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Abstract

We use our eyes to investigate the world around us and decide what we want to act on. In
a crowded scene, we direct our gaze to a single object of interest to gather more information
about it. We do this effortlessly, but the underlying neural circuitry is complex. In this thesis, I
look at temporal, spatial, and object identity factors that feed into the oculomotor system to drive
eye movements in a target selection task. We varied the distance and similarity of complex
objects to examine the effects of target-distractor competition on saccade trajectories and pupil
size. We found that the effects of distance and similarity on saccade trajectories depended on the
development of target-distractor competition. However, these factors did not modulate pupil size.
Overall, these findings show that information processed in higher order visual areas is projected

to the oculomotor system for saccade planning but not pupillary control.
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Chapter 1: Introduction and The Visual System
1.1 Introduction

Vision is one of the most well-researched senses and arguably one of the most important
to study. It allows us to make sense of the world around us and evaluate what is worth acting on.
In the natural environment, our visual fields are crowded and full of potential objects to view and
learn more about. Often in these crowded scenes, multiple objects are competing for our
attention since it is only possible to direct full attention to one object at a time. It is necessary for
us to make decisions and resolve this competition about what in our visual field is most
important to act on to better understand and efficiently interact with our environment. We use
eye movements, such as saccades, to gather information and focus on objects of interest. The eye
movements we make encode information about the scene being viewed, the competition between
objects, and our oculomotor decisions. Examining this behaviour provides a gateway to
understanding the diverse set of neural mechanisms involved. Two overarching neural circuits
are the visual system and the oculomotor system. Although there are interactions between the
structures of each system, they can individually be characterized as being responsible for
processing visual stimuli and creating motor plans to act on these stimuli, respectively. In the
following thesis, | will discuss the effects of object competition on dynamic and fixational eye
movements and the underlying neural circuitry. To start, | will give a review of the anatomy and
function of the visual and oculomotor systems, followed by a look into oculomotor encoding and

saccade curvature, and finishing with a brief overview of the literature on pupillometry.



1.2 The Visual System

The visual system begins at the retina and ends at areas of higher order visual processing.
It diverges into two pathways, the dorsal and ventral streams, which control the processing of
distinct visual information. In the following section I will give an overview of the two streams

through discussing their basic anatomy and function.

V2 thick stripes

V14Ca
and 4B

V1 blobs and
interblobs

V2 thin stripes
and interstripes

Figure 1.1. The visual system hierarchy and major structures of the dorsal and ventral streams.
This diagram depicts the flow of visual information from the retina to the lateral geniculate nucleus
(LGN) to V1, as shown in green. It further illustrates the dorsal and ventral streams that project from
separate layers of V1 to higher order areas of visual processing. The dorsal stream is shown in red, and

the ventral stream is shown in blue.



1.2.1 Magnocellular and Parvocellular Pathways

The visual information collected by the retina is split into two main ganglion cell groups:
magnocellular (M) and parvocellular (P). M cells transmit motion information and have large
receptive fields, whereas P cells have smaller receptive fields and are mostly responsible for
transmitting more detailed stimulus information such as colour and form (Zeki, 1973; DeYoe &
Van Essen, 1988; Livingstone & Hubel, 1988). The respective information is transmitted to the
M and P layers of the LGN, which further project to V1. The pathways remain separated through
V1 where M cell information is processed in layers 4Ca and 4B, and P cell information is
processed in the blob and interblob layers (4Cp). The distinct V1 layers pass information forward
to V2 where the M pathway continues through the thick stripes and the P pathway through the
thin stripes and interstripes. This anatomical divide of the M and P pathways creates the dorsal
and ventral streams, respectively, which further project from V2 to separate areas of the visual

cortex and regions of higher order processing (Figure 1.1).

1.2.2 The Dorsal Stream

The dorsal stream of visual processing, also termed the ‘How’ pathway, has been
categorized as the pathway for ‘vision for action’ (Goodale & Milner, 1992). Originating in V1,
this pathway makes its way through V2, V3A, V5/middle temporal area (MT), medial superior
temporal area (MST), and ends at the posterior parietal cortex (PPC). The visual information
encoded by magnocellular cells of the retina and layers of the LGN is primarily projected and
processed throughout this pathway (Kafaligonul, 2014). V1 is retinotopically mapped (each point
of the visual field is topographically represented in the cortex) and is responsible for processing
simple features such as orientation and direction of motion (Horton & Hoyt, 1991). Following

the hierarchy of nodes of the dorsal stream, receptive field size increases along with increasing



complexity for processed visual features. For the dorsal stream, layers 4Ca and 4B of V1
primarily carry magnocellular input forward to the thick stripes of V2 (Hubel & Wiesel, 1972;
Dow, 1974). These layers of V2 are also selective for orientation, motion direction, and depth
information and further project to V3A and MT (Shipp & Zeki, 1985; Shipp & Zeki, 2002; Dow,
1974). Being that MT is further along the visual hierarchy, it is specialized for more complex
motion processing such as motion aftereffects, global motion, and pattern motion (Tootell et al.,
1995; Huk et al., 2001; Castel-Branco et al., 2002; Huk & Heeger, 2002). MT projects to MST
which has neurons specialized for specific types of motion, such as translation and rotation, and
is also involved in illusory motion and optic flow (Sakata et al., 1994; Saito et al., 1986;
Ichikawa et al., 2006; Duffy, 1998; Pan et al., 2016). MST further projects to the PPC which is
involved in a variety of types of visuospatial processing such as spatial navigation and control of
action (for a review, see Kravitz et al., 2011). Taken together, the dorsal stream is involved in
both the location of stimuli of interest in the visual field and how we plan on acting on them,
whether it be through manual reaching and grasping, or eye movements (Milner & Goodale,

2008).

1.2.3 The Ventral Stream

The ventral stream of visual processing has been termed the ‘What’ pathway and is
involved in ‘vision for perception’ (Goodale & Milner, 1992). In contrast to the dorsal stream,
the ventral stream specializes in more detailed, intrinsic stimulus information necessary for
perception of the object, rather than creating motor plans to act on the object. The pathway also
begins in V1 where the information from the parvocellular layers of the LGN is projected (Hubel
& Wiesel, 1972; Lund & Boothe, 1975). Similar to the dorsal stream, receptive field size

increases throughout the hierarchy of the ventral stream, and the features encoded become more



complex from V1 to the final structures of this pathway, including the inferior temporal (IT)
cortex. Layer 4CpB of V1, or more specifically the blob and interblob layers, is tied to ventral
stream processing and carries dominantly parvocellular visual information through to V2 (Hubel
& Wiesel, 1972). The blob layers of V1 carry information about colour whereas the interblob
layers carry information about orientation (Hubel & Wiesel, 1962; Livingstone & Hubel, 1984;
Hubel & Livingstone, 1987). Respectively, they output to the thin stripe and interstripe layers of
V2 which project colour and form information to V4 (Shipp & Zeki, 1985; Shipp & Zeki, 2002;
Felleman et al., 1997). This is where colour perception begins and where curves and simple
shapes are processed (Zeki, 1973; Roe et al., 2012; Pasupathy & Connor, 1999; Tang et al.,
2020). V4 feeds forward into the IT cortex where more complex visual processing occurs. The
IT cortex is capable of processing complex shapes and objects and is also involved in object
recognition (Baylis & Rolls, 1987; Miller et al., 1993). Higher up structures in the ventral stream
become more specialized, such as the fusiform face area that is active when viewing faces, and
the extrastriate body area responsible for identifying body parts (Kanwisher et al., 1997,
Downing et al., 2001). Altogether, the ventral stream is important for perception of the objects

and stimuli around us.



Chapter 2: The Oculomotor System

The oculomotor system plays a large role in vision through preparing and executing
saccadic eye movements. In the following section, I will start with a brief review of the anatomy
and function of three main regions of the oculomotor system: the brainstem, the superior
colliculus (SC), and the frontal eye field (FEF) (Figure 2.1). I will then discuss oculomotor
planning and how it relates to the SC and FEF with respect to winner-take-all models and
priority maps. This will be followed by an overview of saccade curvature and target-distractor
competition. Lastly, | will give a brief introduction to pupillometry, the study of pupil size, and

its relation to visual attention.

TR~g
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Figure 2.1. Anatomical structures and connections of the oculomotor system in relation to saccadic
eye movements. This diagram highlights the major connections between structures of the oculomotor

system. Acronyms of structures not discussed in the text: lateral intraparietal area (LIP).



2.1 The Brainstem

The brainstem is involved in saccadic eye movements through the activation of the
extraocular muscles of the eye. Horizontal and vertical eye movements are controlled through
three motor nuclei (abducens, oculomotor, and trochlear) that innervate the six extraocular
muscles (for a review, see Sparks, 2002). Premotor neuron activity correlated to horizontal
saccades is found in the paramedian pontine reticular formation (PPRF) and medulla (Cohen &
Komatsuzaki, 1972). Premotor activity in the rostral interstitial nucleus of the medial
longitudinal fasciculus (riMLF) controls vertical saccades (Buttner et al., 1977; Buttner-Ennever
& Buttner, 1978; King et al., 1981). Burst neurons found in the PPRF and riMLF increase
activity before saccade initiation (pulse) whereas other neurons maintain the saccade while it is
happening (step) (Igusa et al., 1980; Strassman et al., 1986; Spencer et al., 1989). On the other
hand, omnipause neurons are necessary for fixation; they are active during fixation before a
saccade through inhibiting excitatory neurons, are inhibited during the saccade, and reactivate
before the end of the saccade to prepare for post-saccade fixation (Cohen & Henn, 1972; Evinger
et al., 1982; Optican 2008). Saccades that are not exclusively horizontal or vertical occur with
the help of pontine omnipause neurons that synchronize the horizontal and vertical burst neuron
onsets through inhibition to create a more coordinated saccade (Curthoys et al., 1984). Although
the onsets of these burst neurons are synchronized, the offsets are not, which gives rise to a

curved saccade (Sparks, 2002).

2.2 The Superior Colliculus
The superior colliculus (SC) is a layered structure located in the midbrain of the
brainstem. It is primarily involved in vision but is also important for other sensory processes,

such as audition. More specifically, the SC plays a large role in visual attention and target



selection (Ignashchenkova et al., 2004; Krauzlis et al., 2013; McPeek & Keller, 2002; White &
Munoz, 2011). The layers of the SC are often divided into the superficial or visuosensory layers,
and the intermediate and deep, or motor layers. The visuosensory layers are found in the dorsal
SC and receive visual information from the retina, whereas the motor layers are more ventrally
located and are involved in orienting movements such as saccades (Schiller, 1984). The
visuosensory layers receive inputs from structures of the visual system including the retina,
LGN, striate (V1) and extrastriate (V3, V4, MT) cortices (Schiller, 1984). The visuosensory
layers have outputs to the LGN and pulvinar nuclei of the thalamus (Albano et al., 1979; Harting
etal., 1991). The motor layers have a vast array of inputs spanning the brain including structures
found in the parietal cortex, cerebellum, medulla, pons, midbrain, and even the spinal cord
(Andersen et al., 1985; Edwards et al., 1979). These deeper layers project to nuclei of the
thalamus, pons, and central nervous system (Edwards et al., 1979). As well, the SC’s role in
vision can be tied to the brainstem pulse-step generators, since its output projections lead to the

PPRF and riMLF premotor areas (Sparks & Hartwich-Young, 1989).

Early research of the SC found that it topographically maps the visual field through
retinal projections, where the left and right hemifields map to contralateral sides of the SC
(Apter, 1945; Hess et al., 1946). The visuosensory and motor layers of the SC have been found
to function using separate maps that encode different forms of visual information from the visual
field. The visuosensory layers map the location of visual stimuli in space (Goldberg & Wurtz,
1972), whereas the motor layers map saccadic eye movements and where they are made in the
visual field, also referred to as ‘movement fields” (Wurtz & Goldberg, 1972; Robinson 1972). In
addition to the motor map in the intermediate and deep layers of the SC, the dual coding

hypothesis was posited which states that the speed and vector (amplitude and direction) of the



upcoming saccade can be read out from the frequency of bursts and the location of this neural
discharge from the motor neuron population, respectively (Sparks & Mays, 1990; Rohrer et al.,
1987). Taken together, the sensory and motor maps of the SC communicate to produce
sensorimotor integration resulting in voluntary or reflexive oriented saccadic eye movements
towards stimuli (Lee et al., 1997; Hall & Moschovakis, 2003). Volitional saccades would be
influenced by top-down control. Reflexive saccades towards an unexpected stimulus could
involve multisensory integration, where a flash of light or a loud noise could cause an oriented

eye movement developed by the SC.

2.3 The Frontal Eye Field

The frontal eye field (FEF) is a structure of the oculomotor system not in the brainstem. It
is located along the precentral sulcus, near the superior frontal sulcus. The FEF has input
connections from the supplementary eye field, parietal eye field, principal sulcus, MT, and
substantia nigra (Schall et al., 1993; Tian & Lynch, 1996). It has output projections to the
prestriate (\V2) and extrastriate cortices as well as subcortical regions such as the pons, basal
ganglia, and some thalamic nuclei (Stanton et al., 1993; Stanton et al., 1995; Leichnetz et al.,
1984; Segraves, 1992; Stanton et al., 1988). In addition to these connections, the FEF has
reciprocal connections with the lateral interparietal area, parietal cortex, and importantly, the SC

(Stanton et al., 1995; Tian & Lynch, 1996; Huerta et al., 1987; Cavada & Goldman-Rakic, 1989).

