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Abstract 

Part of the aim of this thesis was to explore a model for producing very fast saccade 

latencies in the 80 to 120ms range. Its primary motivation was to explore a possible 

interaction by uniquely combining three independent saccade factors: the gap effect, target-

feature-discrimination, and saccadic inhibition of return (IOR). Its secondary motivation 

was to replicate (in a more conservative and tightly controlled design) the surprising 

findings of Trottier and Pratt (2005), who found that requiring a high resolution task at the 

saccade target location speeded saccades, apparently by disinhibition. Trottier and Pratt’s 

finding was so surprising it raised the question: Could the oculomotor braking effect of 

saccadic IOR to previously viewed locations be reduced or removed by requiring a high 

resolution task at the target location? Twenty naïve untrained undergraduate students 

participated in exchange for course credit. Multiple randomised temporal and spatial target 

parameters were introduced in order to increase probability of exogenous responses. The 

primary measured variable was saccade latency in milliseconds, with the expectation of 

higher probability of very fast saccades (i.e. 80-120ms). Previous research suggested that 

these very fast saccades could be elicited in special testing circumstances with naïve 

participants, such as during the gap task, or in highly trained observers in non-gap tasks 

(Fischer & Weber, 1993). Trottier and Pratt (2005) found that adding a task demand that 

required naïve untrained participants to obtain a feature of the target stimulus (and to then 

make a discriminatory decision) also produced a higher probability of very fast saccade 

latencies. They stated that these saccades were not the same as saccade latencies previously 

referred to as express saccades produced in the gap paradigm, and proposed that such very 

fast saccades were normal. Carpenter (2001) found that in trained participants the 

probability of finding very fast saccades during the gap task increased when the horizontal 

direction of the current saccade continued in the same direction as the previous saccade (as 
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opposed to reversing direction) – giving a distinct bimodality in the distribution of latencies 

in five out of seven participants, and likened his findings to the well known IOR effect. The 

IOR effect has previously been found in both manual key-press RT and saccadic latency 

paradigms. Hunt and Kingstone (2003) stated that there were both cortical top-down and 

oculomotor hard-wired aspects to IOR. An experiment was designed that included obtain-

target-feature and oculomotor-prior-direction, crossed with two gap level offsets (0ms & 

200ms-gap). Target-feature discrimination accuracy was high (97%). Under-additive main 

effects were found for each factor, with a three-way interaction effect for gap by obtain-

feature by oculomotor-prior-direction. Another new three-way interaction was also found 

for anticipatory saccade type. Anticipatory saccades became significantly more likely under 

obtain-target-feature for the continuing oculomotor direction. This appears to be a similar 

effect to the increased anticipatory direction-error rate in the antisaccade task. These 

findings add to the saccadic latency knowledge base and in agreement with both Carpenter 

and Trottier and Pratt, laboratory testing paradigms can affect saccadic latency distributions. 

That is, salient (meaningful) targets that follow more natural oculomotor trajectories 

produce higher probability of very fast latencies in the 80-120ms range. In agreement with 

Hunt and Kingstone, there appears to be an oculomotor component to IOR. Specifically, 

saccadic target-prior-location interacts differently for obtain-target-feature under 200-ms 

gap than under 0ms-gap, and is most likely due predominantly to a predictive disinhibitory 

oculomotor momentum effect, rather than being due to the attentional inhibitory effect 

proposed for key-press IOR. A new interpretation for the paradigm previously referred to as 

IOR is offered that includes a link to the smooth pursuit system. Additional studies are 

planned to explore saccadic interactions in more detail. 
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Chapter 1   

Introduction 

For normally sighted humans vision is our primary connection to our 

environment. When we observe our world just by moving our eyes we make many 

seemingly effortless and reflexive brief rapid eye movements (saccades) that have 

been assumed to reflect the overt direction of our attendance to salient stimuli. Hence, 

measurement of eye movement response to visual stimuli has been considered as a 

time-locked behavioural mirror of underlying cognition. As an observable marker for 

cognitive function, eye movement behaviour has been researched in humans for over 

100 years (Diefendorf & Dodge, 1908; Wundt, 1902, cited in Prinzmetal, Park, & 

Garrett, 2005). Moreover, advances in non-invasive recording techniques have 

produced finely detailed and widely applied findings over the past 20 years. Thus, 

current eye movement behaviour research is benefiting from the evolution of ideas 

proceeding from this later generation of work, and has been applied in various fields 

of cognition research.  

Manipulations of visual fixation attentional load (Abrams & Dobkin, 1994; 

Fischer & Ramsperger, 1984; Hunt & Kingstone, 2003; Saslow, 1967) and visual-

planning load (Montagnini & Chelazzi, 2005; Trottier & Pratt, 2005) just prior to an 

eye movement have produced significant changes in saccade latency. Additionally, 

saccades are of interest because they may denote both precognitive bottom-up 

exogenous oculomotor control processes, and top-down endogenous cognitive 

processes (Findlay & Walker, 1999). Hence, eye movement behavioural responses 

have been regularly applied to deepen theoretical understanding of cognition.  

Aim and Purpose 

This visual cognition research firstly considered differing theoretical 

interpretations for how top-down and bottom-up factors either inhibit or disinhibit 
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saccades made in response to suddenly appearing peripheral visual stimuli. For 

example, both Trottier and Pratt (2005) and Carpenter (2001) suggested that 

laboratory testing paradigms were partially responsible for bimodal saccadic latency 

distributions, rather than some inherent quality of the saccadic system on its own. 

However, they differed in their methods for coming to this conclusion.  

Carpenter (2001) applied the gap and double-step (see Chapter 4) paradigms to 

explore bimodality in saccade latency results. Carpenter found that the direction of the 

preceding saccadic eye movement could significantly affect saccade latency, with 

saccades made in the same (ipsilateral) direction being slowed when compared to 

saccades made in the opposite (contralateral) direction. Carpenter compared his 

findings to the well know inhibition of return (IOR) effect. Inhibition of return has 

been tested in various paradigms over many years, and Carpenter’s (2001) finding 

could support a combination of bottom-up hard-wired oculomotor and top-down 

executive explanations for the IOR phenomenon. That is, there could be both 

oculomotor momentum disinhibitory and executive attentional inhibitory aspects to 

IOR, as proposed by Hunt and Kingstone (2003). 

Therefore, a primary purpose of this thesis was to test for an interaction of 

factors that may affect eye-movement latencies, with further exploration of factors 

that may produce multimodal saccade latency distributions, and with variation to 

Trottier and Pratt’s (2005) and Carpenter’s (2001) designs.  

One area of research has been predictability of target parameters. For example, 

published data suggests that predictability of spatial target parameters can increase 

saccade latency (Fischer & Weber, 1993), while predictability of temporal target 

parameters can also decrease saccade acceleration and peak velocity (Bronstein & 

Kennard, 1987). However, the usual expectation might be for predictability of visual 

targets to facilitate reduction in latency (Godijn & Theeuwes, 2003). Hence, a 
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secondary aim of this thesis was to conduct saccade testing under conditions of 

increased spatial and temporal uncertainty, such that any result could not be ascribed 

to predictability of the stimuli. 

A further underlying theme for the research was the interaction between 

bottom-up feed-forward-driven (exogenous, extrinsic, reflexive) versus top-down 

feedback-driven (endogenous, intrinsic, volitional/intentional) approach to 

understanding generation of saccades (Findlay & Walker, 1999; Godijn & Theeuwes, 

2003; Pierrot-Deseilligny et al., 2003). Another theoretical approach to understanding 

vision is that of serial versus parallel-processing, with bottom-up processes being 

considered as more parallel and top-down processes as more serial (Findlay & 

Walker, 1999; Wright & Richard, 1998), however it is assumed here that neither serial 

nor parallel are entirely dominant (Mao & Wang, 2007).  

To outline what is to follow: Chapter 2 briefly describes types of eye 

movement and the measured eye movement variable for this thesis. In order to 

consider converging factors that may affect saccade latency Chapter 3 reviews 

anatomy and physiology relating to vision, and then links physiological findings to 

saccadic eye movements in more detail, with some reference to perceptual findings. 

Chapter 4 considers theoretical approaches to understanding the relationship between 

physiology, saccade generation, and attendance to visual stimuli within the context of 

saccadic latency findings, and also contains detailed review of some recent key studies 

in this area. Chapter 5 summarises the major themes of the introductory chapters, and 

proposes specific hypotheses. Chapter 6 reviews other methodological factors that 

may affect saccadic latency. Chapter 7 covers the remainder of the method and 

chapter 8 the results. Chapter 9 discusses the findings, limitations, directions for 

future research and extensions to the design used in this thesis. 
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Chapter 2   

Types of Eye Movements 

Overview of Measured Eye Movements Considered in this Thesis  

There are several areas of eye movement research within normal populations. 

Two common types are (a) the study of rapid brief movements, such that the point of 

visual focus shifts from one location to another location – known as saccades1, or 

saccadic-movement, and (b) smooth pursuit, the constant tracking of a moving object 

by the eye. Saccadic-movement and smooth pursuit have been linked in a recent 

unified model (Keller & Missal, 2003; Krauzlis, 2004, 2005; Missal & Keller, 2002; 

Petit & Haxby, 1999), however in order to focus the testing paradigm, factors 

associated with saccadic onset were of primary interest in this thesis. Specifically, the 

measured variable was the time taken for the eye to begin to move after a target 

appeared (saccadic latency).  

By convention, eye movements belong to either one or more of the following 

five systems: vestibulo-ocular, optokinetic, saccadic, smooth-pursuit, and vergence 

(Glimcher, 2003). However, they all share the extra-ocular eye muscles and their 

associated motor pathways. Further, because some aspects of eye-movement were 

controlled and were therefore not of immediate interest in this study – such as 

binocular vergence and convergence, and torsion – these are summarised but not 

expanded upon. 

Gaze Stabilisation 

During normal vision humans make multiple head movements combined with 

smooth pursuit eye movements in order to accomplish relative stabilisation of the 

                                                 
1 Literally, brusque jerks, tugs, or shaking of horse reins, from Middle French – 

sachier or saquer 
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retinal image (Glimcher, 2003). These movements produce gaze-stabilisation by 

counteracting self-motion degradation of visual acuity. Two primary processes are 

involved, the vestibulo-ocular reflex (VOR) and the optokinetic system. 

The VOR system relies on changes within semi-circular canals to calculate 

head movement, and the optokinetic system utilises retinal changes to calculate head 

movement (Glimcher, 2003). Together, these processes produce an overlapping effect 

within predominantly bottom-up midbrain control of eye muscle gaze-stabilisation. 

For example, humans rarely become aware of head movements made to correct line of 

sight, and therefore gaze stabilisation is mostly an automatic reflexive process. 

Further, a good example of gaze stabilisation is to rotate your head between left and 

right while continuing to read this page (Glimcher, 2003). Head movement was 

controlled in the design for this thesis by use of chin and cheek rests. 

