derrington & Henning, 1993; Levinson & Sekuler, 
1975; Watson, Thompson, Murphy & Nachmias, 1980). At contrast 
threshold, a target can be detected only by a mechanism which is 
optimally stimulated by the characteristics of the target; as all other 
mechanisms will have a smaller signal. In this case, if observers can 
identify the direction of motion with the same level of ease as detecting 
the stimulus, the detection mechanism must encode information about 
direction and be labelled for specific directions of motion (Watson & 
Robson, 1981). Unlike their results with low spatial frequency gratings, 
Watson et al. (1980), found that high spatial frequency gratings, 
drifting at low temporal frequencies, were not perceived to be 
directional at contrast threshold. This suggests that contrast detection 
for targets moving at low temporal frequencies and high spatial 
frequencies is moderated by directionally non-selective mechanisms. 
This does not imply for the exclusion of direction-selective motion 
mechanisms at slow velocities, rather that they are less sensitive than 
non-selective mechanisms. This last point is critical when exploring the 
proportion of observers who make a correct response when deciding 
which direction stimuli drifted in the experiment contained in this 
thesis. For example, if observers were to respond correctly to the 
direction of stimuli moving at slower temporal frequencies, then such 
results could be assumed as indicating direction-selective motion 
mechanisms at slow velocities. 
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To determine the number of independent directions analysed 
by the visual system at contrast threshold, Ball, Sekuler and Machamer 
(1983) used the same detection-identification paradigm for a moving 
random-dot stimulus. The stimulus consisted of a sparse pattern of 
bright dots, with each dot moving in a direction chosen from a 30° 
range centred on a mean direction. Observers judged which of two mean 
directions were presented as a function of stimulus contrast. The 
observer could not correctly identify the same proportion of stimuli that 
he or she detected, unless the mean directions were spaced far apart. On 
most trials, the vertically-tuned mechanism should detect a stimulus 
moving in a vertical direction, while the other mechanism has 
insufficient signal to respond. But, if the tuning of the two mechanisms 
overlaps significantly, the one tuned 30° off vertical will occasionally 
detect the vertical target and the observer will then report that the 
vertical stimulus is moving left. Using this paradigm, Ball et al., found 
that observers identified direction as readily as they detected the 
stimulus only when mean directions differed by 120° or more. These 
results show only that human motion mechanisms are very broadly-
tuned for direction. 

Under certain circumstances, the direction of motion may be 
misperceived. For example, Anstis (1970) showed that if the contrast 
of the moving region in a random dot kinematogram was reversed in 
the second frame, the region appeared to move in the opposite direction. 
This effect, known as reverse phi, has been predicted by contemporary 
motion models. For example, Derrington and Henning (1987) 
discovered that a moving sinusoidal grating superimposed on a low-
frequency stationary grating appeared to move in the opposite direction 
for brief presentations (<100 ms). Moreover, Cormack, Blake and Hiris 
(1992), reported that a moving feature presented against a textured 
background seemed to move in a direction oblique to the orientation of 
the background contours, when viewed peripherally. Apparent 
movement of motion in the opposite direction is sometimes illustrated 
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in studies investigating observer eye movement behaviour. Dakin and 
Turnbull (2016) noted that one observer in particular displayed 
reversed OKN; producing saccades in the stimulus direction before 
smooth tracking in the opposing direction. Such an experience is 
believed to ascend from the observer experiencing latent nystagmus, 
which interacts with the stimulus-induced oculomotor response 
(Roelofs, 1928). Such systematic bias can be accommodated for by 
allowing eye-movements consistent with OKN or reversed-OKN to be 
recorded as coherent with direction. 

Repetitive targets, such as drifting sinusoidal gratings, add their 
own annoyances to studies of speed discrimination. Smith and Edgar 
(1991) asked observers to judge the temporal frequency of drifting 
gratings when the speed was randomly altered from trial to trial. With 
practice, their observers learned to discriminate different temporal 
frequencies in some conditions, but, on average, their temporal-
frequency judgments with random variations in speed were less precise 
than speed judgments made with random variations in temporal 
frequency. The authors reported the Weber fractions for speed 
discrimination, and for temporal-frequency discrimination for both 
drifting and counterphase gratings, all measured when the spatial 
frequency of the target was randomized from trial to trial. Although 
temporal frequency and speed signals probably depend on some 
common site in the early visual processing, subsequent motion 
processing seems to provide the human observer with slightly better 
access to the speed signal (McKee, Silverman & Nakayama, 1986; 
Pantle & Turano, 1986). 

Cropper (1994) investigated the performance of the 
discrimination of speed for chromatic and luminance stimuli. Here, the 
stimulus was viewed as a task that simply required an estimation of the 
larger or smaller signal. Thresholds for the discrimination of speed were 
measured with equiluminant stimuli and luminance-defined stimuli for 
spatial frequencies of one and two cpd, with base speeds varying from 
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one-quarter to four deg/s. Moreover, the discrimination of speed for 
equiluminant stimuli was contrast dependent when computed as a 
function of red-green cone-contrast and improved when reaching 
contrasts of two per cent for one cpd gratings. For two cpd gratings, 
speed discrimination decreased when reaching a 10% level of cone 
contrast. Contrarily, speed discrimination performance did not display 
this contrast dependence for luminance-defined stimuli. It is especially 
relevant for the assertion embodied in this thesis that purported 
disparities between chromatic and luminance stimuli for the 
discrimination of speed task, were absent when the contrast scaling was 
altered from numerous detection thresholds to red-green cone 
modulation. 

Stimulus duration is an additional aspect influencing the 
detection to discrimination ratio. The shorter the stimulus duration, the 
greater the contrast is required for motion discrimination in comparison 
to motion detection (Cropper & Derrington, 1994, 1996). Troscianko 
and Fahle (1988) revealed that reaction times to detect stimulus motion 
direction of 1 °/s increased significantly when there was no luminance 
contrast.  The reaction time for equiluminance was 30% more 
compared with non-equiluminant moving stimuli, with the absence of 
luminance contrast affecting temporal processes as the reduction in 
perceived velocity may be due to a lack of temporal precision. Yet, 
perceived speed reductions for equiluminant red–green gratings were 
not observed when lowering spatiotemporal frequency perceptions of 
the gratings (Henning & Derrington, 1994). Furthermore, the contrast-
dependence of perceived speed was shown to predict the dissimilar 
contrast dependency for luminance and chromatic stimuli (Burr, 
Fiorentini & Morrone, 1998) and was stable with chromatic stimuli 
producing longer latency involuntary eye movements (Guo & Benson, 
1999). 
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2.9 Statistical decision theory 
The fundamental basis of classical psychophysical studies, and 

a fixture of this thesis, is to measure the minimal signal energy provided 
by stimuli that the observer can detect. A large portion of detection 
theory involves the application of the theory of decision making to 
circumstances in which specific waveforms, or signals, are either added, 
or not added to a random background disturbance called noise (Green 
& Swets, 1966). Such a drawback has discernible likenesses to the 
difficulties an observer confronts in attempting to detect weak signals 
in noise. In detecting such similarities, a situation typically involves a 
single observation of fixed length, upon which a decision is necessary 
on the basis of the observation. A single trial in a decision problem will 
tend to begin with the presentation of some information or some 
stimulus and end with the response of the decision maker. The minimal 
elements are: (i) two possible states of the world, such as rightwards-
leftwards, direction-discrimination, (ii) the information (i.e., the 
stimulus), and (3) the decision (i.e., the observer’s selection of leftwards 
or rightwards movement). Presumably, the observer is fallible due to 
some of their observations being the same whether a signal was sent or 
not. However, it might be assumed that dissimilar distributions of 
observations result when the state of the world is “signal” rather than 
“no signal.” 

An assumption is also made that underlies much of the 
following descriptions. That is, under the method of constant stimuli, 
an observer can distinguish among several sensory events (i.e., different 
contrasts and spatial frequencies) as well as compare numerous such 
events with a scale that is monotonic with the likelihood ratio that a 
specific sensory event was produced by a signal instead of noise, 
preferably in random order. In particular, it is assumed that two sensory 
events can be related, and the sensory event associated with the larger 
likelihood ratio determined. Threshold is defined as that intensity 
leading to some criterion level of performance (e.g., some proportion 
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correct in forced-choice trials). 
An observer’s internal response to ‘noise’ and ‘signal and noise’ 

is often theorised by Gaussian-shaped likelihood distributions on axes 
of the stimulus dimension of relevance (Figure 12). Whether an 
observer is successful in detecting the signal is contingent upon the 
standard deviation, as well as the distance between the mean for ‘noise’ 
and ‘signal and noise’ distributions. In particular, a z-score 
transformation standardizes the detection of a signal by stating it as a 
function of the standard deviation. Thus, a z-score is calculated by the 
equation, 

𝑍 = 𝑀0 −𝑀10𝑆𝐷10 (6) 

with Z representing the calculated z-score, MN representing the mean 
of the ‘noise’ distribution, MSN representing the mean of the ‘signal and 
noise’ distribution, and SDSN representing the standard deviation of the 
‘signal and noise’ distribution. 
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Figure 12. Gaussian probability functions of occurrence curves for noise and 
signal-plus-noise trials showing how a z-score is calculated.  
 
 

The likelihood distributions of probable internal responses to 
stimuli are unknown in a standard psychophysical experiment. 
Nevertheless, the oculomotor system, allows the observer to initiate eye 
movements to identical stimuli frequently, forming distributions of 
responses to each stimulus. The statistics of these distributions to 
calculate a z-score can then be used (Kowler & McKee, 1987). 

The current experiment detailed below, makes use of a two-
alternative forced-choice (2AFC) discrimination judgement. The 2AFC 
method can be employed to record the effects of attention, adaptation, 
context or sensitivity on stimulus appearance, while looking for changes 
in the mean of the psychometric function (Burr, Cicchini, Arrighi, & 
Morrone, 2011; Taya, Adams, Graf, & Lavie, 2009; Winawer, Huk, & 
Boroditsky, 2010).  The direction-discrimination task implemented in 
the design of the experiment contained within this thesis uses the two-
alternative forced-choice (2AFC) method by presenting stimuli that 
vary strictly in a two-response, rightwards or leftwards motion direction 
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for each interval (García-Pérez & Peli, 1999). This forced choice 
procedure is normally implemented in studies of sensory functions, in 
preference to the yes-no and rating procedures. The reason is that when 
the forced-choice procedure is implemented with equiprobable stimulus 
alternatives, observers show a reasonably small tendency to favour one 
or another response alternative (Hinkley, 1988). 