The FEF is involved in the preparation and initiation of eye movements. It controls
various types of eye movements, such as saccades, fixation, and smooth pursuit (Bizzi, 1986;
Bruce & Goldberg, 1985; lzawa et al., 2004, 2009). When it comes to saccades, many studies
link the role of the FEF to voluntary saccades more than reflexive saccades (Robinson, 1968).

For instance, prefrontal cortex lesion and transcranial magnetic stimulation studies have shown



that the FEF is necessary for executing voluntary saccades during endogenous saccade tasks
(Henik et al., 1994; Ro et al., 1997; Vernet et al., 2014; Muri & Nyffeler, 2008). Similar to the
SC, the FEF has been found to function using topographically organized maps which encode
saccade direction and amplitude (Robinson & Fuchs, 1969; Bruce et al., 1985). Moving from
lateral to medial FEF increases the amplitude of the saccade vector, whereas moving down the
precentral sulcus in depth changes the angle/direction of the saccade vector (Robinson & Fuchs,
1969; Bruce et al., 1985; Tehovnik et al., 2000). When moving down the precentral sulcus at the
same medial-lateral location, the angle of the saccade vector changes, but the amplitude of the

saccade vector remains constant (isoeccentric saccades) (Figure 2.2).
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Figure 2.2 Topographically organized map in the FEF codes saccade amplitude and direction. The
blue arrows represent the saccade vector outputted after stimulation of the FEF. Moving down the
precentral sulcus in depth gives rise to different vector angles. Vectors are constant in amplitude if the

same medial-lateral location of the FEF is stimulated.

2.4 Oculomotor Plans and Encoding

Saccadic eye movements allow us to process stimuli in the world around us quickly and
efficiently. We direct our gaze at a single object of interest amongst other objects in a scene to
enhance its processing in the brain at a cost to the other objects (James, 1890). There are many
factors that come into play when making oculomotor plans during a target selection task and
resolving this competition for attention, most of which fit into two broad categories: bottom-up
and top-down factors. Bottom-up factors involve the physical features and

salience/distinctiveness of the objects themselves, such as colour, shape, and orientation (Wolfe,

11



1992, 1994). Top-down factors come from cortical signals and take the viewer’s goals and the
relevance of the stimuli into consideration (Colby & Goldberg, 1999; Desimone & Duncan,
1995; Reynolds & Chelazzi, 2004; Roelfsema, 2006). With selective attention, when a saccade is
directed towards the stimulus that catches the most attention, it is called ‘winner-take-all’
(Feldman, 1982; Koch & Ullman, 1985; Tsotsos et al., 1995; Itti & Koch, 2001). A saliency map
encodes the weighted saliency of the stimuli across the visual field and the most salient spot on
the map is the location to which the saccade will be directed (Findlay & Walker, 1999;
Mcllwain, 1986). This ‘winner’ is the population of neurons with the most neural activity at the
time of movement initiation which encodes the location of the salient stimulus (Findlay &
Walker, 1999). Some models of saccade planning are based solely on saliency, but the top-
down/cortical effects play a role as well. A priority map combines both the saliency and the
relevance of the stimuli in question to create a better representation of oculomotor planning

(Wolfe 1994; Serences & Yantis, 2006; Fecteau & Munoz, 2006).

The SC and FEF are heavily involved in visual search/discrimination, and neural activity
in these areas has been shown to be consistent with saliency and/or priority maps. A study by
White et al. in 2017 demonstrated through computational modelling and neuron recordings from
primate SC during a free viewing task that activity in the superficial, visuosensory layers of the
SC is consistent with a saliency map. In contrast, they discussed that the intermediate, motor
layers of the SC are more likely compatible with a priority map due to its connections with the
FEF. Although the existence of a saliency map in the FEF is well studied (Walker et al., 2009;
for a review, see Thompson & Bichot, 2005), a study by Fernandes et al., (2013) examined the
role of the FEF in a natural scene search task and concluded that FEF neuron activity is weakly

dependent on a saliency map solely encoding bottom-up features. Instead, they suggested that the

12



FEF primarily encodes saccade planning and movement information. Therefore, both the SC and
FEF are important for target selection tasks, and the patterns of neural activity in each gives us

information about subsequent saccadic eye movements.

FEF neurons can be classified as motor, visuomotor, or visual (Bruce & Goldberg, 1985;
Costello et al., 2013). When planning to saccade to a target inside the receptive field, the
respective motor burst neurons increase activity from a baseline level until activity peaks above
threshold, leading to saccade onset (Figure 2.3A) (Hanes & Schall, 1996; Heitz & Schall, 2012;
Steinmetz & Moore, 2012; Thompson et al., 1997). After a target onsets inside the receptive
field, visuomotor neurons increase activity (Fig 2.3B). Another, more robust wave of activity is
seen leading up to saccade onset. When planning a saccade to a target outside of the receptive
field, motor and visuomotor neurons show less activity. Motor neurons remain at baseline levels
of activity from target onset through to saccade initiation (Fig 2.3A), whereas visuomotor
neurons show an increase in activity after target onset. This wave of neural activity peaks below
that of the target-in response, then decreases to baseline prior to saccade onset (Fig 2.3B). The
activity of visuomotor neurons when planning saccades to stimuli in (target) or out (distractor) of
the receptive field is representative of target-distractor competition. If this competition has not
been resolved by the time of saccade onset, the saccade would be initiated closer to target-
distractor onset when peaks in neural activity for both objects occur. If target-distractor
competition has completed, the saccade would be initiated as depicted in Figure 2.4B, and the
neural activity encoding the distractor decreases below threshold by the time of saccade
initiation. These differences in neural activity encoding each object results in saccade deviation

towards versus away from the distractor, as will be further introduced in the following section.
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B
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Target Saccade
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Figure 2.3. Activity of FEF motor and visuomotor burst neurons from target onset to saccade onset.
Blue curves represent the firing rates of burst neurons responding to target onset inside the receptive field.
Red curves represent the firing rate of burst neurons responding to target onset outside the receptive field.
A: Motor neuron activity. B: Visuomotor neuron activity. Adapted from Costello MG, Zhu D, Salinas E,
Stanford T. Perceptual modulation of motor — but not visual — responses in the frontal eye field during an
urgent-decision task. J Neurosci 33: 16394-16408, 2013. doi: 10.1523/JNEUROSCI.1899-13.2013. For

the full article, see https://www.jneurosci.org/content/33/41/16394.

2.5 Saccade Curvature

When making a saccadic eye movement to a target object, if the target is the only object
on the display, the eye movement made will be relatively straight and will follow the direct path
to the target (Bahill & Stark, 1977; Keller, 1980; King et al., 1986; Quaia et al., 2000; Van

Gisbergen et al., 1985; Viviani et al., 1977). When there are multiple objects on the display, such

14



as a target and distractor object, previous research has shown that both objects will compete for
attention and the saccade will curve towards the distractor (Findlay & Harris, 1984; McPeek &
Keller, 2001; Minken et al., 1993; Port & Wurtz, 2000; Van Gisbergen et al., 1987). McPeek et
al. demonstrated using neuron recordings and stimulation, that this curvature due to competing
saccade goals occurs due to differences in neural activity in the SC (2003) and/or the FEF
(McPeek, 2006). For both the SC and FEF, separate sets of neurons encode each object of the
visual search task and during the time immediately prior to saccade initiation, the activity in each
population continues to compete for dominance (McPeek et al., 2003; McPeek, 2006). Curvature
towards the distractor is indicative of the distractor’s ability to capture gaze (Figure 2.4A), but
curvature away from the distractor can occur with more time before saccade initiation (Figure
2.4B). In a task involving target and distractor objects, a delay was introduced before saccade
initiation could occur (Godjin & Theeuwes, 2004). It was shown that with more time before
making a saccade, the participants could fully cortically process the objects and inhibit the neural
activity encoding the distractor resulting in saccade trajectories curved away from the distractor
(Godjin & Theeuwes, 2004). Walker et al. showed that other factors can affect saccade curvature
direction, such as prior knowledge of the target location, which aids the target selection process

and results in curvature away from the distractor as well (2006).
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Figure 2.4. Saccades made at short and long saccadic reaction times (SRTs) from target-distractor
onset. The target is depicted by the red circle and the distractor is depicted by the blue circle. A: Saccades

curve towards the distractor at short SRTs. B: Saccades curve away from the distractor at long SRTSs.

The time before saccade initiation and prior knowledge of target locations affect the
amount and direction of saccade curvature in a target selection task, but so can the common
features/similarity between the objects. The similarity between the target and distractor is an
example of behavioural relevance, which is a combination of bottom-up and top-down features.
Many studies have examined the effects of simple feature similarity on saccade curvature,
especially using stimuli with lower order features such as colour and orientation. For instance,
studies by Mulckhuyse et al. (2009) and Ludwig & Gilchrist (2003) used colour congruency as
the measure of similarity between a target and distractor. They showed that when the target and
distractor colour is congruent, the saccade curves more towards the distractor compared to when
they are colour incongruent. These effects observed with simple features have been shown to

extend to studies manipulating the similarity between higher order, complex objects. An example
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is a study by Kehoe et al. (2018a) where the similarity of complex objects composed of line
segments was varied. They found that similarity and saccade curvature follow a linear
relationship, where more saccade curvature is seen with more line segment differences between
objects; the less similar they are, the more the distractor can be suppressed from attention (Kehoe
et al., 2018a). Therefore, target-distractor competition has a large effect on saccade trajectories
when either simple or complex stimuli are used, but tasks involving these higher order objects

are important to study to learn more about competition between stimuli in the real world.

To quantify the amount of saccade trajectory deviation from target-distractor
competition, a variety of saccade metrics are often used (Figure 2.5). The most common are
initial angle, endpoint deviation angle, sum curvature, max curvature, and angle at max
curvature. Initial angle is calculated as the angle between the point at 20% along the length of the
saccade trajectory to the vertical axis connecting the starting point to the target location.
Endpoint deviation angle is the angle between the final point of the saccade and the vertical axis
to the target. The three curvature metrics require the saccade to be rotated so that the final point
of the saccade lies on the vertical axis. Sum curvature is the sum of all horizontal deviations from
the vertical axis. Max curvature is the value of horizontal deviation from the most deviated point
along the saccade. Angle at max curvature is the angle from the most deviated point to the
vertical axis. Based on these calculations, positive values for each metric represent deviations
towards the distractor whereas negative values represent deviations away from the distractor.
These metrics thoroughly describe the saccade trajectory shape and aid in analysis of target-

distractor competition.
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Figure 2.5. Saccade deviation metric calculations. Metrics from left to right: initial angle, endpoint
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deviation angle, sum curvature, max curvature, angle at max curvature. The target and distractor are
represented by a black circle and square, respectively. Red points depict the eye position every 2ms from
saccade start at the fixation cross to end at the target. The right three metrics are calculated with the

saccade rotated so the final point lies on the vertical axis.

As mentioned above, various factors can affect saccade curvature, and thus the saccade
metrics, including object similarity and colour (Kehoe et al., 2018a, b). The effects of these
variables on saccade metrics often follow patterns commonly found in neuroscience. There are a
variety of functions that have been observed or used to model brain behaviour, often in the visual
system. Neural circuits tend to be repeated throughout the brain for various behaviours,
especially cortically. Thus, it is likely that patterns observed for one neural circuit may be
observed for another, where both are modelled by the same function. Linear patterns are seen
when neuronal firing rates scale with stimulus intensity. An example is in the auditory system
with the logarithmic decibel scale, commonly modelled linearly when using a log-scale;
perceived loudness increases linearly on a log-scale as decibels increases. As well, a study
showed that auditory spatial cues are processed linearly by primary auditory cortex neurons

(Schnupp et al., 2001). Sigmoid patterns showing an asymptote or level of saturation can be

18



observed when modelling contrast response functions in the early visual system as well as in MT
(Fallah & Reynolds, 2012). A study by Fallah and Reynolds (2012) showed that the oculomotor
gain of eye velocity during smooth pursuit saturated at low levels of luminance contrast,
modelled with a sigmoid curve. Exponential curves commonly model motion sensitive neurons,
such as in MT. Studies have shown that neurons adapt to stimulus motion over time, where the
perceived speed of a stimulus moving at a constant speed reduces exponentially as motion
duration increases (Bex et al., 1999; Hammett et al., 2000; Price & Born, 2009). Gaussian curves
are often used to model featural or orientation selectivity and selective tuning in V1 (Butts &
Goldman, 2006; Jeon et al., 2018). A more complex way to model selective tuning is using a
Difference of Gaussian (DoG) function. They are also commonly used in the divisive
normalization model of attention showing surround suppression found in early visual processing
areas such as V2 and V4 (Reynolds & Heeger, 2009; Tostsos, 1990; Tsotsos et al., 1995; Kehoe
et al., 2018b). A sharper-tuned excitatory Gaussian combined with a broader-tuned inhibitory
Gaussian create a DoG shape, which fits with the patterns of inhibition surrounding an attended

item found in spatial attention.