Gaze Shifting Mechanisms 

The saccadic and smooth-pursuit systems are generally classified as versional 

gaze shifting systems, because both eyes are yoked and are able to maintain high 

resolution foveal focus on any chosen object of interest (Glimcher, 2003). Until 

recently saccade and pursuit systems have been referred to as separate entities in 

vision; however the low-level physiological processes that control them are largely 

overlapping, even though smooth pursuit partly involves a predictive model of target 

behaviour (see Figure 3.5 and associated text). Petit and Haxby (1999) found fMRI 

evidence that higher levels of smooth pursuit and saccade systems shared similar 

cortical areas; however they were in parallel in those areas rather than overlapping. 

Therefore, although the focus of this thesis is saccadic movement, smooth pursuit is 

also briefly discussed. 

Saccades are conjugate movements (both eyes linked together) usually made to 

attain high-acuity foveal focus on a visual goal, or to free scan the surrounding 
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environment for a feature of interest (Findlay, Brown, & Gilchrist, 2001). Smooth 

pursuit maintains constant tracking of a moving object of interest on the fovea. Hence, 

research in either of these areas could be referred to as the study of attentional 

processes in vision.  

Vergence compensates for varying depth of field, either converging or 

diverging the line of gaze so that both eyes meet on the target of foveal vision 

(Glimcher, 2003). Vergence is disjunctive (both eye move separately), and is 

produced by focusing error and binocular disparity, and has relatively low velocity 

(10o/s max.) in comparison to most other eye movements. During torsional eye 

movements, the eyeball is rotated round the line of gaze, in a 10o arc, and assist in 

keeping vertical and horizontal stability when the head is tilted (Glimcher, 2003).  

Fixation 

Fixational attention on one location is produced by constant firing of 

omnipause-neurons (OPN) cells in the paramedian pontine reticular formation 

(PPRF). However, fixation is never completely still, as the visual system generates 

numerous miniature eye movements to counteract perceptual fading, which occurs due 

to fast adaptation to constant retinal receptor input (Engbert, 2006; Martinez-Conde, 

Macknik, Troncoso, & Dyar, 2006). Engbert (2006) stated that in humans fixational 

eye movements fall into three involuntary physiological categories: tremor, drift and 

microsaccades (see below).  Release of fixation during particular testing paradigms 

can facilitate more rapid saccades (Crevits & Vandierendonck, 2005). This thesis 

utilised this aspect of fixation release (fixation-offset-effect; FOE). Factors associated 

with fixation will be discussed again in following chapters.  

Slow Drifts and Microsaccade Corrections to Slow Drifts 

Slow drifts occur when fixation is held on one spot, and are generally quite 

small, with velocity between 5’/s to 15’/s (Steinman, Cushman, & Martins, 1982). In 
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order to correct slow-drifts during fixation, corrective microsaccades are made, as 

often as 1 to 2 times per second (Steinman et al., 1982). Further, although 

microsaccades were previously believed to be randomly distributed in time, they have 

recently been found to be associated with reduced retinal drift 200 to 500ms prior to 

their onset, thus not only supporting the hypothesis that they are needed to reduce 

perceptual fading, but also suggesting that they are generated dynamically, and not 

randomly (Engbert & Mergenthaler, 2006). For example, Engbert and Mergenthaler 

(2006) found that lower levels of slow drift were associated with higher frequency of 

microsaccades. Interestingly, this finding suggests that at a physiological level, the 

more participants were able to voluntarily invoke strong inhibitory OPN firing by top-

down processes, the more their visual receptors were required to make bottom-up 

compensatory microsaccades to counteract perceptual fading.  

Summary 

The processes involved with saccadic gaze shifting were chosen not only in 

order to focus on one aspect of eye movement, but also because the apparent 

simplicity of saccades hides their theoretical and experimental complexity. Other 

facets of eye movement mentioned here were controlled. 
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Chapter 3   

Visual Systems Associated with Saccades 

Human visual physiology is exceedingly complex, involving multiple areas of 

the cortex, midbrain, and brain stem. Therefore this overview did not attempt to cover 

all aspects in equal detail. However, anatomy and physiology that was considered 

relevant was reviewed in sufficient detail to provide a reference framework for 

theories of visual perception and attendance to stimuli during saccadic testing. Earlier 

sections of this chapter explain how afferent visual information ascends into cortical 

areas, and later sections explain how some of the relevant descending efferent motor 

commands are generated.  

This chapter is intended to be primarily about physiology. However, there are 

considerable overlaps between descriptions of eye movement physiology and 

descriptions of perception of stimuli. For example, research discerning cortical and 

sub-cortical regions involving eye movements has included lesion studies (e.g. 

Pierrot-Deseilligny et al., 2003), functional magnetic resonance imaging (fMRI) (e.g. 

Gagnon, O’Driscoll, Petrides, & Pike, 2002; Petit & Haxby, 1999), trans-cranial 

magnetic stimulation (e.g. Coubard & Kapoula, 2006) and event related potential 

(ERP) recording (e.g. Brignani, Maioli, Rossini, & Miniussi, 2007; Csibra, Johnson, 

& Tucker, 1997; Mao & Wang, 2007) of responses to visual stimuli. Among these 

studies the paradigms of inhibition of return and the gap effect have also been 

extensively studied. Therefore, because these paradigms will be covered in Chapter 4, 

discussion of perceptual findings and hard-wired aspects of attention is divided 

between Chapter 3 and Chapter 4.  

Basic Eye Structure  

Figure 3.1 illustrates basic structures of the eye. Note that the fovea, where 

high acuity vision occurs, only covers a very small area of the retina, being 
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approximately 2o of visual angle in diameter in its most dense region. The foveal 

region is much more densely populated with cones than the surrounding retina, 

reaching a peak of approximately 150,000 cones per square millimetre at its centre 

(Osterberg, 1935, cited in Pirenne, 1967), and is specialised for highly detailed 

features of the environment. Hence, saccadic eye movements are usually directed to 

accomplish foveation of visual objects.  
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Figure 3.1. Right-eye horizontal cross-section showing major anatomical features. 

Adapted from several sources.  
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(GABA) inhibitory signals are more dominant in later visual areas, such as in the 

occipital lobe. For example, of the neurons present in layer one (V1) of the primate 

primary visual cortex over 80% are GABAergic (Fitzpatrick, Lund, Schmechel, & 

Towles, 1987). This initial occipital delay has been theorised to allow time for other 

cortical structures to first establish what a visual stimulus is, and where it is, prior to 

responding (Ungerleider & Haxby, 1994; Wang et al., 1999). 

Figure 3.2 represents afferent visual pathways that feed into the visual system, 

ascending to the level of the thalamic lateral geniculate nuclei (LGN) and the superior 

colliculi (SC).   
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Figure 3.2. Schematic of lower-level afferent pathway for right-eye visual stimulus. 

Adapted from several sources.  
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be explained in more detail in a separate section. After the LGN and SC multiple areas 

of the cortex become involved in visual processing. Figure 3.3 gives a general 

overview of several areas of the cortex and sub-cortex involved in visual cognition.  

 

 

 

 

 

 

 

 

 

 

 
Figure 3.3. Some major areas of the cortex involved in vision, including the two 

major putative streams: the magnocellular dorsal where stream, and the parvocellular 

ventral what stream, with some of the identified connections between them. The 

primary visual cortex is in the occipital lobe, with projections to perceptual areas 

across several cortical locations. DLPFC = dorso-lateral prefrontal cortex; FEF = 

frontal eye-field; PPC = posterior parietal cortex; SC = superior colliculi; SEF = 

supplementary eye-field. Adapted from several sources including Pierrot-Deseilligny, 

Muri, Nyffeler and Milea (2005, Figure 1, p241).  
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prefrontal cortex (DLPFC), frontal eye-field (FEF), and supplementary eye-field (SEF) 

(e.g. Cornelissen et al., 2002; Petit & Haxby, 1999).  

Extra-Ocular Eye Muscle Pairs  

To achieve foveation of visual stimuli extra-ocular eye muscles execute eye 

rotation commands. Figure 3.4 simplifies the top-down efferent motor control stream 

for ease of understanding. The lateral- and medial-rectus muscles drive horizontal 

rotations toward (adduction) and away from (abduction) the nose. The inferior- and 

superior-rectus muscles drive vertical rotation, known as elevation (up) and 

depression (down). The superior- and inferior-oblique muscles drive torsional 

rotations, with the top and bottom of the eyeball being rotated round the line of gaze. 

However, all muscles are actually activated for saccades due to the non-orthogonality 

between force vectors for each muscle. 
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Figure 3.4. A simplified schematic of the saccadic hierarchy. Auditory localisation 

can occur via the inferior colliculus. Source: Adapted from Carpenter (2004).  
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Eye Movement Commands: Cranial Nerves 3, 4, and 6 

Once visual signals reach the primary visual cortex there are multiple feed-

forward and feedback projections, with eventual efferent motor signals being sent 

from the basal ganglia to cranial nerves in the brain stem. Thus, the common pathway 

for all eye movements is via the oculomotor (3), trochlear (4), and abducens (6) 

cranial nerves that actuate the eye muscles (Carlson, 1999). The oculomotor nerve 

innervates the medial rectus, the superior and inferior rectus, and the inferior oblique 

muscles, while the trochlear nerve innervates the superior oblique muscles, and the 

abducens nerve innervates the lateral rectus muscles (Glimcher, 2003). 

Superior Colliculus Inputs and Outputs 

There are several types of SC neurons, with each performing complementary 

functions, and there are multiple levels of SC input and output. Input layers of SC 

neurons are mapped for every possible location in the visual field, and receive 

information directly from the eyes and the primary visual cortex (Schiller & Stryker, 

1972; Sparks, 1986). However, depending on combined head and eye movements, this 

map can be dynamically adjusted. Other major SC inputs are from pre-motor nuclei in 

the PPRF (Keller & Missal, 2003), which act to gate descending signals and construct 

motor commands. Structures associated with SC neurons can also receive input from 

higher cortical centres such as DLPFC, FEF, and the lateral-intra-parietal (LIP) area 

of the posterior parietal cortex (PPC) (e.g. Bisley & Goldberg, 2003; Pierrot-

Deseilligny et al., 2005; Pierrot-Deseilligny et al., 2003; Ploner, Gaymard, Rivaud-

Péchoux, & Pierrot-Deseilligny, 2005).  

Superior colliculus fixation neurons inhibit unwanted eye-movement by firing 

during fixation, and thus maintain attention on one point (Basso & Wurtz, 1998; 

Munoz & Wurtz, 1993a, 1993b; Sugiuchi, Izawa, Takahashi, Na, & Shinoda, 2005). 

Fixation neurons trigger activation of omnipause neurons (OPNs, also known as 
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inhibitory burst neurons) in the PPRF (Keller & Missal, 2003; Krauzlis, 2004; 

Takahashi, Sugiuchi, Izawa, & Shinoda, 2005). When fixation neurons are released a 

saccade can occur.  

Prior to EBN firing superior colliculus intermediate layer build-up neurons 

increase their activity when saccade location is known, and the level of build-up activity 

prior to a saccade is associated with the latency of saccades, but not to size of saccades 

(Basso & Wurtz, 1997, 1998; Munoz & Wurtz, 1995a, 1995b). However, increased 

build-up activity at saccade onset is related to increasing saccade size (Munoz & Wurtz, 

1995a, 1995b). Build-up activity will be discussed again in the following chapter. 