The use of the Gaussian noise signal patch as the principal 
stimulus type in this thesis, is selected due to the close correspondence 
between the luminance profile of the stimulus and the receptive field 
profile of detection-discrimination filters located in the visual system 
(e.g., Daugman, 1980, 1984). A close correspondence is exhibited 
between the contrast necessary to detect a stimulus and the contrast 
necessary to discriminate its motion, with values for luminance stimuli 
roughly in agreement with those for chromatic stimuli (Cavanagh & 
Anstis, 1991; Derrington & Henning, 1993; Lindsey & Teller, 1990; 
Metha & Mullen, 1998). In a direction-discrimination task, it is 
assumed that each of the stimulus locations are detected within the 
receptive fields of a set of spatial frequency detectors. These detectors 
are typically modelled as recoding direction-specific information in the 
display by processing the inner products between a set of oriented 
windowing functions and luminance information from the retina 
(Graham, 1989). A windowed sine wave is just a sine wave multiplied 
by some “window” (as seen through a window) function that goes to 
zero outside a limited area. In the decision stage, the responses of the 
opposing pathways are merged and tested against a decision rule to 
identify the judgment to be made (Thomas, 1985). 

The model of the decision stage stems from the theory of 
recognition specified by Tanner (1956). Each decision-relevant 
direction-discrimination, for example, is represented as a single detector. 
The response of two detectors to a presented direction in a direction-
discrimination judgement could be completely independent; that is, the 
difference between the favoured direction of each detector is adequately 
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large, so that the presentation of one produces no change in response in 
the other detector. In some instances, when smaller direction-
discrimination differences are used, the responses of detectors may be 
correlated such that the presentation of a single direction modifies the 
response of multiple detectors to varying degrees. The level of this 
response is assumed to be determined by the duration of the presented 
direction-discrimination from the preferred spatiotemporal resolution 
of the receptor. The function which relates the direction-discrimination 
difference of the stimulus to the response of the detector is known as 
the detector’s sensitivity function. 

An observer's response in a forced-choice trial, for example, is 
dependent on a decision rule. The decision rule might concern the 
output of a single detector or may be established on the outputs of a set 
of independent detectors. Upon the outputs of many detectors, the 
observer identifies the detector whose outputs in the two intervals have 
the largest difference and chooses the interval in which the detector's 
output is greater. In the current study, stimuli were leftwards or 
rightwards drifting two-dimensional Gaussian noise patterns. These 
stimuli are expected to fall within the receptive field of two independent 
detectors that respond with equal sensitivity to their respective noise 
patterns. This situation provides a simple relationship between observer 
sensitivity in discriminating the presence of a stimulus from background 
noise (detection sensitivity) and the sensitivity in discriminating 
between the two directions, 

𝑑′',/ = O2𝑑′' (7) 

where d′ A represents the distance between the mean intensity of noise 
and the mean intensity of the stimulus signal d′ A, and d’A,B signifies the 
distance between the mean response for each of the two detectors. Ö2 
advantage of two-alternative discrimination over simple detection of a 
stimulus is a result of a geometric interpretation of detector responses: 
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if two detectors are of equal sensitivity and statistically independent of 
one another, they can be signified as orthogonal vectors in Euclidean 
space, scaled in terms of units of standard deviation of the background 
neural noise; by Pythagoras’ theorem, the distance between the end of 
the vectors is then equal to Ö2 multiplied by the distance of either of 
the vectors. The total sensitivity parameter d′ for two-alternative 
discrimination is calculated from the observed data using the formula, 

𝑑2 = 2𝑧[𝑃(𝐶)] (8) 

where z [×], represents the standard normal quantile function (a z-score) 
and P(C) signifies the overall proportion of correct responses. 

The use of stimuli presented close to the detection threshold 
can result in the intensity of detector responses to stimuli not being 
completely separable from the intensity of detector responses to 
background noise. In essence, a trade-off between response categories 
needs to be established. Such trade-offs are modelled in signal detection 
theory more generally as response biases. Despite no strong reason, a 
priori, for observers to prefer one response option over the other in a 
two-alternative forced choice procedure, with bias not conventionally 
modelled in two-alternative forced-choice tasks. 

By obtaining the proportion of responses of a particular type as 
a function of stimulus level, a model psychometric function can be fitted 
to an empirical data set to estimate a threshold level of the stimulus 
corresponding to a particular criterion level of performance (for 
example, 50% or 75% rate of success). The analysis of such functions, 
as a source of information about the nature of the sensory system, has a 
long and respected history (Boring, 1942). The psychometric function 
can be described by the following expression, 

𝑝(𝑠) =
1
√2𝜋! % 𝑒3

()35")#
78#

5

39
𝑑𝑥 (10) 
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where p represents the detection probability, s is the signal strength 
where the detection probability is 50%, x is an integration variable, and 
σ is the standard deviation of the Gaussian distribution. When percent-
correct in two-alternative forced-choice experiments is plotted against 
contrast, the function is well described by the Quick psychometric 
function (Quick, 1974), with slope (spread) parameters of the function 
reported between 2 and 5 (Graham, 1989). High values of σ indicate a 
shallow slope, allowing lower sensitivity of the observer to variations in 
the physical signal. Studies suggest that the slope parameter is 
remarkably invariant with changes in, at least spatial frequency 
(Nachmias, 1981). However, there are differences in slope resulting 
from the length of time over which data are pooled in order to form a 
psychometric function. The longer the time, the shallower the slope 
(e.g., Rashbass, 1970), and thus the slope of any empirically collected 
psychometric function may well me shallower than that of the true 
instantaneous one that describes the systems behaviour at any one 
moment in time. This may be due to drifts over time in the observer’s 
sensitivity, which change the horizontal position of the instantaneous 
underlying psychometric function while leaving the slope constant.  The 
psychometric function is sometimes approximated by a Weibull 
function (Weibull, 1951). The Weibull function is given by,  

𝑃(𝑠) = 1 − 𝑒3:
5
;<= (11) 

where 𝛼 is the signal strength, and 𝛽 is an exponent that defines the 
steepness of the psychometric function. Hence the psychometric 
functions for the stimuli employed in the experiment contained in the 
body of this thesis should have the same shape when plotted against 
logarithmic intensity. 

When determining the measurement of the sensory threshold, 
the goal is to establish the physical value of the stimulus that elicits a 
positive response, at a fixed percentage of the time. The procedure of 



CHROMATIC CONTRAST SENSITIVITY FUNCTIONS MEASURED USING 
OPTOKINETIC NYSTAGMUS AND PSYCHOPHYSICS 

53 

capturing the threshold as the point of 75% response, when 50% 
response represents the chance performance, is equivalent to using the 
probable error, as a measure of sensitivity. When the procedure is 
simplified, as it usually is if the threshold measure is pursued – so that 
the proportion of responses taken as signifying the threshold lies 
halfway between chance and perfect performance, irrespective of the 
number of response categories – then the procedure is equivalent to 
producing a correction for chance success. 
 
2.10 Eye movements to moving stimuli 

Eye-tracking has been used in many studies to further 
understand the brain pathways underlying vision and motion processing 
(e.g., Anstis, Cavanagh, Maurer & Lewis, 1987; Dakin & Turnbull, 
2016, Matsuura, Kawano, Inaba & Miura, 2016). A major role of eye 
movement research is to obtain certain search targets, with a focus on 
the computational foundations of this behaviour. Another reason for 
examining eye movements during search is associated to the first eye 
movements are directly observable, movements of attention are not. 
Particular types of eye movements assist in converting a simple motion-
detection system into a complex pattern-recognition one by stabilising 
the image on the retina. To determine whether the effects of eye 
movements on contrast sensitivity, for example, are specifically due to 
retinal image motion; detection thresholds are often measured with 
controlled, artificial image motion.  To open the feedback loop that 
connects visual stimulation and oculomotor responses, it is 
commonplace for researchers to stabilize the retinal image. Achromatic 
motion stimuli have been used to study visual motion analyses 
underlying ocular following responses (OFRs) (Hayashi, Miura, Tabata 
& Kawano, 2008; Masson & Castet, 2002; Sheliga, Chen, Fitzgibbon & 
Miles, 2005). The OFR is a rapid tracking eye-movement, measured 
over short time periods (150–200 ms), which responds to sudden 
motion (Miles, Kawano & Optican, 1986). One study used chromatic 
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motion stimuli without luminance cues and showed that motion of pure 
colour gratings induced OFRs in a monkey (Guo & Benson, 1999). 
However, little is known thus far about colour motion processing that 
underlies these motor responses contributions to OFRs, particularly in 
humans. 

Moreover, the optokinetic reflex (OKR) is a specific type of 
visuomotor reflex, which responds to movements of the visual scene in 
order to then generate a particular form of eye movement, optokinetic 
nystagmus (OKN). OKN is characterized by a series of smooth 
compensatory eye movements in the same direction as the movement of 
the visual scene, intermixed with rapid return eye movements in the 
opposite direction. The OKR can be easily observed by watching the 
eyes of someone who is riding in a moving vehicle and gazing at the 
scenery drifting by the window. By eliciting OKN, the OKR is 
constantly striving to achieve a stable retinal image of the moving visual 
world, an act clearly designed to facilitate resolution of the spatial 
details of moving stimuli by the visual system. Figure 13 is an 
illustration of an archetypal recording of eye position versus time during 
the production of voluntary pursuit OKN. OKN is depicted by a 
sawtooth pattern with slow and fast phases (Schor & Narayan, (1981). 
 



CHROMATIC CONTRAST SENSITIVITY FUNCTIONS MEASURED USING 
OPTOKINETIC NYSTAGMUS AND PSYCHOPHYSICS 

55 

 

 
 
Figure 13. Typical OKN sawtooth eye movement trace from a human 
observer attained from right to left drifting stimuli. Slow and fast phases are 
signified. Image adapted from Crognale and Schor (1996). 