2.6 Pupillometry

Pupillometry is the study of pupil size. When there is more light entering the eye, the
pupil constricts; when there is less light, the pupil dilates (Hakerem, 1967). This pupillary light
reflex is mediated subcortically. Luminance-sensing ganglion cells of the retina carry light
information to cranial nerve nuclei which produce the subsequent pupillary response

(Loewenfeld, 1993; Gamlin et al., 1995).

Changes in pupil size can also be attributed to cognitive workload and attention (Laeng et

al., 2012). Single cell recordings have shown that activity in locus coeruleus neurons correlates
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to pupil size during tasks requiring cognitive load (Rajkowski et al., 1993; Rajkowski et al.,
2004). When a task is more difficult or requires more attention, the pupil dilates for better focus
(Laeng et al., 2012; Hess & Polt, 1964). An example of such a task is mental math. In a study by
Hess and Polt (1964), participants were instructed to mentally calculate multiplication problems
and say their answer out loud. They showed that pupil size increased with increasing difficulty of
mental multiplication. Control of the pupil has been shown to be affected top-down by the
oculomotor system. For instance, a study by Ebitz & Moore (2017), demonstrated the role the
FEF plays in pupil size. They microstimulated regions of the FEF and found that a stimulus
flashed within the receptive field of the stimulated FEF neurons would cause a pupillary
response. Although pupillometry with respect to cognitive load and attention has been
thoroughly researched (Lehmann & Corneil, 2016; Wang et al., 2012; Wang et al., 2015; Ebitz &
Moore, 2017; Wang et al., 2014; Ebitz & Moore, 2019), it has not been looked at in relation to
competition between objects in a priority map, specifically when varying the similarity and/or

spacing of competing objects.
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Chapter 3: Goals and Hypotheses

The following chapters examine the effects of target-distractor competition on saccades, and
pupil size during a delayed match to sample task involving a visual search for a previously
shown target. Our goal for these studies was to determine the effects of varying similarity and
angular distance of a target and distractor on saccade trajectories and see if these results can be
replicated through pupil size during the period of fixation prior to saccade initiation. We set out

to address the following questions and hypotheses:

1. How does varying angular distance between a distractor and the saccade target affect
saccade trajectory shape? We hypothesized that if the target-distractor competition
process is incomplete by the time of saccade initiation, angular distance would modulate
saccade trajectories through weighted vector averaging. With enough time to resolve the
competition, we expected that angular distance would modulate saccade trajectory

following the pattern of a spatial suppressive surround.

2. How does varying the similarity of complex target and distractor objects affect saccade
trajectory shape? We expected that if an object-based suppressive surround exists, as
does for simple features, we would find evidence of it through the effects of similarity on

saccade trajectory.

3. Do the angular distance and similarity between a target and distractor interact? Since we

are varying the target-distractor distance and similarity simultaneously, we expected that

these variables would interact to produce the observed effects on saccade trajectories.
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4. How does the timing of the competitive interactions between target and distractor, as
measured by saccadic reaction time, affect saccade trajectories and interact with the
manipulated variables? We hypothesized that more time to resolve target-distractor
competition would be necessary to inhibit the distractor more. We expected that
distractor inhibition would affect saccade trajectory shape through angular distance and

similarity.

5. Will the effects of angular distance and similarity on saccade trajectories be reflected in
pupil size within a period of fixation after target-distractor onset and before saccade
initiation? Resolving the target-distractor competition is more difficult when the objects
are more similar and farther away from each other. We expected that with these more
difficult task conditions, pupil size would dilate. Additionally, we hypothesized that
developing oculomotor plans, related to covert spatial attention and priority maps, would

be reflected in pupil size.

Most studies examining the effects of similarity on saccade curvature have kept the distractor
at a set distance to the target. As well, objects with simple features are often used rather than
more complex objects, such as those used in Kehoe et al. (2018a). Previous research has shown
that spatial suppressive zones surround a spotlight of attention centered at a target object,
resulting in the inhibition of stimuli falling within the suppressive zone. Similar suppressive
surrounds have been found in feature-space for simple features such as colour, orientation, and
direction of motion, but it is unclear if a suppressive surround in object-space exists. Through a

target selection task where the distance and similarity of complex objects was varied
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simultaneously, we aimed to better understand the effects of target-distractor competition on
saccade metrics. As well, we were interested in the potential interactions of angular distance and
similarity and the timing of the target-distractor competition process as observed through the
effects of these variables on saccade trajectories. Hypotheses 1-4 are addressed in the manuscript

in Chapter 4.

The relationship between cognitive load and pupil size has been thoroughly studied,
especially using simple features such as luminance. Examining the changes in pupil size when
resolving target-distractor competition between complex objects is novel to the field. The
oculomotor system is involved in this competition process through creating saccade motor plans
with respect to covert spatial attention and priority maps. Previous studies showing effects of
FEF stimulation on pupillary responses give neurophysiological evidence of pupillary changes to
the oculomotor system. This suggests a relationship between target-distractor competition and

pupillometry, which is examined through hypothesis 5 in Chapter 3.
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Chapter 4: Target-distractor competition modulates saccade trajectories (Manuscript)
This manuscript will be submitted to the Journal of Neurophysiology. The co-authors of
this manuscript are Dr. Robert Green, Dr. Heather Jordan, and Dr. Mazyar Fallah. Caroline
Giuricich and Dr. Fallah designed the experiment. Caroline Giuricich ran the experiment and
collected the data. Caroline Giuricich analyzed the data with input from Dr. Green, Dr. Jordan,

and Dr. Fallah. Caroline Giuricich wrote the manuscript with feedback from all co-authors.
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4.1 Abstract

Recent studies have shown that the similarity between nearby target and distractors
affects the curvature in saccade trajectories, likely due to target-distractor inhibition. In this
study, we varied the distance between, as well as the similarity of complex target and distractor
objects in a delayed match to sample task to examine their effects on saccade trajectories and
better understand the underlying neural circuitry. For trials with short saccadic reaction times
(SRTs), the effect of distance was consistent with saccade vector averaging, whereas the effect of
similarity suggested the existence of an object-based suppressive surround. At longer SRTSs,
there was sufficient time for competition between the objects to fully develop and saccade
curvature was modulated by the target-distractor distance, exhibiting the effects of a spatial
suppressive surround. In contrast, as the target-distractor similarity decreased, the initial saccade
angle away from the distractor increased, reflecting stronger distractor inhibition. There were no
significant interactions between distance and similarity. Taken together, the stage of the target-
distractor competition process at which a saccade was initiated determined the independent
effects of distance and object similarity on saccade trajectories. Furthermore, these results
suggest that target-distractor interactions can be intrinsically measured from the saccade

trajectory.

4.2 New and Noteworthy

We show that the effects of distance and object similarity on saccade trajectories are
independent of each other but are themselves driven by the target-distractor competition process.
Thus, spatiotemporal and object identity factors feed into saccade planning and execution,

resulting in modulations of the saccades’ metrics. These findings are important for understanding
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the dynamic networks guiding target selection and are relevant for further development of eye-

tracking applications in health and disease.

4.3 Introduction

When there are two potential saccade goals in the environment, both objects compete for
attention and a saccade made to the target can curve towards an interesting distractor (Findlay &
Harris, 1984; Van Gisbergen et al., 1987; Minken et al., 1993; Port & Wurtz, 2000; McPeek &
Keller, 2001; McPeek et al., 2003). Curvature towards the distractor is the result of unresolved
target-distractor competition and is directly related to the neural processing of object
representations coded for both in the superior colliculus (SC) and frontal eye field (FEF)
(McPeek et al., 2003; McPeek, 2006). Distractor neural activity increases above a baseline level
causing curvature towards it in the subsequent saccade (McPeek & Keller, 2001; McPeek et al.,
2003; Port and Wurtz, 2003). With enough time between stimulus onset and saccade initiation,
the target-distractor competition can be fully resolved, and the neural activity encoding the
distractor is suppressed below baseline causing saccades to curve away from the distractor
(Doyle & Walker, 2001, 2002; McSorley et al., 2004; White et al., 2012). Thus, saccadic
reaction time (SRT) plays a large role in saccade trajectories during target selection; shorter
SRTs result in curvature towards the distractor and longer SRTSs result in curvature away from
the distractor (Theeuwes & Godijn, 2004; Walker et al., 2006; McSorley et al., 2006;

Mulckhuyse et al., 2009; Hickey & van Zoest, 2012).

The common features or similarity between competing objects can also affect the
amplitude of saccade curvature in a target selection task. The similarity between the target and
distractor is an example of behavioural relevance, how bottom-up and top-down features come

together to create priority rather than solely salience. Many studies have investigated the effect
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of similarity on saccade trajectories by varying low level features such as colour and orientation.
For example, previous studies have shown that there is more curvature towards a distractor that
is colour congruent to the target than to a distractor that is colour incongruent (Ludwig &
Gilchrist, 2003; Mulckhuyse et al., 2009). To examine the effects of similarity on saccade
curvature for higher order objects rather than lower order feature singletons, Kehoe et al. (2018a)
examined how the similarity between complex objects affects saccade curvature. They found that
similarity and saccade curvature followed a linear relationship, where more saccade curvature
was seen as there was less similarity between objects. They suggested the oculomotor system
reweights the object representations coding the saccade goals, putting the most weight on the
most behaviourally relevant object based on its features and similarity. The integration of the
object representations and cortically processed visual information influences the final decision

for the outputted saccade.

Most studies that have investigated the distractor’s effect on saccade trajectories have
kept the distractor at a set distance to the target as well as at a given similarity. Often the
distractor identity is treated as a placeholder for a location to generate a competing motor plan
(Sheliga et al., 1995) without any consequence to its identity. To understand the interplay of
spatial distance and similarity, and the effects they have on saccade trajectories, we varied the
distance and similarity between a target and distractor. Both the target and distractor objects
were placed at isoeccentric points around a circle centred at fixation but varying in angular
distance (AD), as encoded in an egocentric reference frame. This ensured the saccades made to
either object were of the same length in order to compare the effects of target-distractor distance

on saccade curvature metrics.
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When varying the spatial layout of the objects, it is important to consider the attentional
window around the target and the suppressive surround. Depending on the AD, and assuming
there is enough time to suppress the distractor, the distractor could fall within the attentional
window, within the suppressive surround, or outside of the suppressive surround (Desimone &
Duncan, 1995). Spatial suppressive surrounds have been shown to follow a Difference of
Gaussian (DoG) pattern, as predicted by the Selective Tuning model of visual attention (Tsotsos,
1990; Tsotsos et al., 1995; Cutzu & Tsotsos, 2003; Hopf et al., 2006). When the target and
distractor are close, they are both in the attentional or excitatory spotlight, centered around the
attended target. When the distractor object moves further away from the target, it is suppressed
according to a gradient, where there is the most suppression at a medium distance, caused by
pruning connections irrelevant to the stimulus-of-interest (Cutzu & Tsotsos, 2003; Yoo et al.,
2018). Suppression is reduced at further distances until it disappears outside of the range of the

attentional suppressive surround.

Suppressive surrounds have been found in feature-space for basic features such as colour,
orientation, and direction of motion (Tsotsos et al., 2005; Tombu & Tsotsos, 2008; Stormer &
Alvarez, 2014; Yoo et al. 2018). For example, Tombu and Tsotsos (2008) showed that as the
distractor shifts further away from the target in feature space with regards to object orientation,
attention follows a gradient suppressive surround pattern with the most suppression for closer
orientations, and less for farther orientations. The feature-based suppressive surround has been
examined for low order features, consistent with pruning neurons selective to similar features in
feature-space in areas known to process those features, e.g. color in V4 (Zeki, 1973) or motion in

the middle temporal area (Tootell et al., 1995; Huk et al., 2001). To extend this work, we are
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interested in determining if a suppressive surround exists when attending to higher order,

complex objects such as those used in our study.

In the present study, we investigated spatial layout, similarity, the interplay between
them, and how their effects on saccade trajectory relate to spatial and object-based suppressive
surrounds. After a temporal analysis of saccade direction over the period of target-distractor
onset to saccade initiation, we split the saccade trajectory data for our subsequent analyses by
SRT to directly examine the effects of time on the target-distractor competition process. We
hypothesized that with enough time for this competition to resolve, as angular distance increases
the distractor would be suppressed according to a spatial suppressive surround and would have a
DoG-shaped effect on our saccade metrics. When varying the target-distractor similarity, we
expected that if an object-based suppressive surround exists, we would find a similar DoG
modulation of saccade trajectory shape. We expected that similarity would not be independent of
angular distance effects since similarity computations are dependent on the local neural circuitry
of the given visual area, which would be restricted by distance. Therefore, we hypothesized that
if the angular distance and similarity effects interact, angular distance would induce a

multiplicative gain effect on the effects of similarity on saccade trajectories.