Brain Stem Saccade Activity 

Saccades and smooth pursuit share low-level pathways. The brain stem PPRF 

contains several types of neurons that are integral to both saccadic and smooth-pursuit 

eye movements (Keller & Missal, 2003; Krauzlis, 2004, 2005; Missal & Keller, 

2002). These include OPNs, saccade/pursuit neurons (S/PNs), long-lead-burst 

neurons (LLBNs), medium-lead-burst neurons (MLBNs), and excitatory burst neurons 

(EBNs). Further, EBNs are a distinct subpopulation of MLBNs (Keller & Missal, 

2003). Figure 3.5 shows some of the known connections between these neurons.  

Trigger stimuli produce inhibition of activity in OPNs (e.g. Missal & Keller, 

2002). Omnipause neurons send inhibitory signals to EBNs, and EBNs trigger 

saccades. Therefore, saccades can only occur when OPNs are fully inhibited – that is, 

when they are completely silent (Missal & Keller, 2002), which then allows EBNs to 

fire; whereas, during smooth pursuit about 50% of OPNs are partially inhibited by 

synapses from S/PN cells, and the level of their inhibition depends on the velocity of 

pursuit (Keller & Missal, 2003). Hence, during pursuit (and during gaze-stabilisation) 

down-modulated firing signals are sent from OPNs to EBNs. However, during 

saccades no signals are sent from OPNs. 
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Figure 3.5. Theoretical overlapping saccadic and smooth-pursuit low-level 

oculomotor pathways. See text for further explanation. Source: Reproduced from 

Krauzlis (2004, Figure 3, p598). Used by permission. 
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volitionally gated (Keller & Missal, 2003; Krauzlis, 2004; Munoz & Everling, 2004). 

The primary point to understand here is that either top-down endogenous signals or 

bottom-up exogenous signals can trigger saccades. For example, the DLPFC and FEF 

contribute directly to the PPRF, and can gate saccadic eye movements independent of 

SC inputs (e.g. Pierrot-Deseilligny et al., 2004; Pierrot-Deseilligny et al., 2005; 

Pierrot-Deseilligny et al., 2003).  

Other distinctions can be drawn between DLPFC, SEF, FEF, and lower-level 

saccadic control. In brief, while both SEF and FEF have been shown to be involved 

with motor control of voluntary saccades and pursuit, the DLPFC has been found to 

control gating of reflexive saccades in a way that overrides FEF involvement with 

voluntary and predictive saccades (e.g. Pierrot-Deseilligny et al., 2004; Pierrot-

Deseilligny et al., 2005; Pierrot-Deseilligny et al., 2003). For example, Pierrot-

Deseilligny et al. (2003) found that patients with DLPFC lesions, who did not have 

FEF lesions, had significantly higher unwanted anticipatory saccadic errors toward the 

target when requested to inhibit saccadic movement in the antisaccade task2, while 

still retaining normal latency for volitional saccades to the target mirror location. 

Further, Pierrot-Deseilligny et al. (2003) reviewed other lesion studies which showed 

that their data confirmed the DLPFC as having an inhibitory control role over both 

volitional and reflexive saccades. Thus, their finding demonstrated that the saccadic 

system could be controlled by both bottom-up exogenous reflexive and top-down 

endogenous attentional factors. Hence, it was assumed in this thesis that in healthy 

participants volitional top-down processes interact with reflexive saccadic bottom-up 

processes, with attentive awareness as the moderator between the two. Continued 

                                                 
2 Antisaccade: Where participants are asked to suppress reflexive eye movement 

and instead look to the mirror location of the target. 
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discussion of saccade physiology necessarily involves a review of associated 

perceptual research paradigms – such as gap and inhibition of return – therefore this 

will be integrated within the following chapter. 

Magnocellular and Parvocellular Streams  

Two main retinal ganglion cell types – large cell magnocellular (m) and small 

cell parvocellular (p) ganglions – carry afferent signals to the optic nerve for later 

activation of relevant cortical areas. These initial signals putatively activate the m 

(“where”) and p (“what”) visual streams (e.g. Creem & Proffitt, 2001; Findlay & 

Walker, 1999; Livingstone & Hubel, 1988; Ungerleider & Mishkin, 1982), which are 

differentiated in early levels of the LGN. The two streams propagate along the optic 

radiation, which is the largest dedicated nerve bundle in the body3, and as such is 

parallel (Casagrande & Royal, 2004; Zeki, 1993). These two parallel streams are 

further associated with other major areas of visual perception.  

There are considerable crossovers between the m and p streams, and although 

it seems unlikely that they work independently of each other, several apparently 

independent modules have been identified. There are differing views about whether or 

not these streams act in parallel or in series (e.g. Burr, 1999; Lennie, 1998, 2003), or 

even at a higher sequential level that unifies both streams (e.g. Gagnon et al., 2002; 

Mao & Wang, 2007). Appendix A illustrates some of the known m and p connections. 

Top Down Control 

Recent findings from brain imaging and electrophysiology recordings suggest 

that the dorsal and ventral pathway modules are most likely associated with inhibition 

of unwanted signals, via perceptual decisions about the relative salience of visual 

objects (e.g. Burr, 1999; Lennie, 1998; Nishida, Watanabe, Kuriki, & Tokimoto, 

                                                 
3 Although only about 1.5 million axons. 
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2007). Logically, therefore, high-level visual perception can and does play an 

important role in eye movement, but mainly as a gating mechanism (Keller & Missal, 

2003; Krauzlis, 2004, 2005; Missal & Keller, 2002), rather than as a generation 

mechanism.  

There are several stages of processing that can occur between initial visual 

stimulation of the retina and final movement of the eye. Higher levels of eye 

movement control are traditionally assumed to be either generated by top-down 

voluntary (intrinsic or endogenous) modules, or, at least, to be available to voluntary 

control (e.g. Pierrot-Deseilligny et al., 2005; Wright & Richard, 1998). McDowell et 

al. (2005) found EEG activity higher than baseline in the cuneus/precuneus on the 

occipital-parietal border during reflexive saccadic tasks that were under semi-

voluntary control, as well as during top-down controlled voluntary tasks. However, 

McDowell et al. (2005) also found middle occipital lobe EEG activity was 

significantly higher during reflexive tasks than during voluntary tasks. Hence, low-

level cortical areas contribute to reflexive exogenous tasks, and higher level areas to 

endogenous tasks. Moreover, top-down factors are far more complex than portrayed 

here, therefore some of this complexity will also be explored in more detail in the 

following review chapter.
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Chapter 4   

Saccadic Research Paradigms: Attendance to Visual Stimuli 

Posner (2004) defined visual attention as “the function of orienting to a sensory 

stimulus” (page 4). In Posner’s view, visual object information in a particular area of the 

visual field can become salient at any time, and hence can drive visual orienting. 

Further, unless observers are requested to suppress eye movement, orienting of visual 

attention remains observable, and is closely time-locked to eye movement. When eye 

movements are suppressed, other time-locked responses, such as manual key-press RT, 

can be measured, as occurs during manual inhibition of return (IOR) research (e.g. Hunt 

& Kingstone, 2003).  

Other theoretical levels of visual attention include bottom-up exogenous or top-

down endogenous factors. For example, exogenous factors involve low-level automatic 

hard-wired aspects of visual attention – a visual stimulus, such as a flash of light, can 

drive the eyes to automatically orient to its location. Endogenous factors can control 

how quickly the eyes respond – and whether or not a saccade is made – when a stimulus 

appears, depending upon salience of the stimulus. Exogenous and endogenous concepts 

will be explored further later in this chapter. 

Wright and Richard (1998) suggested a third level of visual attention, namely the 

intermediate-level of visual processing. In their view bottom-up reflexive processes 

interact at a relatively low-level with cortical top-down processes (e.g. in the occipital 

and parietal lobes) in a semi-automatic manner to influence saccadic latency. Hence, at 

the intermediate level, visual responses could be semi-automatic, but intentional, and 

goal-directed, thus being not completely reflexive, and not completely endogenous. For 

example, knowledge of the type of stimuli about to be presented, such as location and 

shape, facilitate semi-predictive attention. Indeed, Godijn and Theeuwes (2003) 
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maintain that due to problems of delineation between bottom-up and top-down, specific 

research paradigms are required to rule out this intermediate level of what they consider 

to be semi-predictive attention, in order to attain true exogenous visually driven 

saccades. An assumption in this thesis was that Godijn and Theeuwes (2003) were 

correct, although delineation has been made between intentional exogenous, 

unintentional exogenous and anticipatory, and semi-intentional predictive saccades. In 

order to further differentiate which aspects of saccadic modelling were relevant, the 

following research review was conducted. 

Manual Key-Press Inhibition of Return versus Oculomotor Saccadic IOR 

Although this thesis considered saccadic IOR (also referred to as oculomotor 

momentum), research in this field grew out of manual IOR. Posner and Cohen (1984), 

Posner, Rafal, Choate and Vaughan (1985), and Posner, Petersen, Fox, and Raichle 

(1988) made major contributions to visual attention theory using the manual key-press 

IOR research paradigm. For reviews of IOR theory and research see Klein (2000) and 

Fecteau and Munoz (2006).  

During manual IOR testing participants are instructed to fixate a central point, and 

when cued, covertly shift their attention in the direction of the cued peripheral visual field 

without moving their eyes. Their manual key-press response time to a suddenly appearing 

stimulus at the cued peripheral location is then tested at varying durations of cue-to-target-

onset-asynchrony (e.g. 100, 300, 500, 750 & 1500 ms), and is compared to key-press RT 

when the target is displayed in the opposite unexpected location. Further, in typical 

horizontal IOR testing targets appear either in the cued location with 0.8 probability 

(ipsilateral), or on the opposite side (contralateral) with probability of 0.2. The classic 

finding is that below ~200 to 300 ms cue-to-target-onset-asynchrony, a facilitation effect 

occurs for the ipsilateral side, but above ~300 ms (and up to ~3500ms) an inhibition effect 
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occurs for the ipsilateral side, with significantly slower key-press RT, but not for the 

contralateral side.  

Based on manual and saccadic IOR research findings, Posner et al. (1985) 

proposed a theory for covert attention shifts (i.e. without eye movement) in terms of 

three cognitive operations: disengagement from central fixation, transition of awareness 

toward the cue location, and engagement of attention at that location. Posner, Inhoff, 

Friedrich and Cohen (1987, cited in Posner et al., 1988) expanded this model. The model 

described by Posner et al. (1988) is reproduced in Figure 4.1, and is based on findings 

from IOR, but with saccadic latency also measured (e.g. Posner et al., 1985).  
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Figure 4.1. Model of visual attention that includes overt saccadic movement. This model 

was based on the target being a digit discrimination task. The proposed sequence of 

cognitive events that begin with the cue onset, as described by Posner et al. (1988).  
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appeared. They found IOR effects for both manual key press RT and saccadic latency. 