 
 

An objective way of measuring an observer’s contrast sensitivity 
is to move stripes across an individual’s field of vision to induce an 
OKN response. Using this technique, an observer’s acuity is the visual 
angle subtended by the smallest stripe width, which can still elicit an 
involuntary eye movement (Von Noorden & Campos, 2002). 
Correlations between Snellen acuity and the highest spatial frequency 
eliciting OKN range between 0.6 and 0.85 (Hyon et al., 2010; 
Reinecke, & Cogan, 1958, Wolin, & Dillman, 1964). OKN has also 
been used by researchers (e.g., Cetinkaya, Oto, Akman & Akova, 2008; 
Leguire et al., 1991; Schor & Levi, 1980) as a tool to objectively assess 
perception in adult human observers, as under certain experimental 
paradigms, conscious perception can be reliably indexed.  
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OKN has gained considerable attention, for its use of no-report 
paradigms  
Tsuchiya, Wilke, Frässle and Lamme, (2015), as well as being used as 
a potential monitor of conscious percept. In particular, there is good 
agreement between contrast thresholds measured using psychophysics 
(Schor & Levi, 1980) and the standard psychophysical CSF (Metz & 
Balliet, 1973). No-report paradigms, coupled with conventional report-
based paradigms, permit researchers to isolate neural activity produced 
actually reporting from the neural activity responsible for producing 
percept itself.  

Moreover, OKN has shown less variability in response latencies 
across trials, as well as providing faster reactions than a button press 
type response. For example, button pressing is susceptible to motor 
preparation and attention, together with unknown consequences on the 
response times involving conscious perception (Tsuchiya, 
Wilke, Frässle and Lamme, 2015). Spatial attention is known to 
increase performance though not subjective confidence in a 
discrimination task. Such findings may lead to some researchers to hold 
the view that OKN’s faster and less adaptable response may actually 
more accurately reflect the initiation of so called, conscious perception 
compared with the button response modality that is presently the 
overriding measure in psychological studies of visual perception. Thus, 
expanding the types of responses from conventional button press to 
continuous measures, such as OKN, may be highly successful in 
explicating the ongoing nature of consciousness and its neural basis. 

Numerous studies have observed spatial asymmetries in OKN 
(e.g., Knapp, Gottlob, McLean & Proudlock, 2008), with two types of 
OKN defined: stare and look OKN (Ter Braak, 1936). Stare-OKN is 
a reflex movement occurring when certain, peripheral components of 
the moving visual field are not tracked by observers. Moreover, stare-
OKN is depicted by small-amplitude slow phases and recurrent quick-
recovery phases. Alternatively, for look-OKN, observers voluntarily 
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track features in a moving visual field, leading to large-amplitude slow 
phases and occasional recovery phases (Lott & Post, 1993). This so-
called, stare-OKN will be explored in the experiment that forms the 
body of this thesis. 

Numerous studies have discovered no horizontal or vertical 
asymmetry in OKN gain in healthy adult observers (Takahashi, Sakurai, 
Kanzaki, 1978; van den Berg, Collewijn, 1988; Ling, 1991), however 
the absence of vertical asymmetry is unexpected due to other 
publications suggesting an upward asymmetry in observers (Garbutt et 
al., 2003; Wei, Lafortune, Ireland & Jell, 1992). Nonetheless, OKN 
responses to vertically moving stimuli have appeared to be more 
sensitive to contrast than horizontally moving stimuli, though such 
parameters had no significant affect on the overall vertical or horizontal 
asymmetry. Another important issue raised in a previous study, found 
that the calibration of the camera on the eye tracker limits the use of 
larger visual field sizes (Knapp, Gottlob, McLean & Proudlock, 2008). 
Although a high proportion of peripheral retina was stimulated, such 
field sizes may result in an upward vertical bias (Murasugi & Howard, 
1989). This bias was taken into consideration, with the field size used 
in the current experiment, considerably smaller. However, such visual 
field size considerations may be in vain, as chromatic motion has been 
suggested to be more clearly and independently perceived in foveally 
located stimuli than in any other part of the visual field. Although it is 
generally established that horizontal OKN is symmetrical in healthy 
observers (Hainline, Lemerise, Abramov & Turkel, 1984; Ling, 1991) 
some observers display a tendency for consistent temporal- or nasal-
ward moving stimuli (Van den Berg & Collewijn, 1988), despite varying 
stimulus parameters. Van den Berg and Collewijn, (1988) also reported 
an inconsistency for horizontal stare-OKN asymmetry for left and right 
eye viewing. 

Crognale and Schor (1996) recorded eye movements in 
response to monocularly presented vertical, colour-defined sinusoidal 
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gratings drifting horizontally. For luminance stimuli, stare conditions 
produced what appeared like, typical OKN. Yet for equiluminant 
stimuli, stare-OKN was irregular, low amplitude; without distinct slow 
and fast phases. Results also demonstrated that as the stimuli changed 
from achromatic to chromatic, detection thresholds decreased, with 
luminance patterns greater at producing motion than equiluminant 
patterns (Lindsey & Teller, 1990). Furthermore, there were horizontal 
directional biases for observers, with such biases greater in response to 
chromatic than luminance conditions. All of these results indicate that 
stare-OKN has distinctive temporal characteristics upon stimulation by 
luminance and chromatic mechanisms. Whether or not the same 
outcome occurs, will be evident after analysing data from the experiment 
being conducted in the body of this thesis. 

In a recent study, Dakin and Turnbull (2016) measured the 
CSF using OKN eye-tracking and perceptual report. Specifically, 
observers made a continuous perceptual report of stimulus direction, 
while their OKN was also measured. Stimuli consisted of full-screen 
leftwards or rightwards drifting two-dimensional isotropic and spatial-
frequency band-pass Gaussian noise patterns. In their first experiment, 
multiple spatial frequencies and velocities were presented, while in the 
second experiment, stimuli varied in contrast. A high correlation 
between perceptual report and OKN was shown, though significant 
trial-by-trial disagreement occurred at high spatial frequency and low 
contrasts. The study was designed so that successful identification of 
stimulus direction was an arbitrator for successful detection. Drifting 
stimuli was detected by observers, however, reports of reversed motion 
resulted in very poor identification. Though, dissimilar to report, OKN 
performance was not anti-correlated with stimulus direction under such 
conditions, leading to a more marked performance. Under these 
circumstances, OKN more accurately reflected observers’ failure to 
specify the correct direction than perceptual report. 
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Building on the work of Dakin and Turnbull (2016), a central 
aim of this thesis is to evaluate whether there is a genuine chromatic 
input to motion processing as detected through OKN eye movements. 
For luminance stimuli, OKN has previously been used to measure the 
CSF, or the capacity of the visual system to detect luminance contrast 
as a function of spatial frequency. The experiment described in this 
thesis aims to make comparable contrast sensitivity measurements for 
colour vision, by using red-green equiluminant filtered textured patterns 
that vary in colour. By using involuntary eye movements as a means to 
probe visual function, the experiment will indicate whether OKN can 
signal a motion percept that is functionally equiluminant. 
 
 
3. Methods 
 
Participants 

30 undergraduate students with ages 18-40 participated in the 
experiment. All had normal vision, and no reports of colour blindness. 
Where appropriate, observers wore their prescribed spectacle 
correction. Each observing session took approximately 40 minutes. 
Ethical approval was granted by the University of Melbourne Human 
Research Ethics Committee (Reference No. 1750420.1). Participants 
gained course credit in return for taking part in the study. 

 
Apparatus 

Monocular (left-eye) eye movements were recorded by means 
of an EyeLink 1000 (SR Research, Ontario, Canada) eye tracking 
device, with the participant’s head resting on a chinrest to stabilize the 
viewing position. Stimuli were generated using MATLAB software 
(The MathWorks, Natick, MA) with PsychToolbox-3 (Kleiner et al., 
2007) controlling an ATI Radeon X1900 XT video card through a 
Cambridge Research Systems Bits++ stimulus processor. Each of the 
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red and green CRT primary intensities was controlled by a 12-bit 
digital-to-analogue converter. Stimuli were displayed on a gamma-
corrected 21-inch Trinitron CPD-G520 monitor (Sony Corporation, 
Tokyo, Japan) (refer to the below gamma estimation procedure) driven 
at a frame rate of 80 Hz, giving a spatial resolution of 720 x 534 pixels, 
subtending 18° horizontally by 14° vertically at a viewing distance of 
70cm. 

 
Stimuli 

Prior to presentation of the test stimuli, a brief 9-point 
calibration procedure by the eye tracker for each observer was run. 
Patterns were calculated and merged digitally prior to presentation, with 
stimuli consisting of simple sinusoidal gratings. Patterns moved 
smoothly and continuously, and were horizontal to minimize chromatic 
aberration (Howarth, 1984), displaced among a 2-second continual 
sequence presentation interval. Stimuli were two-dimensional Gaussian, 
isotropic filtered, band-pass noise patterns. Filtering was conducted in 
the Fourier domain using log-Gabor filters (Field, 1987), though in the 
image domain the filters were “centre-surround”. The structure of the 
contrast was flattened to eradicate any gross random variations in such 
contrast and to reduce trial-by-trial alterations in stimulus-energy 
(Bizrah et al. (2014). Patterns were achromatic luminance, or 
subjectively red-green equiluminant modulations of colour. Chromatic 
properties were defined by a vector in a cardinal colour space by 
implementing the coordinate system of Derrington et al. (1984). For 
reasons outlined earlier, only the red-green chromatic axis (not the blue-
yellow axis) was used. Moreover, the red-green axis defined a plane of 
constant luminance, similar to the chromaticity diagram proposed by 
MacLeod and Boynton (1979). The maximum luminance values from 
the red and green phosphors were 21.9 and 77.9 cd/m2, respectively. 
The CIE coordinates of the phosphors were: red, x = 0.613, y = 0.345, 
green, x = 0.282, y = 0.590. The mean luminance was dependent upon 



CHROMATIC CONTRAST SENSITIVITY FUNCTIONS MEASURED USING 
OPTOKINETIC NYSTAGMUS AND PSYCHOPHYSICS 

61 

the equiluminance setting for each subject. Assuming an observer was 
well described by the CIE standard observer, the mean luminance of the 
stimulus would be equal to half the maximum red value (i.e., 21.9 
cd/m2). Look-up tables were made to linearize the luminance output of 
the three monitor guns. All experiments were performed in a semi-
darkened room, with viewing conducted binocularly.  
Simple sinusoids can be explained by the equation, 

𝐿(𝑦) = 𝐿"{1 + 𝐶	𝑠𝑖𝑛[2𝜋(𝑓𝑦 + 𝜙)]}	 (12) 

where Lm signifies the mean luminance (cd/m2), L signifies the 
luminance across space y, C signifies the grating contrast, f signifies the 
spatial frequency (cpd), and 𝜙 signifies the spatial phase angle. 
 Stimuli consisted of 0.5, 1 and 2 cpd spatial frequencies, 
combined with nine alternating contrasts (0.1, 0.2, 0.4, 0.8, 1.6, 3.1, 
6.2, 12.5 & 25%), equally spaced on a log frequency scale with a spatial 
frequency bandwidth of σ = 0.5 octaves. A 2 x 2 mm blue radius circle, 
timed at 0.5 of a second, served as the central fixation point between 
trials. Stimulus spatial frequency, temporal frequency and direction were 
randomised across trials, with the aim to minimise the build-up of 
perceptual or OKN aftereffects and decrease inter-trial effects of 
contrast adaptation. Graphical examples of the luminance and 
equiluminous red-green patterns are given in Figure 10. 
 