4.4 Methods
4.4.1 Participants

Twenty-six participants recruited at York University (18-43 years old, 6 male) took part
in this experiment, all with normal or corrected-to-normal vision. Participants were naive to the
purpose of the experiment and received partial course credit for participating, when applicable.
They provided written informed consent prior to beginning the experiment. York University’s

Human Participants Review Committee approved this study.
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4.4.2 Stimuli

The stimuli used were developed in-house using MATLAB (Mathworks, Natick, MA)
and were based on an earlier study (Kehoe et al., 2018a). They consisted of a combination of 6 or
7 vertical and horizontal line segments (1° x 0.8°) positioned orthogonal to each other. This
number of line segments was used to ensure holistic representations of the objects are used rather
than depending on human visual working memory capacity (Luck & Vogel, 1997, Kehoe et al.,
2018a). These stimuli were created to be novel to participants, and thus do not include letters or
numbers in the English language. Line segments were white on a black background (white:
CIExy [0.29, 0.30], luminance 126.02 cd/m?, black: CIExy [0.27, 0.26], luminance 0.20 cd/m?)
and were put together to fit within a 2° x 2° box. Two sets of stimuli were used and shuffled

throughout the experiment (Figure 4.1).

|
|

Figure 4.1: Stimulus sets 1 and 2. The stimuli were numbered from 1-6 (left to right). The difference

between stimulus number gives rise to the number of line differences (objective similarity levels).
4.4.3 Apparatus

Experimental control was maintained with Presentation software (Neurobehavioral
Systems, Berkeley, CA). Participants ran the experiment in a dark room on a 21-in CRT monitor
(60Hz, 1024x768), 57cm away from a head and chin rest. Eye position was recorded from the

left eye using an infrared eyetracker (500Hz; EyeLink II: SR Research, Ontario, Canada). Eye
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position was calibrated at the start of the experiment and during the experiment, as necessary.
Participants responded via a serial response box (Cedrus, San Pedro, CA; 6 participants) or

mouse (Dell; 20 participants).

4.4.4 Procedure

The task was a delayed match to sample task where participants needed to search for a
previously shown target object amongst a distractor object after a short delay from target
preview. Participants started each trial when shown a small, white fixation cross (0.4° x 0.4°) at
the centre of the screen by pressing a button (serial response box: center button; mouse: left
button). The target object was then previewed on the screen (Figure 4.2A). Once ready, the
participants pressed the button again, which replaced the preview with a central fixation cross.
After fixating the cross for 200ms, the target and distractor objects appeared simultaneously at
isoeccentric points around a circle of radius 8 dva. Participants were instructed to use their
peripheral vision to identify the target while maintaining central fixation and respond by moving
their gaze to the target. The trial ended when an eye movement was made within a 1.9 dva square
box around the target or distractor, or after 750ms if no movement had been made. These time-
out trials were reshuffled back into the remaining trial array. An error tone and message were

used to indicate incorrect or time-out trials.

The target and distractor were placed at any of 16 equally spaced positions around the
circle (Figure 4.2B). The target was randomly placed at one location and the distractor was
placed relative to the target on either the clockwise or counterclockwise side. Similarity and AD
between the target and distractor were varied and randomized for each trial. Lone target trials
without a distractor were considered baseline trials and composed 20% of the total. This resulted

in 50 trials per block, with 10 blocks for a total of 500 trials. Participants were given 10 practice
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trials before block 1 which were not included in analysis. The experiment took ~45mins to

complete. All participants included in the analysis completed the full 500 trials.

4.4.5 Similarity and angular distance

Objective similarity (OS) was determined by the amount of line segment differences
between two given stimuli, defined by adding or removing individual line segments (Figure 4.1).
Target-similarity differences were confined to the range OS 1-4. Angular distance (AD) was
calculated as the absolute difference between target and distractor locations in polar angle

(Figure 4.2B, C). AD range of £1-5 was used in this experiment (Figure 4.2C).

A

TARGET:

E

Fixation for 200ms Display on (750ms)

Figure 4.2. Task paradigm and display layout. A: Task paradigm. Participants fixated on the central
cross and pressed a button to move to the target preview. Once ready, they pressed the button again to
start the search. Participants stabilized fixation for 200ms then the display came on. The target and
distractor remained visible until the participant fixated on an object or until 750ms had passed. B: 16
possible object locations, 22.5° apart, eccentricity of 8 dva. The target was randomly placed at one
location and the distractor was placed relative to the target on the clockwise or counterclockwise side. C:
AD locations relative to the target. With the target (T) at the top location as an example, the distractor

could be placed from 1-5 positions clockwise, or 1-5 positions counterclockwise.
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4.4.6 Analysis
4.4.6.1 Task performance: A binomial test was done on behavioural accuracy scores for
each participant. No participants were excluded from analysis since all scores were significantly

better than chance (50%).

4.4.6.2 Saccade detection: In-house written MATLAB scripts were used to filter saccades
for each trial. We defined saccades as having a peak velocity over 50°/s, and for at least 8ms, a
velocity that exceeded 20°/s. Only correct saccades in which the participants made a saccade to
the target were included for analysis. The first saccade of each trial was analyzed and trials in
which corrective saccades were needed to reach the target or blinks occurred were excluded from
analysis. Saccades with an amplitude < 1° (1.26%) or with an SRT < 100ms (2.96%) were also

excluded. In total, 16.18% of correct saccades were excluded from analysis.

4.4.6.3 Saccade metric calculations: Five saccade metrics were calculated for each
saccade included in the analysis: initial angle, endpoint deviation angle, sum curvature, max
curvature, and angle at max curvature. For all saccade metric calculations, the starting position of
the saccade was shifted to the origin and rotated so the target position was on the positive y-axis
at 8 dva. Initial angle was calculated as the angle between the line from the start of the saccade to
the target, i.e. the y-axis, and the point 20% along the saccade trajectory. Endpoint deviation was
calculated as the angular difference between the last point of the saccade trajectory and target,
i.e. the y-axis. The curvature metrics were calculated with the saccade rotated so that both the
start and end points lied on the positive y-axis. Sum curvature was calculated as the sum of all x-
values from the points along the saccade trajectory. Max curvature was the x-coordinate value of
the point with the maximum absolute x-value along the saccade trajectory. Angle at max

curvature was the angular difference between a straight saccade, i.e. the y-axis, and the max
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curvature coordinate. These metrics were baseline-subtracted using the average lone target trial
metrics at the corresponding target location of that trial. Saccade metrics calculated from trials
with negative ADs (counterclockwise placement of distractor relative to target) were reflected
and collapsed with the clockwise distractors’ positive AD metrics. This kept the distractor on the
positive x side of the y-axis and resulted in 5 total ADs for analysis. All positive metrics signify
deviations towards the distractor, and negative metrics signify deviations away from the

distractor.

4.4.6.4 Average saccade trajectories: Average saccade trajectories were calculated and
plotted using prior published techniques (Moehler & Fiehler, 2017). The X,y coordinates of
saccades were separated by OS and/or AD and averaged together by first shifting the trajectory
so that the first point was at the origin, and then taking points within 10% sections of the
trajectory. Those points were averaged together to create an average saccade to visualize the
calculated metrics. We baseline-corrected the x-coordinates of the trajectories by subtracting the
values from the average lone target trial trajectory. Shaded regions around each average

trajectory are SEM.

4.4.6.5 Metric plots and curve fits: Averages of the five metrics were plotted across the
four OS levels and five ADs. Standard error of the mean (SEM) was calculated and plotted as
error bars. We fit each plot with linear, quadratic, sigmoid, Gaussian, DoG, and exponential
curves. We assessed the goodness of fit using the coefficient of determination (R?), Akaike
information criterion (AIC), and the p-value associated with the F-test of the regression analysis.
In the range of ADs for our study, after reflecting and collapsing the clockwise (+AD) and
counterclockwise (-AD) conditions together, a Gaussian fit was used to represent a DoG effect

with respect to suppressive surrounds. Our experimental setup did not justify the use of a DoG
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curve fit since we did not have the full range of data to represent the excitatory peak of a DoG
curve that would occur between our +AD and -AD conditions. Thus, the single Gaussian was
used to model the suppressive effect over collapsed ADs. Data was also split by OS across ADs
to determine the effect of OS at each AD. For each metric, a 5 AD x 4 OS univariate ANOVA
was performed in SPSS (v27, IBM) for short and long SRTs separately. Scheffe post-hoc

analysis was used to investigate significant effects across conditions.

4.5 Results

4.5.1 Saccade target onset asynchrony and split saccadic reaction times

Saccade frequency, trial accuracy, and all five metrics were plotted across averaged
saccade target onset asynchrony (STOA) values. STOA was calculated as the time between
saccade initiation and target onset, where saccade initiation was taken to be at 0Oms. STOA values
were averaged over a sliding window of 10ms from -500 to -100ms. Each point plotted was an
average of the metric data from trials with saccadic reaction times (SRTs) that fell within the
sliding 10ms window. Trials with SRTs greater than 500ms (2.5% of total trials) were treated as
outliers that were not representative of the rest of the data and were not included in analysis.
Plotting saccadic frequency over STOA showed the peak frequency occurred at ~150ms, as
would be expected with visually evoked saccades (Figure 4.3A). After this peak, there was a
general decrease in saccade frequency. Accuracy over STOA (plotted as the percentage of trials
that participants made a saccade to the target out of all total trails) showed that participants were
more accurate the longer they took to process the display, as reflected in the STOA (Figure
4.3B). There was also more variance in accuracy at long SRTs. Since we split our subsequent

analyses by short and long SRTs, it is important to note that trials with short SRTs made up 55%
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of total trials included in analysis, whereas trials with long SRTs made up 30%. Only correct

trials were included in analysis, where the participants made a saccade to the target.

Figure 4.3C showed that significant positive deviations towards the distractor occurred
for short SRTSs, and significant negative deviations away from the distractor occurred for long
SRTs. The SRT range that fell in the middle was not significantly different than zero for each
metric. This ‘transition period’ indicated the range of time where the process flipped from
positive to negative deviations. The metrics were ordered by midpoint of the transition period
from earliest to latest (Figure 4.3C). The curvature metrics reached the midpoint earlier than the
angle metrics. All subsequent analyses were split for short and long SRTs outside of the
transition period. For each analysis split by metric, the inclusive, metric-specific short and long
SRT ranges were used, and the transition period was removed from analysis (see Table 4.1). The
maximum spanning short and long SRT metric ranges were chosen as the ranges for the average
saccade analysis. This analysis did not require data to be split by metric, so ranges were used to
include the most data. Additionally, the metric data from trials with SRTs within the transition
periods specific to each metric were plotted as histograms. Each metric histogram fit well with a

single Gaussian distribution compared to a dual Gaussian, all with R? > 0.96 and p < 0.001.
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Table 4.1. Short, transition period, and long SRT ranges (ms) for each metric and the average

saccade analysis.

Transition period

Short SRT range range Long SRT range
Initial angle 100-228 230-260 262-500
Endpoint deviation 100-218 220-280 282-500
Sum curvature 100-216 218-250 252-500
Max curvature 100-214 216-250 252-500
Angle at max curvature 100-214 216-262 264-500
Average saccades 100-228 230-250 252-500

SRT, saccadic reaction time.
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Figure 4.3. Saccade frequency, accuracy, and metrics over time. Shaded coloured regions cover the

middle saccadic reaction time (SRT) period (transition period) for each metric that was removed from

analysis. A: Saccade frequency plotted over STOA as a proportion of total trials. B: Accuracy plotted over

STOA as a percentage of total trials. C: Transition period ranges by metric over SRT, ordered by

midpoint from earliest to latest. The transition period is represented by the box and the midpoint is shown

with a black vertical line. Each solid-coloured line represents the short SRT period where that metric

significantly deviated towards the distractor. Each dashed-coloured line represents the long SRT period

where that metric significantly deviated away from the distractor.
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4.5.2 Average saccades

Average saccade trajectories were plotted across angular distance (AD) and objective
similarity (OS) for short and long SRTs (Figure 4.4). The average saccades clearly depicted the
effects SRT had on saccade deviation direction. We saw that saccades deviated positively for
short SRTs versus negatively for long SRTs. When looking at the differences between OS levels
and ADs, it is clear that AD had a greater effect on saccade trajectory compared to OS for short
SRTs. Figure 4.4A showed a clear distinction between the average trajectories for AD = 1, 2
compared to AD = 3, 4, 5 in the initial angle and amount of curvature, all pointing towards the
distractor. On the other hand, Figure 4.4B showed that the average trajectories for each OS were
clustered together suggesting a lack of significant differences from each other. This was
especially evident through the overlapping SEM shaded zones. For AD/long SRTs, Figure 4.4C
showed evidence of a spatial suppressive surround; the average saccade trajectories for AD = 2,
3 were separated from those of AD =1, 4, 5, and pointed more away from the distractor in initial
angle and curvature. For OS/long SRTSs, Figure 4.4D showed that the average saccade
trajectories were more spread out between each OS, especially compared to those at short SRTs

(Figure 4.4B).
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Figure 4.4. Average saccade plots for short and long SRTSs split by objective similarity (OS) and
angular distance (AD). Shaded regions represent the SEM for each average point along the trajectories.
The black circle represents the target position at 8 dva. A: Average saccades for each AD for short SRTs.
B: Average saccades for each OS for short SRTs. C: Average saccades for each AD for long SRTs. D:
Average saccades for each OS for long SRTSs.
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4.5.3 Metrics over angular distance

The average metric values were split by short and long SRTs and plotted against AD
(Figure 4.5A, B). Two-way ANOVAs for each metric across short SRTs showed main effects of
AD on all metrics (initial angle p < 0.001, endpoint deviation p < 0.001, sum curvature p <
0.001, max curvature p < 0.001, angle at max curvature p < 0.001) (see Table 4.2). Scheffe post-
hoc analysis for AD vs metrics for short SRTs showed: initial angle for AD = 1 was significantly
different than ADs =4, 5 (p <0.001, p =0.002), and AD = 2 was significantly different than
ADs =4,5 (p<0.001, p =0.003); endpoint deviation for AD = 1 was significantly different than
ADs =3, 4,5 (all p<0.001), AD = 2 was significantly different than ADs =3, 4,5 (all p <
0.001), and AD = 3 was significantly different than ADs = 4, 5 (p = 0.030, p = 0.002); sum
curvature for AD = 1 was significantly different than ADs = 3, 4, 5 (all p < 0.001), and AD =2
was significantly different than AD = 3 (p = 0.008); max curvature for AD = 1 was significantly
different than ADs = 3, 4, 5 (all p < 0.001), and AD = 2 was significantly different than AD =3
(p = 0.007); angle at max curvature for AD = 1 was significantly different than ADs =2, 3, 4,5
(p =0.019, rest p <0.001), and AD = 2 was significantly different than ADs =3, 5 (p = 0.032, p

= 008).