However, Posner et al. (1985) measured saccadic latency in a more complex manner 

then in this thesis. For their model to be applied more directly to overt saccadic 

movement, rather than considering purely attentional cognitive aspects, an oculomotor 

explanation must also be considered (R. M. Klein, 2000). For example, Hunt and 

Kingstone (2003) contended that there data supported both bottom-up oculomotor and 

top-down attentional aspects of IOR. Alternatively, Fecteau and Munoz (2006) stated 

that IOR could be generated by an interaction within SC layers.  

Abrams and Dobkin (1994) researched manual and saccadic IOR in the one design. 

Hunt and Kingstone (2003) replicated some aspects of Abrams and Dobkin (1994), with 

design improvements, and found that Abrams and Dobkin’s results may have been 

unreliable. Hunt and Kingstone considered both attentional and hard-wired aspects of 

IOR, by testing both key-press RT and saccadic latency to similar stimuli. Hunt and 

Kingstone compared a traditional covert IOR paradigm, where the participant suppressed 

eye movement and instead responded to the appearance of either a cued or uncued 

[meaningless] target with a manual key-press (with 0.8 probability of cue being correct), 

to an overt saccadic oculomotor response. In both covert and overt testing 0ms-gap and 

fixation overlap were compared, as well as bright and dim central-fixation. They 

concluded that when an overt saccadic oculomotor response was made IOR was motor-

based, rather than attentional. In contrast, when a manual covert response was made, there 

was a strong attentional component to IOR. They recommended further exploration of 

these effects both separately and together. Because manual key-press responses were 

controlled for comparison across another level of the design in this thesis (obtain-target-

feature), it would have been problematic to include manual key-press IOR, therefore only 

the overt saccadic aspect of IOR was considered. For example, during manual IOR testing 
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participants are urged to respond as quickly as possible. This was not emphasised in this 

design. 

Note that the saccadic IOR study of Hooge and Frens (2000) was also very 

different to the design conducted in this thesis. However, in summary, they found 

inhibition of saccadic return (ISR) toward previously fixated locations. Further, saccades 

toward previously fixated locations took up to 40% longer than saccades to new positions, 

and the effect was present across a 4o radius for previous locations. 

In summary, because there are differing viewpoints, after considering other 

saccadic latency research, discussion of IOR will be returned to later in this chapter. 

Overlap, Step-Offset, and Gap Research Paradigms 

During saccadic testing paradigms participants are often asked to saccade as 

quickly as possible to a suddenly appearing peripheral dot, which is presented randomly 

either left or right of central fixation, with saccadic latency as the dependent variable. 

There are three basic testing paradigms in this type of saccadic research, and each 

manipulates stimulus onset asynchrony differently. These are overlap (Figure 4.2 A), in 

which the fixation remains on during target presentation, 0ms-offset, or “no-gap”, 

(Figure 4.2 B), where the fixation is switched off simultaneously with target presentation 

(e.g. Crevits & Vandierendonck, 2005; Munoz & Istvan, 1998), and gap (Figure 4.2 C), 

where there is a temporal gap between fixation offset and target presentation (e.g. 

Fischer & Boch, 1983; Fischer & Weber, 1993; Saslow, 1967). 

Fixation overlap with target effectively gives visual systems two salient stimuli 

to attend. Hence, overlap trials usually produce higher probability of slow regular 

saccadic latency from approximately 180 to 300ms (Trottier & Pratt, 2005), with lower 

probability of fast regular (~130 to 180ms) and very fast (~80 to 120ms; sometimes 

referred to as express) saccades (Weber, Biscaldi, & Fischer, 1995). Alternatively, if 
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fixation ceases concomitantly with target stimulus onset (0ms-offset) participants 

usually have higher probability of fast regular saccadic latency (fixation offset effect; 

e.g. Crevits & Vandierendonck, 2005); whereas, Saslow (1967) first demonstrated that 

gap trials ensure a higher likelihood of very fast saccadic latencies when compared to 

either 0ms-offset or fixation overlap.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2. Three different types of fixation offset to target onset. Green solid line 

represents target on in each case. (A) Fixation overlaps with target. (B) Fixation off 

when target on. (C). Fixation off for a period of time prior to target presentation.  
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the temporal gap, which allows time for oculomotor preparation, such that the only 

cognitive processes required when the target eventually appears are saccade amplitude 

and direction calculations (Fischer & Weber, 1993).  

Fischer and Weber (1993) presented strong evidence that very fast saccades 

during gap trials are visually (sensory) driven, and predominantly are not predictive or 

anticipatory. For example, greater randomisation of target location during gap testing 

produces higher probability of very fast saccades, not less, as would be the case if very 

fast saccades were predictive or anticipatory. In particular, there are specific tests of 

anticipatory errors, and these are always identified and excluded from analysis. Chapter 

6 explains how anticipatory errors were identified in this thesis. Nonetheless, it is the 

case that anticipatory errors are more likely during gap trials than during overlap trials 

(e.g. Trottier & Pratt, 2005). However, this simply confirms that there are higher states 

of disengagement and preparation during the gap, rather than being evidence for very 

fast saccades to be considered as anticipatory or predictive.  

Target Temporal and Spatial Predictability 

Bronstein and Kennard (1987) compared generation of saccades toward targets 

that were randomised in both temporal and spatial parameters, to targets that were 

generated toward spatially and temporally predictable locations. In their predictable 

condition they presented at regular time intervals of 900ms in blocks of trials to one 

location. In random generation of saccades they presented targets that jumped in steps 

across a range of intervals between 600ms to 1200ms, and used multiple target locations 

in random sequence (up to 30o amplitude). They found that saccades with predictable 

intervals and locations had lower peak velocity and were significantly less accurate than 

randomly elicited saccades. Thus, temporal and spatial predictability were most likely 
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having their effect as a top-down factor. They also found that as saccade amplitude 

increased, peak velocity increased.  

Intensity of Fixation 

Intensity of (concentration of working memory on) fixation can also affect 

saccade latency during gap trials. Fischer and Weber (1994, cited in Weber et al., 1995) 

manipulated fixation by randomly changing its colour across red, blue and violet, and 

then asked participants to report the colour of the fixation after the saccade trial was 

completed. Despite attaining over 90% accuracy for colour reporting, they found a 

significant reduction in probability of very fast saccades. That is, participant’s attention 

was drawn to remain on the fixation once the fixation was turned off, by an aspect of the 

design that was manipulated to occupy their visual working memory at the fixation 

location, when the normal response would have been to make a more rapid exogenous 

reflexive saccade. Weber et al. (1995) interpreted this finding as meaning that the extra 

attention to the fixation point made it harder to disengage after fixation offset during the 

gap. Hence, this is an example of an endogenous process that can increase saccade 

latency during gap trials.  

Weber et al. (1995) explored the effect of randomising the durations of both 

inter-trial interval and fixation prior to target appearance. In their experiments Weber et 

al. (1995) explored these two factors separately from each other by controlling duration 

of one while the other was tested. In each case, durations of 1, 2, or 3 seconds were 

randomised. During standard 200ms-gap trials they found that randomising inter-trial 

interval had little effect on saccadic latency, whereas randomisation of fixation duration 

could slightly reduce the probability of express saccades across most participants, but 

only to a significant extent in one participant (n = 5) at 1s fixation duration (when 

compared to non-randomised 1s fixation duration control data).  
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During the fixation overlap task Weber et al. (1995) found that randomisation of 

fixation duration prior to target onset had a greater effect on reducing probability of both 

express saccade latency and fast regular saccade latency, with most latencies being over 

200ms. They concluded that various factors, including randomisation, could increase 

attention intensity during fixation, and that increased intensity of attention on fixation at 

offset could be associated with increased saccadic latency at the end of the gap. 

Moreover, Weber et al. (1995) stated that neurophysiological evidence from monkey 

research indicated that the effects they found were due to top-down attentional 

modulation of bottom-up fixational-systems, such as in the fixation neurons, and cited 

Munoz and Wurtz (1993a, 1993b).  

Saccadic Oculomotor Momentum versus Inhibition of Return 

Carpenter (2001) investigated the effect of target-prior-location in trained 

participants. While Carpenter did not state that his work was intended to explore IOR, 

and as such his paper is not positioned in the IOR field, he appears to specifically test an 

oculomotor momentum explanation for what has been known as IOR. Carpenter found 

that bimodal distributions in saccadic latency data during the gap task were due to 

sequence effects, wherein the oculomotor direction for the previous trial significantly 

affected the current saccadic latency. Carpenter presented two types of trials, with 

similar results from both. In the single gap condition a yellow LED target appeared 

randomly left or right of fixation at 3o visual angle amplitude. After a warning tone and 

central fixation random wait between 500 to 1000ms there was a 130ms temporal gap 

prior to presentation of the target (see Figure 4.3). Carpenter found that the second 

consecutive ipsilateral saccade had a higher probability of being slower, and the second 

consecutive contralateral saccade had a higher probability of being quicker (i.e. very 

fast) in five out of seven participants. 
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Figure 4.3. Single gap task, modified from Carpenter (2001, p1146, Figure 1).  

 
In Carpenter’s (2001) comparison two-gap condition, after commencing each 

trial with a central fixation, the target became a fixation point for the next target 

location. The first target was randomly presented either 1.5o left or right of fixation, and 

then, after a fixed duration wait of 1000ms, another 130ms gap occurred, at the end of 

which the target jumped a second time randomly 4.5o to the left or right of its 1.5o 

location, which meant that it landed either 3o or 6 o from the first fixation (see Figure 

4.4). Carpenter’s (2001) reasoning for implementing a second gap was to further test the 

oculomotor prior-direction effect of bimodality in saccadic latency data. In the second 

experiment the same five out of the seven participants had significantly different 

distributions of data based on oculomotor prior direction. Two participants did not have 

bimodality in either experiment, with completely unimodal data distribution. Amplitude 

for the second saccade target in a paired sequence did not matter; the effect was present 

whether the amplitude was the same or different. Carpenter likened his findings to the 

manual key-press IOR effect, where an eye movement has been suppressed. However, 

this finding appears to suggest that for some people there is an oculomotor momentum 

effect, wherein the visual systems has a preference for making saccades to a new location 
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rather than returning immediately to the same location (e.g. Klein, 2000). Moreover, note 

that this description does not require inhibition, but rather relies on the saccadic system 

continuing in a direction that it prefers.  
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Figure 4.4. Double-gap task, modified from Carpenter (2001, p1149, Figure 3).  

 
Since Carpenter’s (2001) double-gap experiment confirmed the oculomotor 

prior-direction effect in the majority of participants, the design in this thesis did not use 

a double-gap paradigm. Instead, other factors were combined with oculomotor prior-

direction (which was operationalised as target-prior-location). Discussion of saccadic 

oculomotor momentum will be returned to again later in this chapter. 

Preparation for a Discriminatory Decision about the Target 

Trottier and Pratt (2005) showed that preparation for an overt decision about a 

feature of the target had an over-riding top-down disinhibitory effect on the usual 

engagement effect of fixation-overlap. They theorised that because the oculomotor 

system was “specialised to obtain detailed information” about the environment, 

laboratory based tasks that were structured in this way could produce significantly 
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shorter latency saccades than tasks that were based on meaningless objects. Figure 4.5 

illustrates their stimuli. 