CHROMATIC CONTRAST SENSITIVITY FUNCTIONS MEASURED USING 
OPTOKINETIC NYSTAGMUS AND PSYCHOPHYSICS 

62 

 
 
Figure 14. Example of the stimuli used in the above experiment. A) Yellow-
black luminance, B) equiluminant red-green stimulus patterns used in the 
experiment. 
 

 
Photometric calibration 

In visual psychophysics, the spatial, temporal and chromatic 
components of a stimulus can be controlled by a cathode ray tube 
(CRT) display monitor. Critical sources in error relates to the nonlinear 
relationship between luminance output and video voltage of a screen 
(Travis, 1991). In order to circumvent artefacts in the visual stimuli, it 
is paramount to correct this nonlinearity. The typical process for 
adjusting nonlinearity requires measuring the correlation between screen 
luminance and video voltage with a photometer and incorporating the 
inverse relationship into the software. 

The experiment contained in this thesis used a calibration 
technique exploiting a visual comparison rather than a photometer. 
Visual calibration is adequately reliable as an alternative to calibration 
using a photometer. Using a photometer can often be difficult to use 
and expensive to purchase. The calibration process compared a patch of 
pixels of adjustable intensity to a patch in which a proportion of the 
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total number of pixels were fixed to the maximum voltage, with the rest 
set to the minimum. An estimate of the voltage producing the 
predetermined fraction of the maximum luminance was obtained by 
voltage adjustments making the two patches appear equal in brightness. 
An approximation of the shape of the gamma function was acquired 
through fitting a smooth function to a set of estimates. This technique 
allowed the generation of simple, periodic waveforms, free of distortion 
artefacts. A Naka-Rushton equation was utilised (Naka & Rushton, 
1966), proving to be effective in embodying saturation at high 
luminances. Specifically, 

𝐿 =
𝐺𝐷>

𝐷> +𝐷?,
> (13) 

with G being luminance saturation, D the voltage, and D50 signifying 
voltage at half-saturation, representing the relationship between D and 
L. Rather than determining luminance from a given voltage, voltage was 
measured producing the proportion Q, as the maximum luminance. The 
DAC output (D) produced luminance (L) that was a fraction (Q) of 
maximum luminance (Lmax). Therefore, the equation representing equal 
luminosity is signified by, 

𝐿 = 𝑄𝐼"() (14) 

Such an association made it achievable to define calibration from the 
relationship between D and Q. Smooth functions fitted to values Q and 
D, using a least-squares method, while smooth curves estimated the 
function associating screen luminance to voltage (Colombo & 
Derrington, 2001). 
 
Calibration: Subjective equiluminance 

A minimum-motion task was employed to determine whether 
equiluminance settings might change with spatiotemporal frequencies 
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of the stimulus (Anstis & Cavanagh, 1983). This technique yields 
similar results to those of conventional flicker photometry (Cropper, 
Mullen and Badcock, 1996), though has the benefit of allowing very 
accurate matches at high or low spatial and temporal frequencies. A 
simplified account of the stimulus is outlined in Figure 15, with 
sinusoids substituted by square waves. Also, for explanatory purposes, 
the temporal cycle is separated into four frames, which are displayed 
vertically and not overlaid as for the stimuli. 

In frame one at T1, the colour grating consisted of R and G 
interchanging patches in a four-stroke cycle. On the other hand, at T2, 
R and G were substituted by the luminance grating, with the offset from 
the colour grating being a quarter of the cycle, or a phase shift of 90 
degrees. This alternating among the R and G gratings allowed the R 
area to shift towards an adjacent area of the luminance grating. When 
luminance in R was larger than the luminance of G, R shifted towards 
the darker area of the luminance grating (black arrows in Figure 15). 
Contrariwise, when luminance of R was higher than the luminance of 
G, R shifted towards the brighter area of the luminance grating, (light 
grey arrows in Figure 15). Frames three and four also show the R–G 
colour grating, as well as the reversal of contrast for the luminance 
grating, or shifted by 180 degrees, in comparison to frames one and 
two, respectively. Similarly, each area shifted either rightwards or 
leftwards into the succeeding frame subject to the luminance amplitude. 
Thus, T1 to T4 signified one temporal cycle of the stimulus and was 
repeated continually, causing apparent, continuous motion. Though, 
when the luminance of the R and G areas was equal, the observer could 
not distinguish any motion direction, with the stimulus not perceived 
as moving but flickering. 
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Figure 15. Counter-drifting gratings implemented to study colour responses. 
Four coloured gratings were presented in a repetitive sequence, at times T1 
through T4, on a CRT monitor. Figure adapted from Cavanagh et al. (1987). 

The R and G phosphor intensities of the sinusoids comprising 
the test field background, were used to modulate gratings, while the 
linearized output voltages of the CRT monitor represented the 
phosphor intensities; normalized between 0 and 1. Therefore, an R 
phosphor intensity of 0.4 corresponded to 40% of the maximum CIE 
luminance that the red gun could manufacture.  

The colour grating was generated by the summation of two 
solid curves, with the amplitude of the R grating selected to be maximal. 
For example, a maximal modulation of 0.4 to both sides was achievable 
at a background level of RG = 0.4 or 0.6, with the amplitude of the R 
phosphor, ∆R, fixed, while the observer varied the amplitude of the G 
phosphor, ∆G. A sinusoidal modulation of the G phosphor and the two 
striped gratings were overlaid in phase to produce the luminance grating 
of identical chromaticity as the background, with the luminance grating 
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varying solely in intensity. All sinusoids were counter-phasing, with each 
grating appearing interchangeably in its original and opposite spatial 
phase, and constant upon the sinusoidal time-course of its contrast 
crossing zero. 
 

 

 
 

Figure 16. The superposition of a counter-phasing colour grating and a 
counter-phasing luminance grating that differ by 90° in spatial and temporal 
phase, segregated into its different components. Left panel: modulations of the 
R and G intensities over space. Centre panel: sinusoids segregated in colour 
(black curve) and luminance (grey curve), with change over time indicated by 
black arrows. A) G is brighter than R. The combination of resultant 
achromaticity of the colour grating, as well as the luminance grating, gives 
perceived leftward motion. B) R is brighter than G. The combination of resultant 
achromaticity of the colour grating, as well as the luminance grating, gives 
perceived rightward motion. C) The R and G gratings consist of the same 
luminance information, resulting in motion nulling. Graphs are adapted from 
Cavanagh et al. (1987). 

Colour 
Colour 
signal 
(e.g. 
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Figure 16 shows the stimulus segregated into chromatic and 
achromatic components. The abscissas signify the space dimension x. 
Specifically, the colour grating was segregated into its luminance 
component and chromaticity component. The chromaticity component 
existed at any location of the relative intensity of the R and G 
phosphors, as they were continuously in opposite spatial and temporal 
phases. Yet, luminance modulation was only apparent in the colour 
grating when the R and G phosphors had varying proportions of 
luminance (rows A and B). The luminance profile of the chromatic 
grating was uniform, producing no motion effect from the luminance 
lure when achromaticity of the R and G sinusoids cancelled each other 
(row C). The perception of motion only occurred when the luminosity 
of the colour grating interacted with the luminance grating. Thus, the 
essential components of the R and G colour gratings were signified by, 

cos(2𝜋𝑥𝑓1) ∙ cos(2𝜋𝑡𝑓@)	𝑎𝑛𝑑	 − 𝑐𝑜𝑠(2𝜋𝑥𝑓1) ∙ 𝑐𝑜𝑠(2𝜋𝑡𝑓@) (15) 

with, fS and fT denoting the spatial frequency and the temporal 
frequency of the gratings, respectively. The luminance grating was 
signified by the product of sine over time and sine over space, 

sin(2p𝑥𝑓1) ∙ sin(2pt𝑓@) (16) 

Thus, the alternating R phosphor can be signified as, 

𝑅(𝑥, 𝑡) = 𝑃! +
1
2
𝑃! ∙ 𝑚! ∙ cos(2𝜋𝑥𝑓") ∙ cos(2𝜋𝑥𝑓#) +

1
2
𝑃! ∙ 𝑚$%& ∙ sin(2𝜋𝑥𝑓") ∙ sin(2𝜋𝑥𝑓#) (17) 

Likewise, for the G phosphor: 

𝐺(𝑥, 𝑡) = 𝑃' +
1
2
𝑃' ∙ 𝑚' ∙ cos(2𝜋𝑥𝑓") ∙ cos(2𝜋𝑥𝑓#) +

1
2
𝑃' ∙ 𝑚$%& ∙ sin(2𝜋𝑥𝑓") ∙ sin(2𝜋𝑥𝑓#) (18) 
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Background luminance was produced by the R and G phosphors and 
signified by PG and PR, respectively, while mLum was the modulation 
amplitude of the luminance grating and mR and mG defined the 
modulation amplitude of the R and G sinusoids of the colour grating. 
Now, mR was set at a posotion allowing maximum modulation of the R 
phosphor, with mG altered by the observer. In Equations 14 and 15, the 
luminance grating is generated by the sinusoidal terms with an 
amplitude of mLum(PR + PG) / 2. The amplitude of the luminance 
grating remained continually fixed when mLum = 0.05, while the ratio of 
the amplitudes for the R and G components of the colour grating was 
adaptable. Photometric luminances the phosphors were equal to the 
background luminance levels, PR + PG. Local adaptation was avoided, 
as the average CIE luminance of the stimuli matched the CIE luminance 
of the background, due to the two gratings being modulated on the 
adaptation background. 

The observers’ task involved adjusting the radiance of the G 
phosphor to null the apparent motion of the alternation between the 
colour and luminance grating. The observer then adjusted the brightness 
of the R phosphor that was added to the G phosphor until no apparent 
motion was perceived. Observers’ nominal equiluminance points were 
obtained by forwards and backwards movement of the computer mouse. 
Once the observer had stopped moving the mouse and pressed the 
computer mouse button to indicate their nominal equiluminance point, 
the stimulus refreshed to a new random luminance angle. The contrast 
of the grating was sinusoidally flickered at 5 Hz. The amplitudes were 
allotted as the modal values from 20 settings. Observers viewed the 
display binocularly and were instructed to complete the task as quickly 
as possible to circumvent any confounding effects of habituation and 
prolonged exposure. 
 