For long SRTs, there were main effects of AD on all metrics (initial angle p < 0.001,
endpoint deviation p < 0.001), sum curvature p = 0.001, max curvature p < 0.001, angle at max
curvature p = 0.020 (See Table 4.2). Scheffe post-hoc analysis for AD vs metrics for long SRTs
showed: initial angle for AD = 1 was significantly different than ADs=2,3 (p =0.23,p =
0.002), and AD = 3 was significantly different than AD =5 (p = 0.025); endpoint deviation for
AD = 1 was significantly different than ADs = 2, 3, 4, 5 (all p < 0.001); sum curvature for AD =

1 was significantly different than ADs = 2, 3 (p = 0.023, 0.024); max curvature for AD =1 was
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significantly different than ADs = 2, 3 (p = 0.009, p = 0.011), AD = 2 was significantly different
than AD =5 (p = 0.025), and AD = 3 was significantly different than AD =5 (p = 0.029). There

were no significant differences across ADs for angle at max curvature.

We fit each metric plot with linear, quadratic, sigmoid, Gaussian, DoG, and exponential
curves. We used goodness of fit metrics (R2, AIC, p-values) to determine the best fit for each
plot (see Table 4.3). The best curve fits for the AD/short SRTs plots were as follows (Figure
4.5A): initial angle — linear (R? = 0.86, AIC -1.21, p = 0.024); endpoint deviation — Gaussian (R?
=0.99, AIC =-17.27, p < 0.001); sum curvature — sigmoid (R? = 0.97, AIC = -13.87, p = 0.009);
max curvature — sigmoid (R? = 0.96, AIC = -35.92, p = 0.012); angle at max curvature — sigmoid
(R? =0.97, AIC =-10.24, p = 0.009). Those for AD/long SRTs (Figure 4.5B): initial angle —
Gaussian (R = 0.90, AIC = 0.75, p = 0.012); endpoint deviation — quadratic (R = 0.96, AIC -
10.64, p = 0.041); sum curvature — Gaussian (R? = 0.81, AIC = 15.45, p = 0.013); max curvature
— Gaussian (R? = 0.86, AIC = -32.76, p = 0.010); angle at max curvature — Gaussian (R? = 0.86,
AIC =-8.11, p = 0.007). Gaussian and quadratic curves fit all metrics similarly for long SRTSs,
excluding endpoint deviation, but there was no F-test significance for quadratic curves and

Gaussian curves are more suited for modelling neural mechanisms.

The results for the metrics over AD/short SRTs suggest that there was not enough time to
inhibit the distractor and resolve the target-distractor competition (Figure 4.5A). The saccade
vector was the weighted average of the two object locations (seen with the decreasing pattern for
initial angle and endpoint deviation), which then curved when the objects were far enough to
compete for attention. The latter was clear from the increase-to-plateau pattern for the curvature

metrics. For AD/long SRTs, the DoG-shaped curve seen for all metrics was indicative of the
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spatial suppressive surround where there was the most suppression of the distractor and most

curvature away at AD = 3 (Figure 4.5B).

4.5.4 Metrics over similarity

The average metric values were plotted against OS for short and long SRTs (Figure 4.6A,
B). For short SRTSs, there were no main effects of OS on the metrics. For long SRTSs, there were
main effects of OS on endpoint deviation (p = 0.020) (see Table 4.2), but there were no
significant differences across OS levels according to Scheffe post-hoc analysis. There were no

significant interaction effects between OS and AD for short or long SRTs.

A variety of curves were fit to the metrics plotted against OS. The best curve fits
according to goodness of fit measures for OS/short SRTs (Figure 4.6A) were as follows: initial
angle — linear (R? = 0.76, AIC = -10.92, p = 0.127); endpoint deviation — quadratic (R? = 0.99,
AIC =-32.47, p = 0.031); sum curvature — quadratic (R? = 0.24, AIC = -13.34, p = 0.874); max
curvature — quadratic (R? = 0.92, AIC = -44.39, p = 0.287); angle at max curvature — quadratic
(R?=10.93, AIC =-21.09, p = 0.272). For OS/long SRTs (Figure 4.6B): initial angle — quadratic
(R?=0.99, AIC = -15.13, p = 0.084); endpoint deviation — quadratic (R?> = 0.91, AIC = -12.13, p
=0.296); sum curvature — quadratic (R? = 0.64, AIC = 11.53, p = 0.604); max curvature —
quadratic (R? = 0.47, AIC = -33,52, p = 0.729); angle at max curvature — quadratic (R? = 0.55,

AIC = -6.56, p = 0.668).

For OS/short SRTs, there were no significant effects of similarity on saccade trajectories,
except for endpoint deviation (Figure 4.6A). The lack of effect from similarity was expected
since at short SRTs there was not enough time to fully cortically process both objects and inhibit
the distractor to resolve the target-distractor competition. The pattern found for endpoint

deviation suggests that an object-based suppressive surround modulates endpoint deviation while
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discriminating the objects. For OS/long SRTs, we saw a downwards sloping significant trend for

initial angle (p = 0.084), showing that the saccades angled away from the distractor more when

the objects were less similar to each other (Figure 4.6B).

Table 4.2. AD and OS main effect ANOVA p-values for each metric for short and long SRTs.

Short SRTs Long SRTs
AD (O] AD (OF]
Initial angle <0.001* 0.606 <0.001* 0.052
Endpoint deviation <0.001* 0.311 <0.001* 0.020*
Sum curvature <0.001* 0.746 0.001* 0.470
Max curvature <0.001* 0.831 <0.001* 0.736
Angle at max curvature <0.001* 0.658 0.020* 0.267

*p-value is significant (p < 0.05). Bolded entries highlight where Scheffe post-hoc analysis showed

significant differences across conditions. AD, angular distance; OS, objective similarity; SRT, saccadic

reaction time.

44



Table 4.3. R?, AIC values for each curve fitted to metric plots over AD and OS for short and long

SRTs.
Angle at
Condition | SRT Curve fit Initial Endpoint Sum Max max

Period angle deviation | curvature | curvature | curvature

Linear 0.86,-1.21 | 0.91,1.96 | 0.69,-4.55 | 0.67,-28.38 | 0.82,-3.27

Quadratic | 0.87,0.46 | 0.94,-2.01 |0.94,-10.57 | 0.94,-34.81 | 0.95,-7.43
Short Sigmoid 0.87,1.57 | 0.99,-15.42 | 0.97,-13.87 | 0.96, -35.92 | 0.97, -10.24
Gaussian 0.86,1.62 | 0.99,-17.27 | 0.91,-7.90 | 0.91,-31.90 | 0.88,-2.36

DoG 0.90,1.81 | 0.95,1.78 | 0.94,-9.89 | 0.94,-34.24 | 0.96,-7.83

AD Exponential | 0.86,-052 | 0.88,452 | 0.55,-2.03 | 0.54,-26.04 | 0.69,0.10
Linear 0.01,8.83 | 0.49,-0.05 | 0.00,-2.51 | 0.00,-25.93 | 0.14,-2.20

Quadratic | 0.90,-052 | 0.96,-10.64 | 0.81,-8.93 | 0.86,-33.77 | 0.82,-7.98

Long Sigmoid | 0.55,1052 | 0.91,-6.78 | 0.50,-1.95 | 0.44,-2459 | 0.14,1.62

Gaussian 0.90,0.75 | 0.77,-0.81 | 0.81,15.45 | 0.86,-32.76 | 0.86,-8.11

DoG 0.00,10.39 | 0.91,-5.15 | 0.40,0.14 | 0.00,-23.31 | 0.00, 7.64

Exponential | 0.01,10.04 | 035,225 | 0.00,-1.06 | 0.00,-24.56 | 0.13,-0.63

Linear 0.76,-10.92 | 0.14,-7.22 | 0.00, -14.27 | 0.00, -36.43 | 0.44, -14.99

Quadratic | 0.77,-9.00 | 0.99,-32.47 | 0.24,-13.34 | 0.92,-44.39 | 0.93,-21.09

Short Sigmoid 0.76,-7.86 | 0.00,-5.25 | 0.00,-11.43 | 0.00, -32.68 | 0.46, -12.27
Gaussian | 0.76,-7.91 | 0.15,-4.40 | 0.00,-11.51 | 0.00, -33.62 | 0.45, -12.20

DoG 0.73,-7.74 | 0.31,-4.95 | 0.00,-11.55 | 0.00, -32.41 | 0.48, -12.27

0S Exponential | 0.77,-10.19 | 0.15,-6.40 | 0.00,-13.60 | 0.00,-35.34 | 0.46,-14.21
Linear 0.96,-10.03 | 0.85,-12.03 | 0.63,-13.44 | 0.21,-33.91 | 0.08, -5.67

Quadratic | 0.99,-15.13 | 0.91,-12.13 | 0.64, -11.53 | 0.47,-33.52 | 0.55, -6.56

Long Sigmoid 0.98,-8.46 | 0.89,-10.50 | 0.63,-10.02 | 0.31,-30.98 | 0.23,-2.90

Gaussian 0.97,-5.06 | 0.88,-10.18 | 0.64,-10.09 | 0.48,-4.95 | 0.57,-5.21

DoG 0.86,-2.37 | 0.78,-7.73 | 0.65,-10.95 | 0.20,-30.53 | 0.02, -2.42

Exponential | 0.98,-11.57 | 0.89,-12.27 | 0.62,-12.50 | 0.20,-33.31 | 0.08, -5.12

Bolded entries highlight the best curve fit for the respective plot. AD, angular distance; OS, objective

similarity; SRT, saccadic reaction time.
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Figure 4.5. Saccade metric averages over angular distance (AD) with curve fits for short and long
saccadic reaction times (SRTs). Curve fits were chosen according to goodness of fit metrics (R?, AIC,
p). Plots include the respective R?, p-values, and AIC. Error bars are SEM. Brackets indicate significant
differences (p < 0.05) from Scheffe post-hoc analysis. A: Metrics over AD for short SRTs. Curve fits
from left to right: linear, sigmoid, sigmoid, sigmoid, Gaussian. B: Metrics over AD for long SRTs. Curve

fits were all Gaussian except quadratic for endpoint deviation.
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Figure 4.6. Saccade metric averages over objective similarity (OS) with curve fits for short and
long saccadic reaction times (SRTs). Curve fits were chosen according to goodness of fit metrics (R?,
AIC, p). Plots include the respective R?, p-values, and AIC. Error bars are SEM. A: Metrics over OS for
short SRTs. Curve fits were all quadratic except linear for initial angle. B: Metrics over OS for long

SRTs. Curve fits were all quadratic.
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4.5.5 Similarity-angular distance split plots

To better investigate the relationship between OS level and AD, we plotted the average

metric values across AD with separate lines for each OS level (Figure 4.7). The overall patterns

match those of the averaged metric plots from Figure 4.5A, B. We fit each line with the best

curve fits from Figure 4.5A, B for their respective SRT periods. For both short and long SRTSs,

the best fit of the average metric plots (see Table 4.4) matched well to the individual similarity

lines with most curves showing significant trends (p < 0.1).

Table 4.4. R?, AIC, p-values for each curve fitted to metric plots over AD separated by OS for
short and long SRTs.