 

 

 

  (A)      (B)             (C) 
 
  

 
Figure 4.5. Trottier and Pratt’s (2005) saccadic target arrangement. The two stimuli on 

the left (A & B) had a single pixel sized centre dot, offset either left or right of centre, 

either target being presented randomly left or right of central fixation, in the one trial 

block (look-obtain); the required manual response was a decisional left or right key-

press for centre-pixel offset (not for direction from fixation), and the visual response was 

a saccade. The stimulus on the right (C) was blocked in the control (look) task, and 

required a single key-press and a saccadic response.  

 
Specifically, when naïve untrained4 participants were asked to make a decision 

about the location of the central dot in the target stimulus (by pressing an arrow key), 

they made significantly faster saccades – that approached very fast saccade latency – 

during fixation overlap trials. Trottier and Pratt (2005) called their discriminatory task 

look-obtain, and compared to it to look trials, where they asked participants to make 

saccades to a control target that had no centre pixel displacement.  

Trottier and Pratt (2005) tested the two levels of look and look-obtain across the 

two levels of fixation overlap and 200ms-gap, and found an interaction, such that mean 

saccadic latency in the 200ms-gap look-obtain condition had significantly faster latency 

                                                 
4 Many saccade studies train participants first, and often the researchers participate 

instead of using naïve untrained participants. This will be discussed further under Other 

Methodological Considerations. 
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in untrained naïve participants than had been previously reported, and fixation-overlap 

trials were reduced more under look-obtain then under look (see Figure 4.6).  

 

 

 

 

 

 

 

 

 

 

Figure 4.6. Significant saccadic latency interaction for visually driven saccades found 

by Trottier and Pratt (2005, Figure 2, p1351, used by permission). Error bars = 1 SEM. 

 
They interpreted their findings in the following manner. They stated that 

previous testing had not taken into account the top-down disinhibitory effect of task 

instruction (i.e. obtain-target-feature), and that during the classic gap experiment it was 

still possible to get further disinhibition at the SC level. They stated that the top-down 

disinhibitory effect of obtain-target-feature was most probably occurring due to further 

disinhibition of the SC by direct connection from the DLPFC to the PPRF. Note that the 

standard error for Trottier and Pratt’s (2005) 200ms-gap look-obtain condition was 

3.4ms, which was less than half the standard error size for their other three conditions in 

experiment two. This has two implications. For example, if it was the case that the 

interaction was happening due to greater disinhibition of SC cells, it is not surprising 

that their 200ms-gap look-obtain condition also produced smaller error bars. That is, this 
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could be due to a ceiling effect being approached for these visually driven saccades in 

naïve participants. They also showed raw data histograms from two participants that had 

a very steep narrow distribution (i.e. leptokurtic) for 200ms-gap look-obtain latency, 

whereas many previous saccade experiments based on meaningless targets had 

multimodal and/or positively skewed latency distributions, similar to their control look 

task.  

Other Hard Wired Aspects of Saccades 

As noted in chapter 3, because much of this following physiology section 

involves discussion of perceptual findings, it is placed here. Saccadic research during the 

gap task has found that increased probability of very fast (express) saccades is associated 

with increased spatial uncertainty (Fischer & Weber, 1993). Moreover, increased spatial 

uncertainty and increasing eccentricity of target stimuli are associated with greater 

saccade accuracy and higher peak velocity (Bronstein & Kennard, 1987). Fischer and 

Weber (1993) noted that the FEF contributed to voluntary aspects of saccades, the 

parietal cortex and occipital cortex to attentional aspects, and the superior colliculus to 

pending saccadic motor action. Findings by Munoz and Wurtz (1995a, 1995b) and 

Doris, Pare, and Munoz (1997), support the exogenous role of SC cells in producing 

express saccades. Excitatory burst neurons provide high frequency firing activity for the 

size of the required saccade, such that a larger saccade has a longer and higher density 

burst of firing than a smaller saccade (e.g. Keller & Missal, 2003). Further, EBN activity 

is significantly linked to saccade peak velocity, with higher density activity associated 

with higher peak velocity (Keller & Missal, 2003). However, disinhibition of EBNs is 

not necessarily linked to immediate saccade onset (Basso & Wurtz, 1998). For example, 

while OPN firing pauses saccadic movement, and inhibition of OPN firing could thus be 

expected to facilitate saccadic onset (i.e. pausing the inhibitory neurons), EBN firing 
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onset does not necessarily automatically immediately follow inhibition of OPNs, unless 

there is a target present, such as occurs during the gap paradigm. From a theoretical 

perspective, OPN inhibition without EBN activation brings EBN neurons into a 

depolarisation state, ready for short latency to initiation of saccadic movement once a 

target eventually appears (Sugiuchi et al., 2005).  

The functional equivalent of cessation of OPN activity is the removal of fixation. 

However, the effect of fixation removal is not sufficient to explain the gap effect. 

Explanation for the gap effect comes from research findings about SC build-up neuron 

activity (e.g. Basso & Wurtz, 1997, 1998; Munoz & Wurtz, 1992, 1993c, 1995a, 1995b). 

Superior colliculus intermediate-layer build-up neurons increase their activity during the 

gap (Munoz & Wurtz, 1992, 1993c). Moreover, Basso and Wurtz (1997, 1998) found that 

SC build-up neuron activity has an inverse relationship with target location certainty – if 

probability of target location is higher (i.e. a predictable location), then saccade delay is 

shorter, and build-up neuron activity is higher, but if target location probability is lower 

(i.e. multiple possible locations), then build-up activity is lower.  

Taken together, the findings of Basso and Wurtz (1997, 1998), and Munoz and 

Wurtz (1992, 1993a, 1993b, 1993c, 1995a, 1995b) support the proposal that some SC 

neurons act to inhibit saccade activity until target location is known, even though 

saccade preparation continues (Kustov & Robinson, 1996), thereby introducing a brief 

saccade trajectory calculation delay period between perception of stimulus and saccade 

initiation. For example, Kustov and Robinson (1996) found that build-up neuron activity 

was preparing for a specific directional saccadic response. They stated that this was 

probably due to low-level reflexive factors, rather than high-level volitional factors. Thus, 

it is reasonable to assume that low-level SC attentional delay allows higher-order 
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executive level decision time about the relative usefulness of a stimulus, prior to sending 

a saccade motor signal.  

According to the naturalistic scene search hypothesis for IOR (e.g. R. M. Klein, 

2000), if a location has already been visually attended it has a refractory period prior to 

being returned to. Hence, SC saccadic mapping activity could be inhibited for that 

spatial region. Alternatively, according to some theories the attentional capacity of 

cortical areas, such as the posterior parietal cortex, is equivalent to visuo-spatial working 

memory (Desimone & Duncan, 1995; Korsten, Fragopanagos, Hartly, Taylor, & Taylor, 

2006), and therefore has limited capacity in a similar way to working memory. Thus, 

IOR could be the result of visual working memory being briefly “filled” in that part of 

its capacity. After an initial facilitation for the mapped area (less than 300ms), if a 

particular environmental location in visual working memory has decayed, then returning 

to it (i.e. within 300ms to 3500ms after target presentation) would require remapping of 

that area, which might take 10 to 20ms and is thus well within the measured time 

difference for IOR effects.  

Saccadic IOR, Gap, and Obtain-Target-Feature 

Carpenter (2001) found that some trained participants did not show saccadic IOR 

during the gap task. The question that arose from considering obtain-target-feature, 

saccadic IOR, and the gap effect together, was: (a) Is the bimodality effect of saccadic 

IOR during the gap task simply the result of meaningless targets that can be completely 

over-ridden by using decision based targets (i.e. obtain-target-feature)? Or, (b) is the 

oculomotor momentum effect of IOR a separate additive factor in visual processing that 

may or may not interact with obtain-target-feature? For example, in the meaningless 

target case, IOR could be the result of strategic attentional processing at a parietal spatial 

relationships level (or higher in DLPFC or FEF), particularly considering that only some 
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participants showed the effect. However, if IOR was the result of a lower-level hard-

wired effect, then it could be produced at a more basic SC level (e.g. Fecteau & Munoz, 

2006; Hunt & Kingstone, 2003; R. M. Klein, 2000).  

Hunt and Kingstone (2003) considered both attentional and hard-wired aspects of 

IOR by testing key-press RT and saccadic latency to similar visual stimuli. They 

concluded that when an overt saccadic oculomotor response was made, IOR was 

bottom-up SC motor-based, rather than attentional. In contrast, when a manual covert 

response was made, there was a strong attentional top-down component to IOR. 

However, Fecteau and Munoz (2006) proposed that research evidence in favour of a 

higher level sensory based explanation for IOR did not account for the sensory outer SC 

layers. That is, because only the intermediate layers of SC are oculomotor, the other 

sensory input layers could be responsible for the putatively attention based IOR. These 

points will be addressed further in the summary and hypotheses in Chapter 5. 

Exogenous Versus Endogenous Attention 

Surrounding environmental influences can produce sudden and unexpected visual 

objects, or sounds, that are beyond individual control – for example, a flash of light, or a 

snapping twig. Thus, visual stimuli can externally drive automatic visual orienting to an 

approximate location in space near the visual object. This sudden orienting effect is 

referred to as exogenous attention, and is driven by low-level bottom-up processes, 

which provide automatic control to the extra-ocular motor muscles via early cortical 

visual areas such as LIP, and sub-cortical structures such as the superior colliculus for 

visual orienting, or inferior colliculus in the case of auditory orienting.  

By comparison, endogenous visual attention is driven by volitional internal 

control of saccades. During everyday life, as we search for known objects, we produce 

numerous voluntary saccades while scanning our environment. Internally driven visual 
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search cues, such as the search for a familiar face in a crowd, a particular book on a 

shelf, or smooth-pursuit of a moving car, drive voluntary visual orienting, referred to as 

endogenous attention. When we find the object of interest we usually make a decision. 

Therefore, endogenous visual search is a top-down gated process, and, in comparison to 

flashed objects that command lower level responses, is believed to be under higher-level 

FEF control (e.g. Krauzlis, 2004). Moreover, once top-down attention has been captured, 

stable vision of the object of interest is maintained by a constantly interacting system of 

top-down gating control over the bottom-up mechanisms of vision.  

An example of a putatively exogenous laboratory task occurs when participants 

are instructed to make saccadic response to the onset of single meaningless targets 

presented in random locations in the peripheral visual field. This type of task only 

requires a low-level perceptual response, without any decision or goal, except to look at 

the target as soon as it appears – either the target is present or it is absent. Typical 

saccadic latencies for such a task have a range between 130-180 ms (during FOE), and 

were previously assumed to be in the fast regular saccade range (e.g. Fischer & Weber, 

1993; Fischer, Weber et al., 1993; Weber et al., 1995). However, Godijn and Theeuwes 

(2003) argued that saccades toward suddenly appearing single targets are not truly 

exogenous. That is, because participants know that a target of a certain type will appear, 

they have some preparatory knowledge that captures some of their endogenous 

attentional control. They argued that in order for true exogenous saccades to occur, dual 

control tasks were required, that controlled endogenous attention while also allowing 

low-level exogenous attention to be captured in an unintentional manner. Godijn and 

Theeuwes (2003) stated that this could be done by providing an explicit endogenous 

saccadic goal that is different from the location of the abrupt onset exogenous target. 