Experimental Procedure  

A two-alternative forced-choice (2AFC) direction-
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discrimination procedure paired with the method of constant stimuli 
was implemented to record each observer’s aptitude in discriminating 
the direction of motion for stimuli presented in each trial (Wetherill, 
1963). Observers were instructed to maintain central fixation on the 
screen at all times. Leftwards or rightwards apparent motion was 
indicated by pressing and holding down the respective left or right 
arrow on the computer keyboard until the next trial appeared. All 
stimuli contrasts were then scaled to each observer’s sensitivity threshold 
for each stimulus condition, using two interleaved QUEST adaptive 
staircases per spatiotemporal condition to determine the contrast on 
each trial (Watson & Pelli, 1983). Correct responses decreased the 
contrast of the stimulus for the next trial, and incorrect responses 
increased the contrast. Each trial ran for the duration of the stimulus, 
and immediately followed on from the proceeding interval, that is, they 
were not separated by any frames. Observers were instructed to make a 
response for each trial, with the next trial starting irrespective of whether 
a response had been made. No feedback was given. There were 672 
trials in total: 16 for each combination of condition (2: 
luminance/colour), frequency (3) and contrast (7), with the proportion 
of correct responses computed. A score of 100% correct implied 
perceived direction of motion corresponding with the actual direction 
of motion, 50% correct indicated a failure to observe any direction of 
motion, while 0% correct indicated an incorrect perception of direction, 
to the opposite of the actual direction of motion. Eye movements were 
scored post-hoc for constancy with OKN. Psychometric functions were 
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fitted with a Weibull function consuming a least-squares criterion. 
 
Behavioural analysis  

Prior to progressing with eye tracking analyses, trials and 
subjects were excluded based on certain button press data. Specifically, 
trials were rejected when the button was not released throughout the 
inter-trial interval, and the button latency failed to be defined. Trials 
were also rejected when either a missing or double button press occurred 
for more than 1 s during the 2 s of trial. For each stimulus condition, 
an accurate button press was objectively defined. To determine button 
response accuracy, stimulus direction for each trial was assigned -1 for 
left and +1 for right. Button press (BP) at time (t), was assigned either 
a -1 for left, +1 for right, or 0 for a missing or double button press. 
Next, a correct button press at a specific time was signified as C(t), with 
1 representing BP(t) x Stimulus Direction > = 0.5 and 0 otherwise. 
Each trial was identified either as dominantly left or right, centred on 
the dominant button press for that trial. The association between the 
dominant percept of a trial and the button press at a particular time of 
the trial was also assessed. For example, the dominant button press for 
a specified trial was averaged by BP(t) from t = 0 s to t = 1.5 s. Trials 
were identified as dominantly left if BP <0 and dominantly right if BP 
>0. Next, button press consistency was signified as 1 when BP(t) x 
Direction > = 0.5 and 0 otherwise. Button response accuracy for a 
particular trial was expressed as the mean C(t), where t varied from the 
initial button press time in each trial to 1.5 s from the stimulus onset. 
  
OKN Data Analysis 
 OKN was quantified from the output of the eye tracker using the 
unprocessed, horizontal position of the eye. The first derivative of x-
position was computed next to provide the horizontal velocity of the 
eye, V. Subsequently, eye movements were either classified as saccades 
or tracking depending on the magnitude of V. In this case, the stimulus 
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direction (θ) was ascribed a positive velocity, with eye velocity 
categorized as saccades (S) when the magnitude surpassed a “saccade-
threshold” and tracking (T) when it did not.  
OKN was quantified by calculating the total distance travelled by the 
eye, Dθ, which was consistent with OKN in the direction θ: 

𝐷A =l|𝑆ABC| +l|𝑇A (19) 

which can be used to calculate Dθ and Dθ+π, while expressing Dθ as the 
quantity of total eye movements, to obtain the absolute OKN 
movement, constant with θ: 

𝐶A =
𝐷A

𝐷A +𝐷ABC
(20) 

where Cθ differs between 0 (i.e. velocities completely constant with the 
opposite direction to the stimulus), +0.5 (i.e. fluctuating velocities) and 
+1 (i.e. velocities completely constant with the stimulus). Trial-by-trial 
performance was predicted by scoring values as correct when greater 
than 0.5 and incorrect when less than 0.5. Values of 0.5 were scored as 
fluctuating. Latency figures that preceded the initiation of eye 
movements were noted. Here, a 300-millisecond delay occurred prior 
to an OKN shift to reveal the alteration in stimulus direction. Such a 
delay relative to a stimulus onset occurring before an eye movement, is 
compensated for by latency, ∆. Eye movements were analyzed 
throughout a two second window beginning from the delayed start time, 
essentially co-aligning eye-movements with the stimulus in time prior 
to a concluding approximation of Dθ and Cθ is made. Optimal values 
for saccade thresholds and ∆ were approximated by maximizing Dθ and 
Cθ across the total amount of combinations for saccade thresholds and 
latencies. These parameters were established distinctly for each observer 
and set throughout their respective trials.  
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 Observers’ report of the perceived direction of stimuli resulted in 
a binary, left or right response. This was performed to measure whether 
more than half of the responses were constant with the stimulus in order 
for the trial to be scored “correct”. The ratio of hits versus misses was 
subsequently analyzed. Apparent motion was contingent upon the 
relative contrast and spatial frequency of the gratings. A missing 
response was regarded as “no-perceptual report” for that relative frame, 
and as a consequence would receive the last reported direction. Over 75 
per cent of responses were required to be reliable with the stimulus for 
the trial to be scored “correct”. Observers’ behavioural response was 
approximated by calculating the proportion of responses to a given 
direction, to the total sum of responses in each direction. This 
approximation was estimated throughout the equivalent range of 
latencies to exemplify the delay in observers’ responses. Latencies were 
then fixed for each observer. 
 Analysis of eye-tracking data required using measures of OKN 
consistency, as well as participant report data being modelled similarly 
as outlined above. Left and right movements were gathered from 
observer report, while OKN data were matched with stimulus direction 
and recorded as correct or incorrect. Correct proportions were plotted 
as a function of stimulus contrast, while fitted with a Weibull 
psychometric function.  
 Trials were rejected when the total length of blinks, saccades and 
undetected time points by the eye tracker within 2 s trials exceeded 1 s. 
If more than half of trials were rejected due to button press criteria or 
eye tracking criteria, the observer was excluded. Observers were also 
rejected when less than 3 trials were classifiable as either dominantly left 
or right responses. 

𝑊(𝑥) = 𝛾 + (1 − 𝛾 − 𝜆)r1 − expr−
𝑥
𝛼
=
ww (21) 
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Contrast threshold estimates for OKN and report were produced across 
the varying spatial frequencies. Fits were bootstrapped to develop 
confidence intervals for thresholds. Contrast thresholds were plotted as 
a function of spatial frequency and fit to the CSF. 
Fits were achieved using a slope (β), variable threshold (α), and lapse-
rate (λ), for a set rate of guessing (γ = 0.5). An approximation of 
contrast threshold (α) - for participant report and OKN – was 
produced for every spatial frequency setting. Confidence intervals for 
thresholds were derived by bootstrapping the fits, while contrast 
thresholds were plotted as a function of spatial frequency (f) and fitted 
the subsequent CSF with a two-parameter model expending the 
formula: 

𝛼(𝑓) = logD, 𝐴 − logD, 2
logD, 𝛼 − logD, 𝑓
(logD,2𝐵)7)

	 (22) 

with A and B governing the height and slope of the CSF respectively.  

 

 
 
4. Results 
 

The proportion of trials scored correct based on OKN and 
perceptual report consistency was compared and pooled over trials 
containing luminance and colour within each contrast and spatial 
frequency combination. The proportion of trials scored correct were 
maximised from OKN and report data analysis across all conditions and 
examined by optimising either an eye movement latency parameter for 
report data or latency and saccadic threshold parameters for OKN data.  
 Figure 17 shows the proportion of trials scored correct as a 
function of stimulus contrast, based on OKN and observers’ perceptual 
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report. Data were fit with Weibull functions, providing a solid account 
of the data. Note that the height of each function scales with stimulus 
spatial frequency, with higher spatial frequencies eliciting weaker, lower 
amplitude OKN, with the peaks of the functions shifted relative to each 
another. That is, at higher spatial frequencies (e.g. blue curves, 2 c/deg) 
the majority of OKN is produced at contrast levels above 0.8%, while 
for lower spatial frequencies (e.g. red curve, 0.5 c/deg) more OKN is 
produced at high velocities. 
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Figure 18 shows a comparison of the mean contrast sensitivity 
for stimuli of varying contrast measured using psychophysics and OKN 
as a function of stimulus spatial frequency (relative to detection 
threshold) for the total number of observers (N=21). Data are 
presented separately for the luminance (red), and the colour (blue) 
conditions, and separately for data obtained through OKN (dashed 
lines) and report (solid lines).   

In addition, a 3 (spatial frequency) 2 (stimulus type) analysis 
of variance was conducted on OKN data for all observers. The mean 
contrast sensitivity value for luminance stimuli presented at a spatial 
frequency of 0.5 cpd was 374.5 (SD = 182.1), for a spatial frequency 
of 1 cpd, the mean value was 236.7 (SD = 62.3), and for a spatial 
frequency of 2 cpd, the mean value was 172.5 (SD = 76.9). 
Additionally, for colour stimuli presented at a spatial frequency of 0.5 
cpd, the mean value was 60.8 (SD = 424.8), for a spatial frequency of 
1 cpd, the mean value was 42.3 (SD = 22.9), and for a spatial frequency 
of 2 cpd, the mean value was 30.2 (SD = 16.8). There was a significant 
difference in mean contrast sensitivity across spatial frequencies, 
F(1,38) = 64.20, p < .01, η2p = .63. However, as can be seen from 
Figure 22, the effect of spatial frequency on contrast sensitivity was 
different for colour and luminance, and this interaction was significant, 
F(1.1, 29.2) = 9.6, p < .01. η2p= .27. 