SRT
Period

Metric
(Curve fit)

0S1

0S2

0S3

0S4

Short

Initial angle
(Linear)

0.83,-2.01, 0.030

0.09, 5.49, 0.626

0.44,9.04, 0.220

0.89, -2.44, 0.459

Endpoint
deviation
(Gaussian)

0.99, 16.76,<0.001

0.987, 16.35, 0.009

0.99, 17.96, 0.009

0.99, 17.73, 0.002

Sum curvature
(Sigmoid)

0.83,-5.92, 0.041

0.97, -16.50, 0.009

0.72, 4.04, 0.031

0.91, -1.13, 0.004

Max curvature
(Sigmoid)

0.77,-28.85, 0.054

0.97,-41.14, 0.007

0.69, -22.23, 0.047

0.93, -32.28, 0.028

Angle at max
curvature
(Sigmoid)

0.90, -8.91, 0.015

0.98, -12.29, 0.008

0.71, 8.07, 0.046

0.91, -2.20, 0.038

Long

Initial angle
(Gaussian)

0.88, 18.55, 0.026

0.62,9.47,0.078

0.20, 8.21, 0.048

0.94,0.57, 0.007

Endpoint
deviation
(Quadratic)

0.76, -0.92, 0.240

0.97,-9.15, 0.031

0.96, -13.45, 0.037

0.92, -7.74, 0.080

Sum curvature
(Gaussian)

0.63,-4.22,0.031

0.70, -2.89, 0.043

0.32, 2.54, 0.087

0.67, -4.06, 0.026

Max curvature
(Gaussian)

0.77,-30.34,0.018

0.73,-27.56, 0.031

0.34,-21.21, 0.085

0.85, -32.20, 0.012

Angle at max
curvature
(Gaussian)

0.64,-1.10, 0.031

0.51, -0.35, 0.035

0.23, 5.50, 0.074

0.94, -10.63, 0.004

Bolded entries highlight significant effects (p<0.05) or significant trends (p<0.1). AD, angular distance;
OS, objective similarity; SRT, saccadic reaction time.
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Figure 4.7. Metrics over angular distance (AD) with separate lines for objective similarity (OS) 1-4,
plotted for short and long saccadic reaction times (SRTs). Each plot was fit with the respective best fit
per metric from the average metric plots. A: Metrics over AD with split OS lines for short SRTs. B:

Metrics over AD with split OS lines for long SRTSs.
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4.5.6 Gradient plots

We depicted the significant trends (p < 0.1) from the average metric plots (Figures 4.5 &
4.6) with radial gradient plots in distance (Figure 4.8) and object space (Figure 4.9). The darkest
red and blue colours represent the most deviation towards and away from the distractor,
respectively. The lighter the colour, the closer the metric was to no deviation. Figure 4.8A
depicted the effects of AD on saccade metrics at short SRTs pointing towards the distractor,
where initial angle and endpoint deviation showed a decreasing trend as distance increases,
whereas the curvature metrics showed an increasing trend to a plateau at AD = 3. Figure 4.8B
illustrated the effects of AD at long SRTs and showed a suppressive surround pattern for all
metrics pointing away from the distractor, consistent with a DoG-shaped spatial suppressive
zone. Figure 4.9A depicted the effects of OS on endpoint deviation for short SRTs as a
suppressive surround in object space where there was less endpoint deviation towards the
distractor at the middle similarity levels (OS = 2, 3). Figure 4.9B showed the effects of OS at
long SRTs through a decreasing trend for initial angle, pointing more away from the distractor as

OS increased.
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Figure 4.8. Metric plots depicted as radial gradients over angular distance (AD) for short and long
saccadic reaction times (SRTs). Target and distractor positions in space are shown with T and AD 1-5.

Darker colours represent the most deviation towards or away from the distractor. White represents no
deviation. A: Gradient plots over AD for short SRTs. B: Gradient plots over AD for long SRTSs.
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Figure 4.9. Metric plots depicted as radial gradients over objective similarity (OS) for short and
long saccadic reaction times (SRTSs). These depictions were created for significant trends (p < 0.1)
which occurred for endpoint deviation and initial angle for OS/short SRTs and OS/long SRTs,
respectively. Target and distractor positions in object space are shown with T and OS = 1-4. Darker
colours represent the most deviation towards or away from the distractor. White represents no deviation.
A: Gradient plot over OS for short SRTs. B: Gradient plot over OS for long SRTs.

4.6 Discussion

We examined the effects of varying the angular distance (AD) and similarity of complex
target and distractor objects on the shape of saccade trajectories made to the target during a
delayed match to sample task to elucidate how perceptual and spatial relationships are encoded
by the oculomotor system. We aimed to relate these effects to spatial and object-space
suppressive surrounds, as well as examine the interactions between the variables. The time
between display onset and saccade initiation influenced saccade direction, prompting us to
further analyze the effects of saccadic reaction time (SRT) on saccade metrics. While prior
studies have generally shown differential effects of distractor attraction and inhibition based on
timing, we determined the time course of these processes for each of the 5 saccade trajectory
metrics. The effects of SRT on the saccade metrics reflects the development of the competition

process between the two saccade goals; more time between target-distractor onset and saccade
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initiation resulted in more time to resolve competition and inhibit the distractor object. When
there was not enough time to resolve the competition between target and distractor, there was
little effect of AD on saccade trajectories, consistent with saccade vector averaging and an
incomplete winner-take-all (Port & Wurtz, 2003). With increasing SRT, AD modulated the
saccade metrics, following the pattern of a spatial suppressive surround. On the other hand,
varying the target-distractor similarity influenced endpoint deviation angle at short SRTs,
suggesting an object-based suppressive surround exists during the discrimination phase of
competition. At long SRTSs, varying similarity affected initial angle linearly, showing saccades
pointing more away from the distractor as the object similarity decreased. The following
discussion will take an in depth look at our findings and their implications on the underlying

neural circuitry and mechanisms involved in target selection processing.

4.6.1 Effects of saccadic reaction time on saccade direction

Our results regarding the effects of SRT on saccade trajectory direction (towards/away
from the distractor) replicate previous findings in literature (McSorley et al., 2006; Walker et al.,
2006). Although we did not purposefully manipulate the SRT period duration, the time
participants took to decide which object was the target and initiate a saccade naturally varied
across trials within the allotted 750ms. When participants took a short amount of time (short
SRTSs), the saccades curved towards the distractor; when participants took more time before
saccade initiation (long SRTs), the saccades curved away from the distractor. This is dependent
on the timing of the target-distractor competition process, or more specifically the time it takes to
develop distractor inhibition and decrease the neural activity coding the saccade goal location
below a baseline level. Our findings are consistent with previously found results that suggest

distractor inhibition occurs after approximately 200-220ms from display onset (McSorley et al.,
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2006). With a shorter SRT period (~100-220ms), the target-distractor competition remained
unresolved by the time of saccade initiation, and the objects could not be fully cortically
processed in time to allow for inhibition of the distractor. This resulted in curvature towards the
distractor that was aimed more towards a weighted average vector location between the target
and distractor objects. On the other hand, with a longer SRT period (~260-500ms), there was
enough time to inhibit the distractor object causing saccades to curve away from the distractor on
the way to the target. In the ‘transition period’ between what we categorized as short and long
SRTs (~220ms-260ms), saccade deviation was in transition between being towards and away

from the distractor.

Additionally, we found that each metric had a different transition period range. We
ordered these ranges from earliest to latest by the midpoint of the transition period, which was an
approximate time for when the metrics flipped from deviating towards to away. Our results
showed that the curvature metrics (sum curvature, max curvature, and angle at max curvature)
reached the midpoint earlier than the angle metrics (initial angle and endpoint deviation angle).
This suggests that after competition resolves and the process flips to distractor inhibition,
saccade curvature is affected sooner than initial angle and endpoint deviation. As well, all three
curvature metrics reflect the residual effects of an incomplete winner-take-all process. Although
they are not independent from each other, they have been used individually and in the aggregate
in past studies. Similarly, initial angle and endpoint deviation can be grouped due to their
involvement in saccade planning and consistency with weighted vector averaging. The ordering
of transition period midpoints further supports this grouping. These findings for saccade angle
and curvature are consistent with what has been shown for smooth pursuit eye movements.

Recanzone & Waurtz (1999) demonstrated that the initial speed and direction of smooth pursuit to
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a moving target amongst a distractor reflected weighted vector averaging. After more time, the
process flipped to be more consistent with a winner-take-all process (Recanzone & Waurtz,
1999). The differences between our results for saccade angle and saccade curvature are reflective

of the transition from weighted vector averaging to a winner-take-all model.

4.6.2 Effects of angular distance on saccade trajectories

For short SRTs, our results showed that initial angle and endpoint deviation decreased
with increasing AD. These saccade angle metrics are reflective of weighted vector averaging of
the saccade plans prior to movement initiation. Our results showed that the saccade angle was
shifted more towards the target with increasing AD, suggesting that when planning a saccade to
one location, competing plans increase in strength the closer they are to the intended saccade
goal. A decreasing pattern was seen for both initial angle and endpoint deviation, supporting that
the saccade’s initial trajectory and endpoint location are related and separate from the curvature
metrics in terms of saccade motor planning. This is consistent with findings in literature
proposing the initial direction and endpoint deviation of a saccade are correlated (\Van der
Stigchel & Theeuwes, 2007), refuting other models that propose no relation between the two
metrics since they postulate endpoint deviation should be influenced by the on-line correction

bringing the saccade towards the target (McSorley et al., 2004).

The three curvature metrics showed evidence of an incomplete winter-take-all process
between the locations of the target and distractor that developed from saccade goal competition.
As AD increased, saccade curvature increased and then plateaued. This finding showed that
increasing AD only affected saccade curvature up to a point where it remained at a maximum
value from AD 3-5. This suggests that if AD were increased even further, saccade curvature

would remain set at the maximum value, but the curvature must drop-off eventually. If the
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distractor were placed directly underneath the target (AD = 180°), both saccade goals would no
longer compete, and a saccade made to the target would be consistent with one made to a lone
target on the display. Our results suggest the initial and endpoint deviation angles could be
planned pre-movement, creating a saccade vector set at the weighted average location of the
target and distractor. The pattern we observed for saccade curvature suggests that there is a
maximum amount the distractor can pull in the saccade and therefore a maximum curvature.
Overall, theses results showed the effects of varying AD on saccade trajectories when the target-
distractor competition had not had enough time to resolve, since the saccades deviating towards

the distractor were exclusively seen.

For long SRTs, initial angle and endpoint deviation angle metrics were modulated in a
DoG-shaped curve away from the distractor as AD increased. The same DoG-shaped curves
were also found for the curvature metrics. These findings provide evidence of a spatial
suppressive surround in oculomotor planning as was predicted for visual processing by the
Selective Tuning model of attention (Cutzu & Tsotsos, 2003; Hopf et al., 2006). When the
distractor was close to the target (AD 1 and 2) it was in the attentional window of the target and
less suppression was induced. When the distractor was at a medium distance from the target (AD
3), it was the most suppressed due to the gradient suppressive surround and the peak suppression
at this location. Finally, as the distractor moved far enough away to be outside of the suppressive
zone surrounding the attended target (AD 4 and 5), the distractor suppression was weaker and
curvature away lessened. Neurophysiological evidence of a suppressive DoG gradient
surrounding the attentional spotlight has been found in early and intermediate areas of the visual
cortex (Muller & Kleinschmidt, 2004; Hopf et al., 2006), consistent with the selective tuning

model (Tsotsos, 1990; Tsotsos et al., 1995) and the divisive normalization model (Reynolds &
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Heeger, 2009). This spatial suppressive surround shown for attention in visual processing is
reflected in saccade trajectories, which provides evidence that oculomotor planning is dependent

on an attentional priority map with weighted representations of targets and distractors.

4.6.3 Effects of similarity on saccade trajectories

Once again, we split our similarity results into short and long SRTs to assess how
similarity affects the competition phase separately from the distractor inhibition phase after the
competition is resolved. For short SRTs, there were no statistically significant differences
between similarity levels when examining the angle metrics over increasing OS (as the objects
became less similar). Despite this finding, there was a significant DoG-shaped pattern for
endpoint deviation angle. This is consistent with a suppressive surround as seen for simple, lower
order features such as colour, orientation, and direction of motion (Tsotsos et al., 2005; Tombu &
Tsotsos, 2008; Stormer & Alvarez, 2014; Yoo et al. 2018; Kehoe et al., 2018b). The distractor at
OS 2 and 3 was suppressed compared to at OS 1 and 4; the endpoint deviation angle at OS 2 and
3 was pointing less towards the distractor compared to at OS 1 and 4. This suggests that an
object-based suppressive surround is active during and effects the discrimination phase of target-
distractor competition. When trying to search for the target object and resolve the competition
between saccade goals, the suppressive surround inhibits the distractor in object space when it is
at a medium similarity to the target. Therefore, the distractor has less of an effect on endpoint
deviation at these similarity levels, causing the saccades to land closer to the target. Despite this
pattern of inhibition, the overall effect of similarity at these short SRTs showed saccades
pointing in the positive, towards direction, suggesting the distractor had not been fully

suppressed before saccade initiation. Therefore, computing the target-distractor similarity
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enough to completely inhibit the distractor may take a longer time compared to processing the

distance between them.