They cited two paradigms that were assumed to generate unprepared unintentional 
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exogenous saccades. The first is the antisaccade task (Hallet, 1978, cited in Godijn & 

Theeuwes, 2003), and the second is the oculomotor capture paradigm (e.g. Theeuwes, 

Kramer, Hahn, & Irwin, 1998; Theeuwes, Kramer, Hahn, Irwin, & Zelinsky, 1999). See 

Appendix B2 for brief descriptions of these tasks.  

Although Godijn and Theeuwes (2003) argued that there were no other tasks that 

reliably elicited such “genuine” exogenous saccades as the oculomotor capture 

paradigm, Trottier and Pratt’s (2005) obtain-target-feature task appears to fulfil some of 

the criteria for this classification. For instance, because Trottier and Pratt’s obtain task 

requires the occupation of top-down endogenous preparation for an overt decision to be 

made about the target, the higher level attentional system is less occupied with 

preparation for a suddenly appearing target. That is, in addition to their argument for 

disinhibition of the SC by top-down processes, it is assumed in this thesis that another 

aspect of the obtain-target-feature paradigm is the top-down preoccupation of short-

term visual planning working memory in DLPFC with the task, such that suddenly 

appearing stimuli are significantly more visually driven and are therefore more 

exogenous in nature. That is, instead of having an explicit endogenous saccadic goal, 

Trottier and Pratt had an explicit discrimination task goal, which was not linked to 

saccade spatial characteristics or planning. Hence, top-down planning preoccupation 

could override other endogenous predictive spatial-relationship aspects of visual. 

Top-Down and Bottom-Up Approaches to Saccade Generation 

Some researchers assume that top-down factors can generate eye movement (e.g. 

Pierrot-Deseilligny et al., 2005; Schiller, True, & Conway, 1980), whereas others state 

that neurophysiology recordings of temporal evidence during perceptual testing supports 

the alternative view – that top-down attention factors mainly act to gate preparation for 

bottom-up generation of eye movements (e.g. Desimone & Duncan, 1995; Keller & 
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Missal, 2003; Krauzlis, 2005; Lennie, 1998). Schiller et al. (1980) argued that findings 

of FEF activity during saccades in a brain-injured patient with SC damage suggested that 

FEF is able to play a similar top-down role in saccade generation to that of the lower-

level bottom-up superior colliculus. In Burr’s (1999) view, it is likely that the FEF role 

in saccades after brain injury is an example of cortical plasticity that has supplanted SC 

activity and is a rare exception, rather than necessarily being a major centre of saccade 

generation in normal participants.  

Colby and Goldberg (1999) argued that activity in LIP in monkeys during 

saccade preparation was evidence of attention, rather than oculomotor activity. Bisley 

and Goldberg (2003) also found that neuronal activity in monkey LIP described 

attentional priority in that area, but did not necessarily predict that an eye movement 

would occur. Gersch, Kowler and Dosher (2004) argued that a finding of activity in FEF 

and LIP in normal participants during saccade preparation was more probably due to 

attention and preparatory intention to make saccades, rather than saccade generation. 

Yantis et al. (2002) concluded that their fMRI data recorded during covert attention 

shifts supported an attentional role for the parietal cortex.  

In non-brain injured participants eye movements can be facilitated or inhibited by 

top-down processes, whereas in certain types of brain-injured participants facilitation 

and inhibition can be impaired while eye movement generation remains intact (e.g. 

Butler, Gilchrist, Ludwig, Muir, & Harvey, 2006; Snyder & Chatterjee, 2006). For 

example, Pierrot-Deseilligny et al. (2003) found evidence in patients with selective 

damage to the DLPFC (but not the FEF) that reflexive saccade inhibition (e.g. in the 

antisaccade5 task) was mainly under the control of this area.  

                                                 
5 Antisaccade: Where participants are asked to suppress reflexive eye movement and 

instead look to the mirror location of the target. 
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Simplified Model of Processes Associated with Saccades 

Munoz and Everling (2004) proposed a model of attention during saccadic eye 

movement. Although their model was based on the antisaccade task, it is also applicable 

to other aspects of saccadic research. Part of the model is reproduced in Figure 4.7, in a 

similar manner to Engbert (2006, Figure 11, p189). Note that connections from DLPFC 

to SC are more complex than shown in Figure 4.7. Trottier and Pratt (2005) suggested 

that the DLPFC to SC pathway (via substantia nigra pars reticulate; SNpr) was a 

probable candidate for obtain-target-feature action. Compare connections from basal 

ganglia to SC and the reticular formation with connections shown in Figure 3.5.  
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Figure 4.7. Simplified model of processes contributing to saccades. Modified from Munoz and Everling (2004), Engbert (2006), and others. 

Auditory input to SC not shown, but also part of the direct pathway of orienting. Compare to Figure 3.3 for physiological overlay. LGN = 

lateral geniculate nucleus; LIP = lateral intra-parietal nucleus; FEF = frontal eye field; SEF = supplementary eye field; DLPFC = dorso-lateral 

prefrontal cortex; RF = reticular formation; SNpr = substantia nigra pars reticulata. 
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Summary 

What are goal directed saccades? Some authors have previously referred to 

goal directed saccades as being those visually driven saccades made toward a 

suddenly appearing meaningless target (e.g. Munoz & Everling, 2004). Trottier and 

Pratt’s (2005) data would appear to refute this view. For example, just because a 

decision is required and planned in working memory for a meaningful target, this does 

not mean that the consequent saccade preparatory mechanisms are necessarily 

endogenous. Rather, the preparation for a decision is endogenous, while the saccade 

itself is primarily exogenous because top-down control is busy with preparing for the 

decision. In effect, top-down overt preparation for a decision has released bottom-up 

control in a similar way to the gap-effect.  

Express saccades are usually considered to be an example of exogenous 

visually driven saccadic movement. However, Trottier and Pratt (2005) disagreed with 

the definition of express saccades. Rather, they suggested that their express saccade 

finding during look-obtain supported an argument for express latencies as being 

normal, and that other slower regular saccades were abnormally slowed by laboratory 

testing paradigms. Nonetheless, latencies in the express saccade range can be 

produced either due to the effect of practice, or as the result of introducing a temporal 

gap between fixation-offset and target-onset (e.g. Fischer & Weber, 1993), or as a 

result of specific conditions designed to elicit rapid eye movements in naïve 

participants (e.g. Trottier & Pratt, 2005).  

Lastly, the exogenous effect of bottom-up visually driven saccades can be 

further enhanced depending on the level of uncertainty in target presentation. 

Bronstein and Kennard (1987) found that randomisation of parameters during testing 

increased saccade peak velocity and increased accuracy. Weber et al. (1995) found that 

randomisation increased saccade latency. Basso and Wurtz (1997, 1998) found that if 
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probability of target location is predictable, then saccade delay is shorter, but 

if target location probability is uncertain, then build-up neuron activity is lower, and 

saccades latency is longer. However, Fischer and Weber (1993) found that increased 

uncertainty of target location increased the likelihood of finding express saccades 

during the gap task. Further, Carpenter (2001) found that sorting by oculomotor 

sequence could also increase the probability of finding express saccades during the gap 

task. Apparently, increased randomisation equals reduced predictability, thus producing 

higher probability of exogenous reflexive saccades (Bronstein & Kennard, 1987). 

Moreover, spatial uncertainty of targets is necessary for true exogenous express 

saccades to occur (e.g. Weber & Fischer, 1995). Therefore, at a basic level, in order to 

ensure exogenous saccade production, targets should be temporally and spatially 

randomised.  
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Chapter 5   

Summary and Hypotheses 

Saccadic Latency 

Carpenter (2001) found that oculomotor-sequence effects could predict 

significantly higher probability of express saccades in the some trained participants in 

the gap task, however he only had 7 subjects. Trottier and Pratt (2005) found that 

making a discriminatory decision about a feature of the target stimulus could produce 

saccade latencies in the very fast (express) range in naïve untrained participants, not 

only in the gap task, but surprisingly during fixation overlap. Various authors have 

found higher probability of very fast saccade latencies during the gap paradigm when 

compared to simultaneous fixation-offset with target-onset (fixation offset effect). 

Hence, it was proposed that when sorting of latencies by oculomotor-sequence was 

combined with the goal directed decision task, and with the gap-effect, and enhanced 

with temporal and spatial uncertainty, they would interact to produce distributions of 

exogenous saccadic latencies in naïve participants that were faster than might be 

expected for unpredictable stimuli. 

The following hypotheses were made. 

1. (a) It was predicted that there would be a main effect of obtain-target-

feature, with significantly shorter saccadic latencies for obtain-target-

feature compared to no-obtain meaningless targets.  

(b) It was predicted that there would be a main effect of gap, with saccadic 

latencies for 200ms-gap being significantly shorter than 0ms-gap.  

(c) It was predicted that there would be a main effect for IOR 

(operationalised as ipsilateral- and contralateral- target-prior-location), 

with saccadic latencies for targets that were in the opposite location as the 
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previous target being significantly shorter than latencies to 

targets that were in the same location as the previous target. 

2. It was predicted that the reduction in saccadic latency for obtain-target-

feature during 0ms-gap trials would be greater than the reduction for obtain 

during 200ms-gap trials. Thus, a two-way interaction of gap by obtain-

target-feature was predicted. It was unknown whether or not the two-way 

interaction of gap by obtain-target-feature would be subsumed in a three-

way interaction by the inclusion of the IOR oculomotor sequence factor. 

Possible three-way interactions were considered as follows. 

If one factor affected a different stage of visual processing to the two other 

factors, then they could have both additive and interactive effects, with a three-way 

interaction. Based on Hunt and Kingstone (2003) and Carpenter (2001), it could be 

predicted that the mainly SC generated oculomotor effect of saccadic IOR would 

interact with SC generated gap effect, but would then further interact with the 

attentional component of either obtain-target-feature or IOR. Alternatively, if the three 

factors were all affecting the same stage of visual processing (bottom-up SC), and 

were converging on the fastest condition level, with two-way interactive effects for 

gap and obtain-target-feature, but with a further IOR interaction under 200ms-gap, the 

expected outcome for 200ms could be convergence of both contralateral-target-prior-

location obtain-target-feature and contralateral-target-prior-location no-obtain.  

Anticipatory Saccade Rates 

3. (a) As per Trottier and Pratt (2005), it was expected that there would be a 

significantly greater rate of anticipatory saccades during 200ms-gap than 

during 0ms-gap, and (b) a significantly greater rate of anticipatory saccades 

during obtain-target-feature trials than during no-obtain. Further, even 

though Trottier and Pratt did not test 0ms-gap, it was still expected that the 
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disinhibitory oculomotor preparation effect during 200ms-gap 

would be associated with significantly greater anticipatory saccades than 

during 0ms-gap. 