Separate analyses were conducted for luminance and colour 
stimuli. For colour stimuli, there was a significant difference in mean 
contrast sensitivity across spatial frequencies, F(2,38) = 7.53, p < .01, 
η2p = .28. For stimuli presented at a spatial frequency of 2 cpd, observers 
showed significantly lower mean contrast sensitivities than stimuli 
presented at a spatial frequency of 1 cpd, F(1,19) = 4.23, p = .05, η2p 

= .18, and for stimuli presented at a spatial frequency of 1 cpd, 
observers showed significantly lower mean contrast sensitivities than 
stimuli presented at a spatial frequency of 0.5 cpd, F(1,19) = 6.83, p 
= .02, η2p = .26. 
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For luminance stimuli there was also a significant difference in 
mean contrast sensitivity across spatial frequencies, F(2,38) = 7.53, p 
< .01, η2p = .28. However, the effect of spatial frequency was quite 
different for luminance stimuli. For stimuli presented at a spatial 
frequency of 2 cpd, observers reported significantly lower mean contrast 
sensitivities than stimuli presented at a spatial frequency of 1 cpd, 
F(1,7) = 1.84, p = .22, η2p = .21, yet for stimuli presented at a spatial 
frequency of 1 cpd, there was no significant difference in contrast 
sensitivity than stimuli presented at a spatial frequency of 0.5 cpd, 
F(1,7) = 29.60, p = < .01, η2p = .81. 
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Figure 18. Mean contrast sensitivity across 21 observers with between subject 
error bars showing ±1 mean SD included for luminance (red) and colour (blue) 
drifting noise patterns at spatial frequencies 0.5, 1 and 2 cpd using perceptual 
report (solid line) and OKN (dashed line). 

 

 
A 3 (spatial frequency) 2 (stimulus type) analysis of variance 

was also conducted on report data for all observers. The mean contrast 
sensitivity value for luminance stimuli presented at a spatial frequency 
of 0.5 cpd was 469.5 (SD = 424.8), for a spatial frequency of 1 cpd, 
the mean value was 245.9 (SD = 117.5), and for a spatial frequency of 
2 cpd, the mean value was 133.0 (SD = 48.5). Additionally, for colour 
stimuli presented at a spatial frequency of 0.5 cpd, the mean value was 
59.7 (SD = 424.8), for a spatial frequency of 1 cpd, the mean value 
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was 45.0 (SD = 19.2), and for a spatial frequency of 2 cpd, the mean 
value was 24.2 (SD = 11.0). There was a significant difference in mean 
contrast sensitivity across spatial frequencies, F(2,76) = 10.43, p < .01, 
η2p = .22. Similar to the OKN data, as can be seen from Figure 16, the 
effect of spatial frequency on contrast sensitivity was different for 
colour and luminance, and this interaction is significant, F(2,76) = 
6.95, p < .01. η2p = .16. 

Separate analyses were conducted for luminance and colour 
stimuli. For colour stimuli, there was a significant difference in mean 
contrast sensitivity across spatial frequencies, F(2,40) = 31.47, p < .01, 
η2p = .61. For stimuli presented at a spatial frequency of 2 cpd, observers 
reported significantly lower mean contrast sensitivities than stimuli 
presented at a spatial frequency of 1 cpd, F(1,20) = 14.01, p < .01, η2p 

= .41, and for stimuli presented at a spatial frequency of 1 cpd, 
observers reported significantly lower mean contrast sensitivities than 
stimuli presented at a spatial frequency of 0.5 cpd, F(1,20) = 51.53, p 
<.01, η2p = .72. 

For luminance stimuli there was also a significant difference in 
mean contrast sensitivity across spatial frequencies, F(2,36) = 7.78, p 
< .01, η2p = .30. For stimuli presented at a spatial frequency of 2 cpd, 
observers reported significantly lower mean contrast sensitivities than 
stimuli presented at a spatial frequency of 1 cpd, F(1,18) = 4.43, p = 
.05, η2p = .20, and for stimuli presented at a spatial frequency of 1 cpd, 
observers reported significantly lower mean contrast sensitivities than 
stimuli presented at a spatial frequency of 0.5 cpd, F(1,18) = 18.75, p 
< .01, η2p = .51. 

The above data shows that the motion direction of colour 
gratings can be discriminated reliably, when presented at short, two-
second durations. However, across all three spatial frequencies 
measured, for OKN and report, observers were better at detecting the 
direction of motion for luminance stimuli compared with colour 
stimuli. The results from the current study also align with the 
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commonly accepted notion that there is a higher contrast sensitivity 
threshold for motion of luminance gratings of low (0.5 cpd) spatial 
frequency, when compared with higher spatial frequency (1 cpd and 2 
cpd, respectively) (Boulton, 1987; Cropper & Derrington, 1994). In 
addition, observers showed a higher contrast sensitivity threshold when 
perceiving stimuli using the method of report as opposed to OKN. This 
result was consistent across all spatial frequencies and for both colour 
and luminance stimuli. This supports the common notion that one’s 
capacity to detect and discriminate luminance modulation is spatially 
dependent and reasonably finely tuned across both domains (Campbell 
& Robson, 1964; Watson, Barlow, & Robson, 1983). Figure 19 plots 
each observer’s contrast sensitivity psychometric function derived from 
both OKN (blue) and report (red). All observers’ OKN and report were 
significantly and very highly correlated (mean R = 0.95, minimum R 
= 0.922, all p < 0.03). 
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A 2 (type of measurement) 2 (stimulus type) analysis of 
variance was also conducted on the data for all observers (N =21). 
Excluded participants (n = 9) had > 25% blinks or otherwise missing 
eye movement data. As Mauchly’s test of sphericity was significant, the 
Greenhouse-Geisser correction was used for all within subjects’ analyses. 
For report, the mean contrast sensitivity value for luminance stimuli was 
275.2 (SD = 153.7) while for colour stimuli, the mean value was 189.9 
(SD = 114.2). For OKN, the mean contrast sensitivity value for 
luminance was 43.0 (SD = 27.0) while for colour stimuli, the mean 
value was 47.1 (SD = 20.0). The analysis revealed a significant 
difference in mean contrast sensitivity across OKN and report, F(1, 
107) = 91.73, p < .01, partial h2 = .46. However, as can be seen from 
Figure 20, the effect of measurement type was different for luminance 
and colour. For OKN, luminance stimuli produced higher contrast 
sensitivity than colour, however for report, colour stimuli produced 
slightly higher contrast sensitivity than luminance. This interaction 
between type of measurement and type of stimulus is significant, F(1, 
40) = 4.8, p < .03. Therefore, the effects of OKN and report on 
contrast sensitivity is different for luminance and colour. 
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Figure 20. Mean contrast sensitivity functions for drifting noise measured for 
21 observers with between subject error bars showing ±1 mean SD. Note that 
for luminance stimuli, OKN produced higher contrast sensitivity than report, 
though for colour, report produced higher contrast sensitivity than OKN.	 
 

5. Discussion 
 

The current study addressed the question of whether human 
observers have a motion mechanism sensitive to the displacement of 
purely chromatic stimuli as detected through OKN eye movements and 
perceptual report. The study was designed to elicit OKN in response to 
direction-discrimination thresholds for luminance and equiluminant 
red-green colour stimuli, in an effort to resolve an incongruity in the 
published literature: Namely, that motion and colour processing are 
initially distinct and independent (Livingston & Hubel, 1988; 
Ramachandran & Gregory, 1978; Zeki, 1974). The current results 

Mean 
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show that a motion response to an equiluminant red-green stimulus can 
be obtained.  

The data are largely consistent to Dakin and Turnbull’s (2016) 
study. However, unlike the current results, their results were not evoked 
by colour-varying patterns. The current findings emphasise that 
perception of visual motion is possible at equiluminance, which is in 
line with previous studies (Cavanagh & Anstis, 1991; Lindsey & Teller, 
1990; Mullen & Boulton, 1992). However, such independence was only 
apparent within a restricted range of spatial extent and contrast of the 
stimulus. For example, only three variations in spatial frequency (0.5, 1 
and 2 cpd) were implemented into the experimental task. Although 
including higher spatial frequencies into the research design may have 
provided greater means of comparison in measuring contrast sensitivity 
for observers, the central aim of the study was to test whether OKN 
could be produced from purely chromatic moving stimuli, so including 
spatial frequencies higher than 2 cpd would have been to no avail, when 
considering that previous research shows minimal sensitivity to stimuli 
of 2 cpd spatial frequencies (Willis & Anderson, 1998).  

Moreover, in regard to contrast, a purely chromatic grating 
required a significantly higher amount of contrast to discriminate its 
direction of motion at low spatial frequencies compared to a luminance 
grating. Only when the colour stimulus had a contrast roughly four 
times detection threshold for luminance stimuli, did the motion 
threshold become comparable for colour and luminance stimuli. This 
outcome supports previous evidence that when performance is 
expressed as the ratio between the contrast needed to detect the stimulus 
and the contrast needed to discriminate its motion, the sensitivity 
threshold for luminance stimulus is considerably less than a colour 
stimulus (Cavanagh & Anstis, 1991; Derrington & Henning, 1993; 
Lindsey & Teller, 1990; Metha & Mullen; 1998; Metha, Vingrys, & 
Badcock, 1994; Palmer, Mobley, & Teller, 1993). Therefore, the 
channels underlying detection thresholds for luminance- modulated 
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stimuli might be labelled for the direction of motion, however channels 
underlying detection thresholds for red-green stimuli will not be 
labelled similarly under the current conditions. Furthermore, the current 
results suggest that, for red-green equiluminant stimuli, two distinct 
mechanisms might be activated at threshold, one regulated to detect the 
occurrence and hue of a stimulus, and one regulated to discriminate its 
motion (Stromeyer, Kronauer, Ryu, Chaparro, & Eskew, 1995).  

For luminance stimuli, psychometric curves that signify the 
luminance percept and direction discrimination rose from a level of 
chance to 100% levels for matching contrast. Therefore, the ability for 
direction discrimination and luminance perception was precise at 
detection threshold, indicating that the detection mechanism permits 
direction and luminance perception. However, for the colour percept, 
the direction-discrimination curve was shifted horizontally to the right 
in all cases. For colour stimuli at the 50%-correct level, a considerable 
difference occurred between detection and direction discrimination, 
meaning that colour perception is not directionally selective at detection 
threshold. 