For long SRTs, we saw evidence of more complete distractor inhibition from the overall
negative deviations seen for each metric. When the target and distractor were less similar, the
initial angle was better directed away from the distractor. It is easier to suppress an object more
different from its competitor (Perry & Fallah, 2014), which was reflected in the decreasing trend
of initial angle as OS increased. There were no effects of similarity on saccade curvature during
the late phase of competition. As well, the lack of a DoG-shaped effect from any metric at long
SRTs suggests that object identity only matters during the discrimination phase of target-
distractor competition. Thus, once the distractor is fully inhibited and the competition process is

complete, the effect of similarity on saccade angle is simply linear.

Overall, a more complex object-based suppressive surround may exist like it does for
simple features, but only during the discrimination phase of target-distractor competition.
Complex features have been found to be processed by the inferotemporal (IT) cortex, an area that
can discriminate between complex targets and distractors (Baylis & Rolls 1987; Miller et al.
1993; Tanaka, 2003), compared to the SC and FEF which are only capable of discriminating
simple features (Kehoe et al., 2018a). The difference in brain regions and stages of visual
processing involved in target-distractor competition for simple versus higher order features could
further explain our finding. Although we found evidence of a suppressive surround in object
space for endpoint deviation, we did not see the same effects on initial angle or the curvature
metrics. To further understand the differences in metrics and establish concrete evidence of a
complex object-based suppressive surround, further analysis on the effects of target-distractor

similarity at varying SRTs would need to be done.
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Kehoe et al. (2018a) tested the effects of similarity, using the same stimuli, on saccade
curvature with a target and two distractor objects placed 45° from each other. They found that as
the similarity between the target and most similar distractor object decreased (as OS increased),
the saccade curvature (sum and max curvature) and endpoint deviation angle increased linearly.
To compare the present study with that of Kehoe et al. (2018a), we examined the saccade metrics
across similarity for the subset of trials with the distractor at 45° (AD = 2), analyzing them using
linear regressions. For short SRTs, we did not see any significant linear patterns. For long SRTS,
we found that mean endpoint deviation angle significantly increased as similarity decreased (R?
=0.97, p = 0.02). Initial angle and sum curvature also followed the same linear relationship
although not statistically significant (R?> = 0.76, p = 0.13; R? = 0.80, p = 0.11, respectively). The
lack of statistical significance for the linear regressions over initial angle and sum curvature was
most likely due to a lack of statistical power. Since we varied AD throughout the experiment,
conditions with AD = 2 occurred about 1/5" as many times as in Kehoe et al. (2018a). It is likely
these results would be significant with more data from trials with AD = 2. Therefore, our
findings at 45° are qualitatively consistent with Kehoe et al. (2018a) and would likely replicate

their results with more statistical power.

4.6.4 Interaction of angular distance and similarity

While we had hypothesized that the effects of similarity on saccade trajectories would be
affected in a multiplicative fashion through AD, we found no such significant interactions. This
suggests that spatial layout and object similarity are independently processed and incorporated
into oculomotor planning. We found that when target-distractor competition was actively
underway, AD effects showed evidence of weighted saccade averaging and incomplete winner-

take-all, whereas the similarity effects were consistent with a suppressive surround pattern of
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inhibition seen for endpoint deviation. The similarity between competing objects matters most
during this discrimination phase, where object-based suppressive surrounds are activated to aid
in distractor inhibition. Once the target-distractor competition process has been fully resolved
and the objects have been discriminated, a spatial suppressive surround is activated resulting in
the effects of AD on saccade trajectory. Thus, the stage of development of the target-distractor
competition process gives rise to independent suppressive effects either through similarity or

AD.

As well, the effects of AD on saccade trajectory were more robust than the effects of
similarity. AD affected the whole saccade (all metrics) whereas similarity mainly affected initial
and endpoint deviation angle. Additionally, the effects of AD were greater in magnitude
compared to similarity, as evidenced by greater and significant differences between conditions
shown in Figure 4.5 compared to Figure 4.6, as well as in statistical analysis (see Table 4.2). The
effects of AD on the metrics were similar in magnitude between short and long SRTs, except for
endpoint deviation and angle at max curvature where AD had a larger effect at short SRTs than
long SRTs. Overall, SRT had the greatest effect on the metrics, and then AD, whereas similarity

had the least effect.

4.6.5 Relationship to current oculomotor circuitry and target selection literature

This study demonstrates that varying the distance versus the similarity of complex
objects, and the timing of the competition process affect target selection and saccade planning in
different ways. Saccades initiated during the early stages of target-distractor competition (short
SRTSs) exhibit weighted saccade vector averaging caused by the enhanced neural activity of the
oculomotor neuron populations encoding the two saccade goals (Port & Wurtz, 2003; Godjin &

Theeuwes, 2002; Findlay & Walker, 1999). The final saccade motor plan is a result of
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reweighting the possible saccade goals based on their behavioural relevance and priority, which
for this task is the similarity of the objects in question to the remembered target object displayed
at the start of the trial (Kehoe et al., 2018a). On-line corrections (displayed through saccade
curvature) pull the saccade towards the target when it is initially planned to land at a weighted
average of the object locations. With more time (long SRTS), the target-distractor competition
resolves causing the population of neurons encoding the unchosen saccade goal to decrease in
activity (McPeek et al., 2003; McPeek, 2006; White et al., 2012). Suppressive surrounds develop
around the attended target and inhibit the distractor causing the subsequent saccade vector to

point away from the distractor.

We found evidence of both the early and late stages of the target selection process when
varying AD. The spatial layout of the objects in the visual field is encoded in the oculomotor
system through attentional priority maps where neurons encoding objects of interest (through
both bottom-up and top-down features) have increased activity (Fecteau & Munoz, 2006; White
et al., 2017; Fernandes et al., 2013). With sufficient time, the suppressive zone surrounding the
attentional spotlight centred at a target object develops in the oculomotor system. Many studies
have shown a link between spatial attention and oculomotor areas (Moore & Fallah, 2001;
Moore & Fallah 2003; Moore et al., 2003), which suggests that spatial surround suppression
developed in visual processing areas feeds into attentional priority maps in the oculomotor
system (such as through feedback between the dorsal stream and FEF) to create oculomotor
plans that aim saccades to the desired object. We also showed that distractor inhibition occurred
when varying the similarity of our complex, novel stimuli. Complex visual information is
processed in later regions of the ventral stream, such as the IT cortex in areas TE and TEO

(Baylis & Rolls 1987; Miller et al. 1993; Tanaka, 2003). Although our target and distractor
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objects are processed and discriminated in these regions of higher order processing of the ventral
stream, the visual information regarding similarity would project to the oculomotor system for
saccade planning and distractor inhibition. Therefore, spatial layout and object similarity are
processed in their respective visual processing areas, and then distance and similarity
information are fed into the oculomotor system, combining with attentional priority maps to

create oculomotor plans.

4.6.6 Conclusion

In conclusion, we examined the effects of varying both AD and similarity in a visual
search task using novel, complex objects, whereas previous studies have kept the distractor at a
fixed distance to the target in this type of target selection task. We showed that there was a clear
distinction between saccade angle and saccade curvature through the timing of the switch from
being positively to negatively deviated (the curvature metrics flipped signs slightly earlier than
the angle metrics), as well as the ways in which they were affected by AD. Our results reflect
what has been shown for smooth pursuit eye movements where the initial processes emulated
weighted vector averaging whereas the later processes reflected a winner-take-all (Recanzone &
Wurtz, 1999). We found that AD had a strong influence on saccade trajectories and that the
effect of similarity is limited. After sufficient time to allow for distractor inhibition, the effects of
AD on saccade angle and curvature were consistent with a spatial suppressive surround gradient
around the attended target item, whereas without enough time, the effects followed spatial
averaging and incomplete winner-take-all. In comparison, similarity modulated endpoint
deviation in a similar suppressive surround shape. As well, similarity affected initial angle for
longer SRTs showing evidence of a linearly modulated suppressive zone. Many studies have

observed feature-based suppressive surrounds for simple features such as colour, orientation, and
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direction of motion, and we have provided some evidence of a complex object-based suppressive
surround during the discrimination phase of target-distractor competition. Lastly, we did not find
any interaction effects between spatial and complex featural discrimination despite
simultaneously varying them in our task, suggesting that these variables are processed by
independent neural circuitry. We suggested that after distance and similarity are processed in
their respective higher order visual processing areas, both sets of visual information likely
combine with attentional priority maps in the oculomotor system for final saccade plans to be

created.
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Chapter 5: Pupillometry

5.1 Introduction

Pupil size changes with varying factors: arousal, light, cognitive load, and attention.
Pupillary changes with respect to arousal are tied to the sympathetic nervous system, where the
fight-or-flight response causes the pupil to dilate to increase the visual signal to better see the
surrounding environment (Aston-Jones et al., 1984; McDougal & Gamlin, 2008; Kardon, 2005).
On the other hand, when bright light enters the retina, the pupil contracts due to the pupillary
light reflex (Hakerem, 1967). The effects of cognitive load and attention are more recent
findings, but they can often connect to the pupillary response to light. Studies have shown that
covertly attending to brighter objects can induce the pupillary light reflex and cause pupil
constriction (Binda et al., 2013; Mathét et al., 2013; Tkacz-Domb & Yeshurun, 2018), even
though there is no actual change in light entering the pupil. An attentional-cueing study by
Mathoét et al. (2013) showed that covertly attending to a cued white location on a display caused
pupil size to decrease compared to covertly attending to a cued dark location on the display. This
study demonstrated the connection between attention and the pupillary response. Pupil size has
also been shown to be affected by cognitive workload, where increasing the difficulty of the task

causes the pupil to dilate to increase the visual signal (Laeng et al., 2012; Hess & Polt, 1964).

Since spatial attention is deployed by the oculomotor system (Moore & Fallah, 2001;
Moore & Fallah, 2004; Moore at al., 2003), we hypothesized that there may also be a link
between target-distractor competition and the pupillometry system. We expected that the
competitive interactions we found for targets and distractors on saccade trajectories would be

reflected in the control of pupil size. We performed an analysis of pupil size data taken from a
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target selection task to assess the role of competition on pupillary responses and the similarities

between these effects with those found for saccades.

Our saccade trajectory analysis from Chapter 4 showed a series of results at short and
long saccadic reaction times (SRTSs) that differed when varying angular distance (AD) and
objective similarity (OS). We expected that during the periods of fixation before and after
display onset, we would find effects of AD and OS on pupil size that reflected our saccade
results. We examined four periods of fixation: before display onset, after display onset, before
saccade initiation, and post-saccade fixation. We expected that before display onset, there would
be no effect of our variables on pupil size since the target and distractor were not yet presented,
and therefore there was no competition. In the period after display onset, we expected that there
would be an effect of AD on pupil size but not similarity since the object identities had not been
fully processed. At the closest AD, the distractor was in the attentional focus zone of the target,
which would cause pupil constriction based on prior attentional pupillometry studies (Tkacz-
Domb & Yeshurun, 2018). This effect would drop off as AD increased. We hypothesized that
during the period before saccade initiation, we would find effects of AD and similarity on pupil
size consistent with our spatial suppressive surround and linear effects shown for saccades made
with long SRTs in Chapter 4. During the period of post-saccade fixation, we expected to see the
effects of fully resolved competition between the target and distractor. Taken together, finding
effects of target-distractor competition on pupil size consistent with our findings for saccade
trajectories would suggest that top-down connections to the subcortical pupillometry system

receive input from the parts of the oculomotor system that encode saccade trajectories.

65



5.2 Methods
This study examined pupillometry during the fixational periods before and after saccades

using data from the study described in Chapter 4.

5.2.1 Analysis

5.2.1.1 Pupil area over time: Pupil area was recorded every 2ms from central fixation
cross onset after target preview until the end of the trial after object fixation (Figure 5.2). Pupil
area has arbitrary units as stated in the EyeLink Il user manual. Trials were grouped by angular
distance (AD) or objective similarity (OS) conditions. The pupil size data across each trial was
averaged within each AD or OS condition and plotted across time from baseline fixation onset to
1000ms after fixation onset. 1000ms was used to ensure we captured the changes in pupil size at

least 200ms after post-saccade target fixation.

5.2.1.2 Time periods: The data was split into 4 time periods: 1) baseline 200ms during
initial fixation; 2) first 100ms after target/distractor onset; 3) last 100ms before saccade onset;
and 4) 200ms post-saccade during target fixation. These 4 periods were analyzed separately by

short and long SRTs due to the differences seen with saccade trajectories in Chapter 4.