4. An additional anticipatory saccade hypothesis was made as follows. Trottier 

and Pratt (2005) theorised increased disengagement of control during obtain-

target-feature. Therefore, if saccadic oculomotor momentum (sometimes 

referred to as saccadic inhibition of return - operationalised as target-prior-

location) occurs in a mainly bottom-up reflexive manner (e.g. in SC), then in 

conditions of increased attentional disengagement of oculomotor control (i.e. 

200ms-gap combined with obtain), the percentage of anticipatory saccades 

in the continuing oculomotor direction (contralateral target sequence) could 

be significantly greater than the percentage of anticipations in the reversing 

oculomotor direction. This prediction implies that there will be significantly 

different rates for pro-target and direction-anticipations depending on 

whether the previous trial was contralateral (contralateral-target-prior-

location) or ipsilateral (ipsilateral-target-prior-location) to the current target. 

However, when top-down control is more engaged, such as during no-

obtain-target-feature (meaningless target), pro-target and direction 

anticipation rates could be approximately equal for contralateral- and 

ipsilateral-target-prior-location.  

Discrimination Accuracy for Obtain-Target-Feature 

Trottier and Pratt (2005) reported accuracy for discrimination of centre-pixel-

offset as being above at least 80% for all participants. This measure is important 

because it tests whether or not participants are doing the task as instructed. Moreover, 

Trottier and Pratt did not report any other behavioural measure of participant 

engagement in the discrimination task.  
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5. It was expected that if participants were doing the task correctly, 

then it would take significantly longer to cognitively process the manual 

key-press response to the target at an endogenous top-down level. 

Therefore, in addition to expecting that target discrimination accuracy 

would be at 80% or higher, it was also predicted that key-press response 

time would be significantly longer for arrow-keys during obtain-target-

feature, when compared to spacebar response time in the no-obtain target-

feature conditions.  
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Chapter 6   

Other Methodological Considerations 

The method is covered in chapter 7. There were several other factors to consider 

in designing this experiment. Because these are necessarily laborious, some of the more 

technical aspects are explained in Appendices, and some are explained here. 

Measurement of Eye Movement 

Saccadic eye movement is defined as a rapid brief movement of the eye, such 

that the fovea moves its point of focus from one location to another. Several parts of 

saccadic movement can be measured, including saccadic onset latency after target 

onset, acceleration, velocity, amplitude, and gain – the initial size of the saccade in 

proportion to correct foveation of the stimulus. That is, saccades can undershoot, 

foveate, or overshoot target stimuli (Fischer, Weber et al., 1993). However, saccadic 

latency was the main dependent variable of interest for this thesis, and was defined as 

the time taken for the eye to begin to correctly respond to a suddenly appearing 

stationary peripheral visual stimulus. Figure 6.1 shows a diagrammatic illustration of 

saccadic latency recording.  

Equipment Types 

Appendix C1 reviews equipment types used in eye-movement measurement. In 

brief, infrared equipment was previously purchased and it was cost effective to 

implement for this study in comparison to either video based or EOG methods. 

Infrared eye tracking using the IRIS requires stabilisation of the head. In this thesis 

vergence and torsion were controlled by having a set viewing distance and viewing 

angle. Further, gaze stabilisation was controlled in a similar manner, while fixation 

was measured and controlled. Figure 6.2 shows the chin and cheek rest used for head 

stabilisation.  
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Figure 6.1. Diagrammatic simulation of saccade onset during a 0ms-gap trial.  

 

 

 

 

 

 

 

 

 

 

 
Figure 6.2. Chin and cheek rest used to stabilise head position. 
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Detection of Saccadic Onset 

Considering that the eye accelerates extremely rapidly, and reaches peak 

velocity within ~20ms (Becker, 1989), any saccadic onset detection algorithm should 

be capable of accurately detecting the movement signal above background noise (after 

smoothing). Examination of published cut-off values for saccadic onset shows 

considerable variation, with several authors omitting this information. Therefore, the 

saccadic onset detection criterion was based on the capability of the algorithm to 

accurately discriminate the onset from background noise. Appendix C2 describes the 

method of saccade detection used in this thesis in more detail. After applying a 

Hanning smoothing filter (with half Hanning size correction) in Matlab, it was found 

on visual examination that saccadic latency onset could be correctly and reliably 

detected at ~20o/s velocity. Each trial was graphed and visually inspected in Matlab 

using purpose written scripts, followed by export to SPSS. All trials were manually 

coded for anticipatory errors, landing position errors, blinks, and saccade onset 

detection errors.  

Horizontal versus Vertical Presentation Plane 

Trottier and Pratt (2005) initially presented stimuli in both the vertical and 

horizontal planes, randomly above or below or left or right of central fixation. 

However, adding the vertical plane produced no significant interaction effect. Rather, 

there were significantly shorter saccadic latencies in the horizontal plane, which was 

expected. Hence, in their second experiment, Trottier and Pratt only presented in the 

horizontal plane, as did Carpenter (2001). Therefore, the horizontal plane design was 

also followed in this thesis. 

Selection of Target Amplitude Locations 

Trottier and Pratt (2005) used target amplitude of 14o. Target amplitudes 

presented by Carpenter (2001) were between 1.5o to 4.5o. Carpenter suggested that the 
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effects he obtained may have been due in part to localised retinal adaptation 

caused by the experimental design. Stimulation of the retina external to the fovea is 

minimal at 1.5o eccentricity and this may therefore increase saccadic latency and 

reduce acceleration and peak velocity (e.g. Fischer & Weber, 1993). For example, 

Weber, Aiple, Fischer, and Latanov (1992; cited in Fischer & Weber, 1993, see their 

Figure 8, p562) presented evidence for high probability of express saccades between 

4o to 10o eccentricity, with increased probability of regular saccades below 4o. Weber 

et al’s (1992) results show that although probability of express saccades increased 

with increasing amplitude from 4o, there was still a tendency for a greater frequency 

of fast-regular saccades at the border of 4o eccentricity, with fewer express latencies. 

Additionally, Weber and Fischer (1995) found left/right asymmetries in four out of 

five trained participants at 4o amplitude. In apparent contradiction to these previous 

finding Gowen and Abadi (2005) chose 4o target amplitude, because this would 

putatively produce more express saccades, citing Biscaldi, Fischer, and Stuhr (1996), 

and Weber et al. (1992). Klein and Fischer (2005), and Klein, Raschke and 

Brandenbusch (2003), also chose 4o target amplitude. Moreover, Carpenter (2001) 

found that changing target amplitude from trial to trial had “no noticeable influence” 

on inhibition of return.  

Because previous authors have used various amplitudes, and because 

uncertainty of target location was intended, multiple locations were presented along 

the horizontal plane, in randomised order. The chosen locations were +/-4o, +/-6o, and 

+/-8o.  However, because there was contradictory evidence about latency effects at 

smaller amplitudes, it was planned a priori that if preliminary analyses showed that 

including 4o created significant difference in the result when compared to 6o and 8o 

amplitudes, than this was a theoretical basis for excluding 4o amplitudes from the 

main analysis.  
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Temporal Uncertainty 

In order to increase temporal uncertainty, such that the probability of 

exogenously driven visual responses could be improved, apart from using multiple 

locations and randomised fixation duration, randomisation of inter-trial-interval was 

also added to the design. Thus, by comparison to Carpenter (2001) not only was there 

uncertainty in the randomisation of fixation duration, another level of uncertainty was 

added to this. The addition of randomised inter-trial interval was also more 

randomised than Bronstein and Kennard (1987). Although Weber et al. (1995) 

randomised inter-trial interval, they did so with one, two, and three second intervals. 

Further, they did not attempt to combine randomised inter-trial interval with randomised 

fixation duration, and they only used trained participants.  

Overlap, 0 ms, and Gap Fixation-to-Target Onset Asynchrony 

Carpenter (2001) chose fixation-offset to stimulus-onset of 130 ms in all trials. 

Trottier and Pratt (2005) compared fixation overlap (fixation remained on throughout 

trials) to 200ms-gap between fixation-offset and target-onset. Since Trottier and Pratt 

already demonstrated the robust effect of obtain-target-feature during fixation-overlap 

trials, this thesis chose a more conservative comparison of 0ms-gap to 200ms-gap. 

Further, 200ms-gap is a common duration used in several published articles, and 

Weber et al. (1995) found that it produced a higher probability of express saccades 

compared to longer and shorter gap durations (i.e. 100ms, 300ms, & 400ms).  

Weber et al. (1995) found that randomly interleaving 0ms-gap and 200ms-gap 

in the same trial block could significantly prolong 200ms-gap saccadic latencies by up 

to 10ms. For theoretical reasons Hunt and Kingstone (2003) chose not to interleave 

stimulus onset asynchrony levels when investigating IOR. They stated that this might 

have an influence on the IOR effect. Further, because several other parameters were 

already randomised in the design, gap levels were tested in separate trial blocks.  
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Effect of Instruction Type 

In the design for this thesis an attempt was made to balance urgency to look 

and urgency of manual key press response for both conditions, by instructing 

participants that both accuracy of eye movement and speed of key press response were 

equally important across all conditions. Carpenter (2001) gave participants a warning 

tone at the beginning of each trial. Trottier and Pratt (2005) used warning tones to 

inform participants when they had pressed the wrong key, or when they had broken 

fixation, or when they missed the target in the look control condition. However, 

warning tones were not used at any stage in this thesis. Rather, participants were 

simply told that while it was important to be as accurate as possible, if they made a 

mistake this could be recovered at the time of analysis. This was important because it 

made both the saccadic latencies and manual key-press response times comparable 

across obtain-target-feature condition levels. For further discussion of Trottier and 

Pratt’s instructions see Appendix C3. 

Trained versus Naïve Untrained Participants 

When investigating exogenous reflexive processes the effect of top-down 

attention could be considered to be noise in the data (Wright & Richard, 1998). 

Therefore, many saccade studies have used either highly trained participants, and/or 

the authors (e.g. Fischer & Weber, 1993; Weber et al., 1995). However, because 

training can cause attentional components to become automated, leaving only the 

reflexive component (Wright & Richard, 1998), Trottier and Pratt (2005) used naïve 

untrained participants. In order to balance attention with reflexive responses the same 

choice was made in this study. 

Anticipatory Saccades 

Anticipatory saccades occur when participants move their eyes prior to 

appearance of the target (either during fixation or during the gap), or move their eyes 
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after appearance of the target but before they could possibly have processed 

the target. An accepted method of finding within-subject cut-off saccadic latency 

values for anticipatory saccades is to look at the level at which saccades in the wrong 

direction cease to occur (e.g. Weber et al., 1995). On this basis, it has generally been 

accepted that anticipatory saccades could occur within the first 0 to ~80 ms of 

appearance of the target. Anticipatory saccades were also classed by Trottier and Pratt 

(2005, p1352, Figure 3) as being less than the latency at which no saccades occurred 

in the wrong direction for any given participant, however the latency level found by 

Trottier and Pratt during obtain-target-feature 200ms-gap trials was ~60 to 70ms. 