In particular, as can be seen from the psychometric functions, 
at roughly 2 cpd the colour function saturated around 3% contrast, and 
luminance around 1% contrast. If the chromatic OKN were based 
purely on a residual luminance signal, that would mean the 3% colour 
contrast stimulus must contain 1% luminance contrast. Previous studies 
show direction-discrimination ratios for colour gratings ranging from 1 
up to 5. (Cavanagh & Anstis, 1991; Derrington & Henning, 1993; 
Lindsey & Teller, 1990; Metha & Mullen, 1998; Metha, Vingrys, & 
Badcock, 1994; Palmer, Mobley, & Teller, 1993). Detection and 
discrimination for colour stimuli imply that two distinct mechanisms 
operate at threshold, tuned to detect the presence and the hue of a 
stimulus or the discrimination of motion (Stromeyer, Kronauer, Ryu, 
Chaparro, & Eskew, 1995). 
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So, the calibration task performed by observers would have to 
allow 20–50% residual luminance variation compared to colour 
variation. As has been already mentioned, there is variation in red-green 
opponency across the visual field, with variation in the ratio of R:G 
cones, macular pigment density as well as variations in colour 
appearance that aren’t entirely predicted by the physiology. Such 
variation (plus error in the calibration) is not enough to create 20–50% 
contamination.  

The lower plateau of OKN data as evidenced in Figure 17 
reflects a failure to track a few observers. An essential problem in 
stimulus detection is the quality of raw eye movement data collected by 
eye-trackers. For example, as OKN were recorded by the eye-tracker 
with high sampling frequency, unwanted noise was brought into the 
analysis phase. Additionally, the unruly sampling frequency of our 
equipment potentially generated fluctuating time intervals between 
trials, which negatively impacted the quality of raw eye movement data. 
Therefore, in later experiments, it is imperative to apply a more 
thorough procedure in processing raw eye movement data before they 
are used to identify types of eye movements 

The current results indicating a motion response to an 
equiluminant red-green stimulus, therefore suggests that performance in 
this visual task is predominantly contrast dependent. Luminance and 
colour stimuli are expressed by two directions in a three-dimensional 
cone space, so according to the contrast measure that was implemented 
in this study, different conclusions can be reached on the effectiveness 
of each type of stimuli in a given task (Switkes & Crognale, 1999). The 
results of this study also suggest the operation of two post-receptoral 
mechanisms in defining detection, color perception, and direction-
discrimination thresholds for stimuli that differ in luminance and in 
colour. 

 At a luminance level, the results from the current study 
concur with those of Dakin and Turnbull (2016) who compared the 
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proportion of trials scored correct based on OKN consistency and 
perceptual report, which was pooled over contrast and spatial frequency 
trials. Their study showed that OKN and report measures varied 
consistently across spatial frequency, demonstrating that OKN can be a 
sensitive and valid alternative means of measuring of the CSF. The 
results from the current experiment also agree with those of Schor & 
Narayan (1981) who recorded the ratio of eye to target velocity for 
OKN in response to drifting gratings. Specifically, these authors 
reported more OKN to lower spatial frequencies, which is reliable with 
the current set of results. 

As this study only relied on low spatial frequencies, 
performance in the colour condition cannot be attributed to potential 
aberration artefacts resulting from differential phosphor decay times 
(Cavanagh, Tyler & Favreau, 1984; Vingrys & King-Smith, 1986). 

Furthermore, the current data provide confidence that functional 
equiluminance was achieved in the absence of undesirable artefacts. 
Considering that the finding for detection and direction-discrimination 
thresholds was comparable for luminance stimuli, there would likely be 
no difference for detection and direction discrimination for nominally 
equiluminant stimuli if luminance artefacts were to blame for the 
detection. Although some have questioned whether luminance artefacts 
were to blame for colour-direction thresholds (Cavanagh & Anstis, 
(1991), the uniformity of the slope parameters for detection and 
direction thresholds, and the consistency in the disparity between such 
thresholds lends for an interpretation to the contrary. 
 In line with previous research, one can suggest that the current 
results confirm that motion of luminance patterns is detected by a low-
level system, while motion of colour patterns is detected by a high-level 
system (Anstis, 1980, Braddick, 1980). A distinctive difference 
concerning the two systems is that the low-level system is efficient in 
producing a motion after-effect, while the high-level system is not. Yet, 
the above results indicate that equiluminant red-green gratings null such 
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motion after-effects.  This supports the findings of Cavanagh and 
Favreau (1985) that motion after-effects could be nulled, with 
equiluminant gratings. In the current study, a thorough calibration 
procedure was implemented ensuring that equiluminant patterns 
comprised minimal elements of luminance, provided by chromatic 
aberration, suggesting that the low-level motion system obtains colour 
input.  

Nevertheless, one important result indicates that equiluminant 
patterns are less effective than luminance patterns in evoking OKN.  In 
support of the findings of Cavanagh et al.  (1984) the current results 
signify that the apparent velocity of moving colour patterns was slower 
when compared with luminance patterns.  Such effects are likely to be 
as a result of the calibration technique implemented for equating 
luminance (see Boynton, 1979). 

Moreover, the approximation of the velocity (i.e., direction and 
speed) of a stimulus is essential for many visual tasks, such as the 
tracking of objects. Many previous studies on perceived speed have 
stated that the perceived speed for chromatic gratings was significantly 
lower than the speed perceived for luminance-defined stimuli 
(Cavanagh & Anstis, 1991; Cavanagh et al., 1984; Cavanagh & Favreau, 
1985; Metha & Mullen, 1998; Troscianko & Fahle, 1988). Thus, the 
apparent reduction in speed of an apparently moving chromatic stimuli 
within the current experiment was a pivotal observation, which resulted 
in the conclusion that chromatic motion processing is qualitatively 
dissimilar from luminance-defined motion.  

One account for an apparent slowing in the movement of 
chromatic motion is that it is triggered by a miscalibration in 
deciphering velocity (Cavanagh & Anstis, 1991). Moreover, the 
response of a directionally selective neuron fails to abstrusely signal 
speed but rather fires more quickly with stimulus velocity and contrast. 
To remove such confounding variables, the visual system requires 
further mechanisms to approximate contrast separately. Such contrast 
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estimates may then be utilised to determine the speed separately to 
stimulus contrast by employing a ratio calculation (Thompson, 1982).  

A potential substrate for the contrast detector is that non–
directionally tuned subunits can be possible substrates for the contrast 
detectors, which replace low-temporal frequency tuned units in a ratio 
model of velocity normalization (Thompson, 1982). If such 
nondirectional units tend to be of greater sensitivity to contrast 
compared with directional units, then the speed is miscalculated. This 
notion is supported by an affiliation between detection and 
discrimination thresholds for chromatic stimuli. That is, for low spatial 
and temporal frequencies, nondirectional units are comparatively higher 
in sensitivity to chromatic modulation compared with luminance 
modulation.  

Further justifications for the apparent slowing of chromatic 
motion involves the proposition by Derrington and Badcock (1985). 
They claimed that chromatic motion is evidenced via a common 
pathway and combined with luminance data meaning that an apparent 
slowed response is caused by reversed motion responses at and near 
equiluminance. Still, such a model fails to explain reductions in 
perceived speed for chromatic motion stimuli generated by a purely 
chromatic pathway except if this combines a subgroup of such inputs 
so that chromatically paired inputs are implemented freely of the 
luminance response. As population responses could be an important 
aspect within sensory cortical coding (Zohary, 1992), and colour and 
luminance signals demand disassociation at a particular point (Lennie 
& D’Zmura, 1988), this remains a feasible suggestion.  

As with a variety of seemingly simple characteristics of vision, 
the exact neural mechanism of chromatic motion perception remains 
unknown. Therefore, it is appealing to consider that the tuning 
characteristics of the varied stimuli in the current study could reflect the 
outputs of magnocellular and parvocellular pathways. Considering the 
different contrast matches for luminance and equiluminant patterns, it 
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can be suggested that the luminance patterns principally activate 
neurons in the magnocellular pathway, while the equiluminant patterns 
would be processed via the parvocellular pathway (Lu, Lesmes & 
Sperling, 1999). Despite observers exhibiting different contrast 
sensitivities for luminance and colour conditions, correspondence 
between report and OKN was mostly similar in the two conditions.  

However as can be seen from Figure 17, psychometric 
functions plateau at very different levels for report and OKN. This 
could reflect a failure in tracking a few observers. An important problem 
in fixation identification, is the quality of raw eye movement data 
collected by eye-trackers. A possible reason why our analysis revealed a 
significant difference in mean contrast sensitivity across OKN and 
report with OKN is due to the eye tracking data being prone to noise. 
It is extremely rare to find eye-movement recordings without some 
degree of noise, such as high frequency fluctuation in the signal not 
triggered by movement of the eyes. The presence of noise can be a 
mixture of multiple noise mechanisms but is predominately a result of 
the vibration of the recording equipment with respect to the eyes; with 
some further noise inbuilt in the recording method. The implications 
of such measurement noise on event identification and on the analysis 
of the results is contingent on how the gaze signal is analysed, though 
typically, the noise presents two types of challenges. That is, 
measurement noise makes a path to noise in approximations of the gaze 
features, such as gaze position or gaze angular velocity. Also, noise 
produces difficulties when categorising the various types of eye 
movements by using gaze signal features, particularly velocity.  

Most of the current-day event identification algorithms use 
sample-level features that are particularly prone to becoming influenced 
by high-frequency noise. For erroneous detections to evade such noise, 
many of the algorithms depend on a type of signal denoising, especially 
in applications where signals are required to be recorded in difficult 
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environments such as, infant or nonhuman data, or free eye-hand 
coordination. 

A typical denoising approach requires a type of linear time-
invariant (LTI) filter, such as a Gaussian filter. These techniques rely 
on constructive properties, having low computational requirements and 
the benefit of running in online mode. Nevertheless, irregularly, the low-
pass part of the filter can considerably disfigure the relevant signal 
features, such as saccade velocities. However, this can be eased by adding 
a high-pass component, irrespective of introducing artifacts of its own, 
particularly by introducing false oscillations.  
When measuring finer features of eye movements, such as OKN, 
discovering a filter that removes noise but preserves vital signal 
characteristics can be challenging. Methods which unite signal denoising 
and segmentation, and allows segment classification as a separate 
problem, have the potential to eliminate various sources of error from 
eye tracking signal analysis, and hopefully support in the 
methodological and theoretical integration of contemporary laboratory 
eye movement research.  

Nonetheless, while the reduced contrast sensitivity for 
equiluminant stimuli may appear to support conjectures in the literature 
for separate colour motion mechanisms (Albright, 1991; Cavanagh, 
1992; Gegenfurtner & Hawken, 1996; Gorea & Papathomas, 1993), 
the results of the present study cannot rule out a common mechanism 
for processing luminance and equiluminant motion (Cavanagh & 
Favreau, 1985; Cropper & Derrington, 1996; Derrington & Badcock, 
1985). 