5.2.1.3 Average pupillometry: We examined how pupil size changed as AD and OS were
varied within the 4 time periods. The data was normalized per participant by the maximum time-
averaged pupil size amongst the 5 AD x 4 OS x 2 SRT periods conditions. Linear regressions
were performed on the averaged normalized data across AD and OS. Goodness of fit metrics (R?
and p-value) are provided. For each time period, a5 AD x 4 OS univariate ANOVA was
performed in SPSS, for short and long SRTs separately. Scheffe post-hoc analysis was used to

investigate significant effects across conditions.
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5.3 Results

Plotting the average pupil area across time from the start of the baseline period to 1000ms
after showed an initial increase in pupil size. This could be related to the cognitive load required
to resolve target-distractor competition, causing the pupil to dilate to increase the visual signal.
At about 600ms, the pupil size was at its peak and then it decreased. Looking at the lines for
angular distance (AD) and objective similarity (OS), OS 1 and 2 were separated from OS 3 and
4. Despite this, there were no significant differences between AD (Figure 5.1 A) or OS (Figure
5.1 B) conditions, as evidenced by overlapping shaded SEM regions. Therefore, the lack of
significant differences suggests that varying distance and similarity had no effect on pupil size in

this task.

Plotting the normalized average pupil size across AD and OS for each of the four time
periods split by short and long SRTs showed no significant differences in pupil size between
conditions (Figure 5.2 A, B). The linear regressions performed did not show statistical
significance since the trendlines were relatively horizontal with overlapping SEM error bars. For
all four periods and all conditions (AD/short SRTs, AD/long SRTs, OS/short SRTs, OS/long
SRTs), the ANOVAs performed showed no significant main effects or interactions. Therefore,
there were no effects of varying AD or OS on pupil size during any of the relevant time periods

analyzed.
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Figure 5.1. Average pupil area over time split by angular distance (AD) and objective similarity
(OS). Pupil area units are arbitrary as stated by the EyeLink Il user manual. Shaded regions are SEM. The
black dashed line represents display onset. A: Pupil area split by AD. B: Pupil area split by OS.
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Figure 5.2. Average normalized pupil size over angular distance (AD) and objective similarity (OS).
Trial data was split into short and long saccadic reaction times (SRTs) shown in red and blue,
respectively. Linear regressions are shown with trendlines and respective R? and p-values by colour.

Values were plotted for each of the four time periods. Error bars are SEM. A: Pupil size over AD. B: Pupil



5.4 Discussion

We examined the effect of varying angular distance and similarity on pupil area from a
target selection task. We hypothesized that if the oculomotor circuitry that produced changes in
saccade trajectory due to spatial and object-based competition was also part of the top-down
control of pupil size, we would see the results of target-distractor competition seen for saccade
trajectories reflected in the pupillary response. However, we did not find any significant
differences between conditions of angular distance, similarity, or time period of fixation on pupil
size. Thus, there is no evidence that competing saccade plans influence pupillometry as they do

for saccade trajectories.

These null results suggest that the broader oculomotor system, especially with respect to
saccade competition and attentional priority maps, does not feed into the subcortical
pupillometry system. More likely, the top-down connections to the pupillometry system are
solely focused on the winning, and covertly attended saccade vector, guided by input regarding
the luminance of the target object. A hypothetical explanation for this could be that the thalamic
nuclei responsible for driving arousal receive input from areas of visual processing in the early
and middle ventral stream, as highlighted by covert spatial attention. These thalamic nuclei
connect to the brainstem and would allow the slow pupil response to proactively start changing
in advance of shifting gaze to the target. It would also be possible that the mechanism driving the
pupillary response completely bypasses the frontal eye field and superior colliculus, missing any
information regarding target-distractor competition and attentional priority. Therefore, pupil size
changes would not be tied back to the same competition processes that influence saccade
trajectories. Future studies would be needed to determine the neural circuitry for top-down

pupillary control, as well as where and how it interacts with saccade planning.
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Chapter 6: General Discussion

6.1 General Discussion

We examined the effects of target-distractor competition on saccade trajectories and pupil
size and addressed the questions and hypotheses posed in Chapter 3. Using a target selection
task, we varied the angular distance (AD) and objective similarity (OS) between complex target
and distractor objects. In Chapter 4, we used a variety of metrics to measure the effect of these
variables on saccade trajectories. We found that the effect of AD and similarity on saccade shape
varied with increasing saccadic reaction time (SRT): for short SRTs, saccades were pointed
towards the distractor and for long SRTs, saccades were pointed away from the distractor,
suggesting distractor suppression. This finding is consistent with previous research and is
indicative of the development of the target-distractor competition process (McSorley et al., 2006;
Walker et al., 2006). For trials with short SRTs, we found that varying AD modulated saccade
trajectories consistent with weighted saccade vector averaging and an incomplete winner-take-all
process. When varying similarity, we found evidence of an object-based suppressive surround in
endpoint deviation, where distractors at middle similarity levels were suppressed more than those
more and less similar. These results at short SRTs are consistent with an incomplete competition
process where the distractor had not yet been fully suppressed. At long SRTs, there was enough
time to fully resolve the target-distractor competition and inhibit the distractor. For these trials,
we observed the pattern of a spatial suppressive surround for all saccade metrics when varying
AD. We also found that when the objects were less similar, it was easier to inhibit the distractor
object, as shown through the linear trend of initial angle. Lastly, we did not find any evidence of

interactions between the found effects of AD and similarity on saccade trajectories.
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Looking at our pupillometry analysis from Chapter 5, we did not find any evidence of
target-distractor distance or similarity modulating pupil size during the periods of fixation from
our target selection task. We did find that pupil size increased after display onset. Typically, an
increase in brightness due to display onset would cause the pupil to constrict, but since we found
pupil dilation, it suggests the task increased cognitive load and required more attention. Aside
from this, there were no significant differences of pupil size between angular distances or
similarity levels. As well, there were no significant interactions between these variables. These
null results suggest that top-down connections from the oculomotor system regarding target-

distractor competition do not feed into the subcortical pupillometry system.

In Chapters 4 and 5, we did not find evidence of any interactions between the effects of
AD and similarity on saccades or pupil size through statistical analyses. Despite these results, we
did find qualitative support that AD and similarity interact with each other. We produced heat
maps over AD and similarity where the heat/colour represents the value of the saccade metric
from negative to positive deviations (Figure 6.1). We found that there was a hot spot of
interaction at OS= 3, AD = 3 for the three curvature metrics, that was mirror symmetric across
short and long SRTs. At short SRTSs, the coordinate (3, 3) displayed the most curvature towards
the distractor, whereas at long SRTSs, the coordinate (3, 3) displayed the most curvature away
from the distractor. As well, at OS = 3, AD = 4, there was the opposite pattern for the curvature
metrics with low deviation towards versus away from the distractor at short and long SRTs
respectively. The consistent patterns at these coordinates suggest there may be an interaction
between AD and similarity that there was not enough statistical power to see, due to the number

of conditions and limit to a single 1-hour experimental session. A multi-session experiment to
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increase the number of trials at all combinations would be needed to follow up on this intriguing

qualitative result.
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Figure 6.1. Heat maps over angular distance and similarity for each saccade metric at short and

long saccadic reaction times (SRTs). The heat/colour is the metric value. A: Heat maps at short SRTSs.

B: Heat maps at long SRTs.
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As outlined in Chapter 4, we saw distinct effects of short versus long SRTs, as well as
target-distractor AD versus similarity on saccade trajectories. Our results and the patterns we
found give us more information about the neural pathways involved to produce these effects and
elucidate the inner-workings of the target-distractor competition process. At short SRTs, we
found early effects of AD and similarity on saccade trajectories. Saccades made with short SRTs
were initiated before the target-distractor competition resolved and while the objects were still
being discriminated from one another. For AD, we found that saccades made during this early
phase of the competition process reflected weighted saccade vector averaging and an incomplete
winner-take-all (Port & Wurtz, 2003; Godjin & Theeuwes, 2002; Findlay & Walker, 1999). As
depicted by the red arrows in Figure 6.2, we proposed that these early effects are driven mainly
by the oculomotor system. More specifically, the frontal eye field (FEF) would receive visual
information regarding object space and location from the dorsal stream, such as from the
posterior parietal cortex (PPC). We found evidence of an object-based suppressive surround in
the effects of similarity for endpoint deviation angle during the early, discrimination phase of the
competition process. This finding is consistent with feature-based suppressive surrounds that
have been found for simple features, such as colour, direction of motion, and orientation (Tsotsos
et al., 2005; Tombu & Tsotsos, 2008; Stormer & Alvarez, 2014; Yoo et al. 2018). To explain our
results, we suggested that visual information regarding complex object features is projected from
the ventral stream, or more specifically TE and TEO, to the oculomotor system (as seen with the
blue arrows in Figure 6.2). The brainstem then drives the output of a saccade. Although there
have been studies suggesting connections between the ventral stream and the superior colliculus
(SC) (Wang & Burkhalter, 2013; White et al., 2009), it has not been shown that areas TE and

TEO directly connect to SC as we have depicted in our figure. As well, we depicted the early
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phase of competition with dashed arrows to signify the unresolved competition between saccade

goals.

During the late phase, seen for trials with long SRTs, target-distractor competition had
been fully resolved. The distractor could be fully inhibited, and saccades pointing away from the
distractor were seen. We found that AD modulated saccade trajectory shape in a pattern
consistent with a DoG-shaped spatial suppressive surround (Tsotsos, 1990; Tsotsos et al., 1995;
Cutzu & Tsotsos, 2003; Hopf et al., 2006); there was the most distractor suppression when it was
placed at a medium distance from the target. The spatial suppressive surround is driven by
reciprocal connections between the dorsal stream (PPC) and the FEF (Figure 6.2). These effects
are further established by the oculomotor system, or more specifically the FEF and SC, where
the activity of neural populations encoding both saccade goals is increased or decreased based on
the suppressive zone (McPeek & Keller, 2001; McPeek et al., 2003; Port and Wurtz, 2003).
During this late phase of the competition process, the activity encoding the distractor is
suppressed below a baseline level, causing the outputted saccade to deviate away from the
distractor (Doyle & Walker, 2001, 2002; McSorley et al., 2004; White et al., 2012). As for the
effects of similarity on saccade trajectories during the late phase, we found that initial angle was
modulated linearly suggesting that as the target and distractor become less similar, it is easier to
inhibit the distractor. We suggested the neural pathway shown for the early phase is the same for
the late, but with a sign change from positive to negative, where there is more distractor
suppression resulting in saccade deviation away from the object in the late phase. The arrows in

the late depiction of Figure 6.2 are solid to signify the completion of the competition process.
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Figure 6.2. Early versus late neural pathways involved in target-distractor competition. Dashed

arrows represent unresolved competition whereas solid arrows represent complete competition. Red and
blue arrows depict the potential pathways involved when angular distance versus similarity affects
saccades, respectively. This diagram depicts the connections of the ventral (blue areas) and dorsal (red
area) streams to the oculomotor system (purple areas). The connections from TE/TEO to SC may not be

direct, but connections between the ventral stream and SC have been determined.

To test the pathways we proposed above, we would need to conduct neural recording
studies where we simultaneously record from the specified regions while participants performed
a target selection task. These neural recordings would give us direct evidence of the pathways
involved in the early and late phases of target-distractor competition, as well as how angular
distance and complex object similarity integrate into the oculomotor system. Through these
studies, we could see the competition and motor plans evolve dynamically over time producing
the results we found. To fully understand how target-distractor distance modulates saccade
trajectories, another future study would be to examine how distance varying in an allocentric
reference frame affects saccade trajectories. This would be done by varying the target-distractor

distance by length, rather than by angular distance in an egocentric reference frame, as we did in
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Chapter 4. Previous research has shown that the dorsal stream requires visual information to be
coded in an egocentric reference frame for motor planning and control, whereas the ventral
stream uses an allocentric reference frame (Milner & Goodale, 1995; Dijkerman et al., 1998).
Therefore, this future work would teach us more about how the brain encodes both reference

frames with respect to saccade vectors and motor plans during target-distractor competition.

Considering potential caveats of our studies from Chapters 4 and 5, it is important to note
that the bulk of our analyses examined correct trials where participants made a saccade to the
target object. Since our task involved only two competing objects, some of these correct trials
were due to chance, which would minimize the effects we were expecting to observe. Therefore,
if we were able to decrease the percentage of correct trials due to chance, this could influence our
findings. For instance, our results for similarity could be enhanced with a task design that leaves
less of an opportunity to guess which object is the target. This way, most of the correct trials
would occur after discriminating the objects and determining which is the target before initiating

a saccade.

6.2 Conclusion

The studies provided in this thesis examined the effects of distance and complex object
similarity on the target-distractor competition process. This process is reflected in saccade
trajectories made to the target, but not in pupil size during the periods of fixation from our task.
The results of these studies have implications to the broader field of eye movement research,
especially regarding the oculomotor system. They provide us with more information about how
distance and similarity information may be processed, and possibly integrated to create saccade
plans, as well as the timing of these processes. This thesis demonstrates that the dorsal and

ventral streams feed forward different information to the oculomotor system depending on the
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stage of the target-distractor competition process at the time of saccade initiation. These
pathways also depend on what type of visual information is being processed: spatial or complex
object information. Altogether, this thesis contributes to our knowledge of the effects of target-

distractor competition on the oculomotor system.
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