The experimental method used in this study offers a 
characterisation of the CSF at a behavioural level. Such an approach 
demonstrates the outcome of various filtering mechanisms operating 
throughout the visual pathway. However, different psychophysical 
techniques may not sample the same spatiotemporal channels, nor 
produce the same estimates of sensitivity thresholds. For example, De 
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Valois and De Valois (1991) suggest that various experimental 
paradigms could infiltrate different spatiotemporal channels across 
multiple levels of interactions. Thus, we are not suggesting that the 
response of a single cell in one observer when viewing a stimulus will be 
the same when presented with a subsequent stimulus. However, 
measuring spatiotemporal frequency channels is highly valuable in 
characterising the filtering processes performed by the visual system. 
They are not, however, fixed physiological systems that are unchanging 
irrespective of the experimental conditions that aim to measure them. 
Although descriptions of the luminance and colour CSFs have been 
obtained from this experimental paradigm, direct comparisons of 
absolute sensitivity values across experimental methods in previous 
studies would thus not be especially informative. 

Contrast sensitivity measurements are often based on the type 
of task chosen for the experiment. For example, a 2AFC motion 
direction-discrimination task was implemented in the current study, as 
some properties of psychophysical methods are considered independent 
of the sensory features of a task, for example, statistical efficiency, 
reliability, and response biases (Blackwell, 1952). Therefore, although 
these properties can be studied in a motion direction-discrimination, 
they are unlikely to generalize to other tasks. Preferably, this specific 
psychophysical method only measured the sensory, motion direction 
aspect of the task, meaning that only the sensory limits to perception or 
the differences among conditions were important in addressing the 
study’s aims. Nevertheless, it makes perfect sense to suggest that 
dissimilar methods will contain contrastive extrasensory mechanisms 
that can possibly contaminate the purely sensory features being 
measured. As the properties that are needed to execute a task are 
extremely reliant on the task, a direction-discrimination task was 
implemented in replace of a detection task. Also, as a central aim of the 
experiment was to find a potentially strong correlation between OKN 
and perceptual report, the method of motion direction-discrimination 
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was chosen because OKN was calibrated to only track the leftwards or 
rightwards movement of the eye, enabling greater ease to analyse the 
data. 

Previous studies have shown that in detection tasks, 2-AFC 
regularly give the lowest threshold, while in discrimination tasks, 2-AFC 
results in the highest thresholds. Such a dissociation is probably due to 
attentional effects: Detection may be a preattentional task that demands 
only minimal attention, however, in sinusoidal motion discrimination, 
observers are required to actively apply their attention to potential 
spatial locations, meaning that a greater number of likely spatial 
locations results in higher thresholds (Jäkel & Wichmann, 2006). It is 
conceivable that performance in the detection task is superior as rather 
than paying attention to multiple object parameters on the display, only 
one object ‘pops out’ against a background. However, although our 
experiment did not contain and compare detection and discrimination 
models, the current results clearly show that the number of objects is 
not a critical factor, and that the discrimination task produced high 
contrast sensitivity thresholds for observers across multiple conditions.  

The current experimental design implemented in this thesis 
allowed for a consideration of the decision processes that relate 
representation to response—a topic somewhat neglected in the broader 
visual short-term memory literature—and to examine the distribution 
of response times under various experimental manipulations. Moreover, 
observers were required to detect if a stimulus was moving leftwards or 
rightwards, necessitating the use of a criterion: the amount of evidence 
supporting a shift from reporting left to reporting right, and vice versa. 
Comparatively, although Dakin and Turnbull (2016) used the same 2-
AFC, method of constant stimuli task as the one in the current study, 
they stated that their OKN and report data were susceptible to response 
bias, that is, a systematic tendency to favour one direction over another. 
In contrast, the results from the current study were not believed to be 
due to any observer response bias. A dependence on bias was not 
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considered to have any significance on the fluctuations in the motion 
signal-strength in the noise patterns used in the current experiment and 
manipulating the response of a common motion processor.  

Although a likely explanation into possible bias could relate to 
the size of the spatial area that is being monitored by attention – 
resulting in a decrease in performance - response bias doesn’t really 
factor into the results obtained, because if an observer responds with a 
single direction at or below threshold, they will still only be right 50% 
of the time. Even an extreme bias (i.e., responding ‘left’ even though 
they probably saw ‘right’) would just reduce the proportion correct at 
each intensity, and flatten the psychometric functions.  

A possible limitation of the current study concerns the effect of 
retinal eccentricity on cone inputs. The distribution of cell types and 
receptive field sizes changed as a function of eccentricity (Dacey, 2000), 
but such systematic eccentricity-related changes were not explicitly 
accounted for in the design of the experiment. In addition, the relative 
sensitivities of the post-receptor mechanisms can decay with eccentricity 
at an equal rate for both measures. 

Other disparities between the current study and previous 
studies are the size of the stimuli and the mean luminance of the display. 
If stimulus size is 4 degrees or more and the mean luminance is less than 
30 cd/m

2
, then an interaction between a colour and luminance signal is 

more likely to occur (Cropper, 2005). Such an outcome is consistent 
with independent chromatic motion mechanisms existing solely in the 
central region of the visual field, meaning isolation occurs strictly with 
foveal stimuli. 

Despite OKN being used as an objective measure for motion 
processing of equiluminant stimuli, the contribution of equiluminant 
motion to OKN has not been assessed directly. For example, previous 
studies (Logothetis & Charles, 1990) reported substantial disparity of 
the equiluminance ratio when gratings of different spatial and temporal 
frequencies were measured (Cavanagh et al., 1987). However, 
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Logothetis & Charles (1990) failed to uncover a reliable association 
between equiluminance points and temporal frequency, such as the one 
found by Cavanagh et al., (1987).  Cavanagh et al., 1987). established 
that the quantity of green necessary to match the luminance of the red 
increased by 8% while the temporal frequency increased. This occurred 
for a particular monkey tested in the experiment, though the other 
monkey needed less green while the temporal frequency increased, 
suggesting that the effect of temporal frequency on the equiluminance 
points is not ascribed to variances in temporal responses of the long- 
and medium-wavelength cones. 

Over the last few years, there has been an increase in the amount 
of attention given to visually driven innate behaviours. Although such 
behaviours are reliant on detection of a visual stimulus and can be 
elicited in untrained animals such as mice, numerous possible obstacles 
have hindered the realisation for that potential, namely, to what degree 
can a systematic fluctuation of a stimulus parameter – for example a 
flash intensity or grating spatial frequency – can evoke measurable 
alterations in behavioural responses.   

For instance, the intrinsic flexibility of innate behaviours could 
make them too unpredictable as an indicator of whether a mouse had 
detected a visual stimulus, meaning that inherent responses may rapidly 
habituate. Another likely barrier to obtaining desirable results is whether 
visually driven behaviours emerge in animals with visual impairment, as 
indicated by a recent rodent-OKN study, showing mice with 
progressive degeneration failed to respond to gratings. 

Previously, Crognale & Schor, (1996) recorded voluntary-
pursuit and involuntary-stare OKN responses in humans to drifting 
patterns expressed by colours modulated in a cone-based colour space. 
However, under such equiluminant conditions, the authors concluded 
that the colour pathways failed to offer a suitable stimulus for the neural 
substrate that yields typical involuntary-stare luminance OKN. 
Furthermore, an equiluminant contribution to the pathways that 
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provides typical involuntary-stare OKN was missing completely, and 
minute inescapable luminance cues from retinal inhomogeneity and 
faults in the assessment of individual equiluminance contributed to the 
enduring production of involuntary-stare OKN at equiluminance. 

For infants, below two years-of-age, asymmetrical OKN is 
exhibited, which is produced by an absence of functional responses from 
visual cortex to the nucleus of the optic tract in the pretectum and the 
interrelated dorsal terminal nucleus of the accessory optic system 
(Atkinson, French & Braddick, 1981). The cells of these anatomical 
regions are the central connection among sensory input from the retina 
and the motor output of OKN throughout the brainstem. Such cells are 
binocular in cats and monkeys as they collect an overlapping of feedback 
from the retina, as well as crossed and uncrossed input indirectly 
through the visual cortex. The direct pathway involving the retina of 
humans via the contralateral nucleus of the optic tract in the pretectum 
and the interrelated dorsal terminal nucleus of the accessory optic 
system is adequate to facilitate OKN once patterns transfer temporally-
to-nasally, particularly while movement is slow.  

In the current experiment, comparisons were made between 
contrast sensitivities to luminance and chromatic moving patterns. The 
psychophysical results are relevant to the neurophysiology of primate 
colour vision. The relative sensitivities of the visual system to colour 
and luminance contrast change with spatial frequency. Since colour 
opponent cells are likely to respond to both colour and luminance 
contrast (Ingling & Drum, 1973), it can be predicted that the relative 
sensitivity of these single cells to colour and luminance contrast is 
spatial frequency dependent. Thus, these psychophysical results 
emphasize the importance in future human neurophysiological studies 
of considering contrast and spatial variables when determining the 
colour and luminance sensitivities of single cells. 

A complex multi-layered network of spatiotemporal 
mechanisms underlies the CSF. Differences between observers in 
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sensitivity threshold to colour and luminance could occur in the 
structural network, or in the functional properties of the system.  The 
complexities of the relationship between OKN and conscious 
perception is arguably still yet to be fully explained. In particular, 
conscious perception and the direction of eye movements is rarely 
associated (Spering & Carrasco, 2015). Clarifying the conditions that 
supports the similarities or disconnection between eye movements and 
conscious percept – pooled with neuroimaging – might aid in 
expediting a realisation of the neural mechanisms of consciousness. 
When OKN is similar to conscious percept, as in the case of the current 
experiment, OKN may be utilised as a reliable monitor of conscious 
perception, without requiring psychophysics (Fox, Todd & Bettinger, 
1975 & Tsuchiya et al. 2015). However, when OKN disconnects from 
reported conscious perception, OKN may be used to study the 
behavioural and neural mechanisms of non-conscious visual processing 
(Spering & Carrasco, 2015)  

Despite our findings into OKN representing an alternative and 
successful means of measuring the chromatic CSF in normal adult 
populations, it remains generally unknown if such correlations occur 
across all populations, such as in babies or including patients with brain 
diseases. This issue is of substantial scientific and clinical importance, 
especially when OKN is a possible option as a suitable readout of 
perception in clinical populations, including patients with impaired 
motor responses or even psychotic presentations. The descriptions of 
this study should inform future research characterising deficits in 
contrast sensitivity across multiple structural and functional levels of the 
visual pathway. 
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