Because of the multiple randomised target parameters included in the design for this 

thesis, it was expected that the latency below which wrong direction saccades 

occurred could be slightly higher. Anticipatory saccades were identified by visual 

inspection of each graphed eye-trace. See Appendix C4 for further information and 

examples of how pro-target and wrong direction saccades were classified. 

Anticipatory key-press trials were also excluded from analysis. These were 

easy to detect because they terminated the trial, thus ending the eye movement 

recording for that trial. After trials commenced participants often automatically made 

predictive saccade return to central fixation during the inter-trial-interval, despite 

being instructed to “wait for the next fixation cross to appear”. Hence, this type of 

predictive saccade (to a known location) was different from anticipatory saccades 

after fixation offset (to an unknown location). Moreover, situations where participants 

tried to overtly predict the location of the next target by not re-fixating after the 

previous target were usually corrected prior to the end of fixation. Where they were 

not corrected the trial was classified as fixation error, rather than anticipatory error. 

These were overt top-down predictive errors (and failure to follow instructions on 
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those trials) as opposed to bottom-up disinhibitory anticipatory errors. 

Participants who repetitively did this were excluded. 

Positive Outliers 

The main criterion for excluding saccadic latencies as positive outliers was 

based on being over +3.29 z-scores of the mean. This criterion is equivalent to 99.9% 

of the data set being included as normal (after exclusion of other errors), and 

occasionally allowed some positive skew in the distribution to remain. Precedence for 

excluding saccades on this basis came from Crevits and Vandierendonck (2005), who 

used a less conservative cut-off criterion of two standard deviations for exclusion of 

slow outliers6. Appendix C5 gives more detail about positive outliers. 

Key-Press Response Time 

Key-press RT data was screened for skewness and positive outliers in a similar 

manner to saccadic latency data. The instruction set for manual key-press was 

designed to give equal emphasis to the two levels of obtain-target-feature, which made 

manual RT for obtain levels comparable. However, it was not designed to test manual 

IOR. Hence, it was conservative to consider that there may be systematic artefacts in 

the key-press RT’s that could bias more subtle IOR results. Therefore, although all 

key-press RT’s were entered in a factorial ANOVA, only the effect of obtain-target-

feature was reported.  

                                                 
6 Crevits and Vandierendonck (2005) excluded 1.12% of their data based on 

their 2 z-scores criterion. In this thesis there was a lower exclusion rate (see Results).  
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              Chapter 7   

Method 

Participants 

Twenty-six naïve first year psychology students with normal vision 

participated in exchange for course credit. After exclusions there were 20 participants, 

11 females with median age of 20 years, and range 17-35 years, and 9 males with 

median age of 22 years, and range 18-34 years. One participant was excluded as a 

pilot because minor adjustment was made to the trial duration for all subsequent 

participants. Another two participants were excluded in order to keep the counter-

balanced design. Substituting any of these three participants in the analyses did not 

change the significant results. Three other participants did not complete data 

collection for various reasons including hardware failure, headache, tiredness, and 

excessive watering of eyes. There was no specific gender or age pattern for these 

participants. Ethics approval was obtained from Griffith University Ethics Committee. 

For a copy of the Information Sheet and Informed Consent see Appendix D1.  

Design 

This thesis used a gap (2) by obtain-target-feature (2) by target-prior-location 

(2) by target-direction-from-fixation (2) by target-amplitude (3) repeated measures 

factorial design. There were two levels of temporal gap (gap versus no-gap), two 

levels of obtain-target-feature (obtain-target-feature versus no-obtain), two levels of 

target-prior-location (ipsilateral- versus contralateral-target-prior-location), two levels 

of direction from fixation (left or right), and three levels of eccentricity from fixation 

(4o, 6o, & 8o), giving 48 within-subject cells. See Table 7.1 for condition levels of 

independent variables.  

The primary measured variable was saccadic onset latency after target onset, in 

milliseconds. The second measured variable was the rate of errors in percent per 
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condition level. Key-press RT was also measured. Criteria for saccadic 

latency detection and error type were discussed in Chapter 5.  

Table 7.1. Repeated Measures Conditions, with Sixteen Cells Across Three 

Eccentricities (3 x 16 = 48 Cells). 

Degrees3 Gap Obtain-

Target-

Feature 

Target-

Prior-

Location1 

Direction-

from-

Fixation2 
4 6 8 

Left 10 10 10 
Ipsilateral 

Right 10 10 10 

Left 10 10 10 
No 

Contralateral
Right 10 10 10 

Left 10 10 10 
Ipsilateral 

Right 10 10 10 

Left 10 10 10 

0ms 

Yes 

Contralateral
Right 10 10 10 

Left 10 10 10 
Ipsilateral 

Right 10 10 10 

Left 10 10 10 
No 

Contralateral
Right 10 10 10 

Left 10 10 10 
Ipsilateral 

Right 10 10 10 

Left 10 10 10 

200ms 

Yes 

Contralateral
Right 10 10 10 

 

1, 2 Target-Prior-Location is a different factor to Left/Right direction-from-fixation. 

3 Average number of trials per cell per participant = 10; 10 x 48 = 480 
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Stimulus Parameters 

The two levels of stimulus-onset-asynchrony (from fixation offset to stimulus 

appearance) were 0ms-gap and 200ms-gap. Similarly to Trottier and Pratt (2005), the 

two levels of obtain-target-feature were operationalised as discrimination of target 

centre-pixel-lateral-displacement. See Figure 7.1. The central fixation cross-hair was 

0.8o by 0.8o, and 0.05o line width. 

 
          0.5o width        0.5o width 

 

      0.3o height 

 

       

  (a)      (b) 

 
Figure 7.1. Visual stimuli used in this thesis. (a) The two stimuli used for the obtain-

target-feature trials. Participant response was left or right arrow-key press. (b) 

Stimulus used in control trials. Participant response was space-bar press. 

 
Oculomotor consecutive sequence for contralateral-target-prior-location and 

ipsilateral-target-prior-location targets was operationalised in a similar manner to 

Carpenter (2001). See Figure 7.2 for details. Each second target in a sequence pair 

became a first target for the next sequence pair. In a block of 120 trials there were 119 

possible pairs, with only the first trial being discarded. 

Because operationalisation of oculomotor sequence using the target-prior-

location factor could be counterintuitive, it is explained further in detail here. When 

two targets appear right of fixation on consecutive trials, this represents a pair of 

ipsilateral-targets. However, in terms of oculomotor sequence, a pair of ipsilateral 

targets represents reversing oculomotor movements of right-left plus right. This is 

because participants were asked to return the eyes to central fixation at the beginning 
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of each new trial. When the first target appears right, followed by left, this 

represents a pair of contralateral-targets, but a continuation of movement sequence in 

one direction away from the first target. 

 

 

 

 

 

 

Eye-Movement 
Target (A) 

Target 

(B) Target 

Target 

 
Figure 7.2. Operationalisation of oculomotor sequence (saccadic IOR factor) using 

target-prior-location. Dashed arrows represent eye movements, with the first 

movement at top in each panel. (A) Ipsilateral second target represents an oculomotor 

sequence of right, left, plus right. (B) Contralateral second target represents an 

oculomotor sequence of right, left, plus left.  

 
Materials 

An IBM compatible Pentium 800 MHz PC running Neurobehavioural Systems 

Presentation® program was used to display and collect the data. The operating system 

was Microsoft Windows 98. Appendix C2 gives details of the infrared eye tracking 

equipment. Figure 7.3 shows a mock-up of how participants were seated.  
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Figure 7.3. Seating position during testing. Ambient light settings during testing were 

lower than shown in this photo. 

 
There were four sets of Presentation® configuration files, one for each trial 

block. After piloting modifications were made. Adjustable parameters included on-

screen messages, display resolution, colour depth, background colour, size, fixation 

and stimuli, infrared sampling rate, and randomisation. Output files (3 for each trial 

block) included all relevant parameters such as trial type, trial number, left/right 

direction from fixation, target amplitude, inter-trial interval, fixation duration, 

digitised eye-trace, digitised event codes, and key-press response. For obtain-target-

feature trials the offset of the centre pixel (left or right) was also recorded, such that 

accuracy of key-press response codes could be checked. 

Stimuli were displayed on a 21 inch (20” viewable) CRT monitor running at 85 

Hz horizontal refresh and 1600 x 1200 resolution. Stimuli were displayed along a 

horizontal plane half-way down the screen. Temporal parameters varied from the 

requested timing due to display synchronisation. When a request was made by the 

program for a particular event, the program waited until the beginning of the next 

horizontal screen refresh prior to sending the request. Hence, although time stamped 

eye-trace signals were recorded and were synchronised with the start of the raster at 
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the top of the screen, at 85 Hz refresh rate the time taken for a signal to 

arrive at the middle of the screen was approximately 5.5 ms (1000/85Hz ~= 11.647ms 

per frame). This meant that the actual onset was ~5 ms later. After checking with an 

oscilloscope and photosensitive diode it was ascertained that temporal gaps were 

approximately 5ms and 205ms, rather than 0ms and 200ms. Therefore, all recorded 

signals were corrected offline by subtracting 5ms. 

Display luminance levels7 were measured in candelas per meter squared 

(cd/m2), at 57 cm from the display, and at ambient room light levels, using a Konica 

Minolta Chroma Meter CS-100A with a 1o luminance focal point. Foreground stimuli 

brightness when stationary was above 17.5 cd/m2. Background luminance grey level 

was adjusted upward to reduce phosphor afterglow, but remained below 0.20 cd/m2. 

This gave a Michelson8 contrast level of: 

98.0
2.05.17
2.05.17

minmax

minmax ≅
+
−

=
+
−

LL
LL

 

Reflective luminance of the monitor frame was masked with a mat black cardboard 

frame and was 0.0 cd/m2. Ambient room lighting was set below normal interior 

lighting level using adjustable recessed ceiling globes. Wall and floor reflective light 

levels averaged 1.0 cd/m2 taken across six readings (range 0.25 to 1.3 cd/m2), while 

                                                 
7 Luminance is defined as the luminous flux emitted, reflected, or transmitted by a 

surface, and is measured in cd/m2.  Candelas per meter squared is a standardised 

measure of the radiant light energy emitted by one burning wax candle wick, such 

radiance falling on the inside surface of an imaginary sphere with radius of one metre 

surrounding the flame, and covering an area of 1m2 on the inside surface of that sphere. 

8 Michelson contrast measures the peak to peak relationship between the spread and the 

sum of two luminance sources. 
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wall levels behind the monitor averaged 0.25 cd/m2. Michelson contrast 

between the background wall and the foreground of the monitor was also close to 

unity. 

Viewing distance was 57cm, which meant that 1cm of distance on the display 

equalled 1 degree of visual arc angle. Seat height was individually adjusted for each 

participant, so that their eyes were level with the centre of the display. A keyboard 

wrist-rest was provided to reduce the possibility of wrist fatigue, although some 

participants chose not to use the wrist rest.  

Procedure 

All testing was carried out in the morning and participants were requested to 

only attend if they had slept well on the previous night. Participants were again 

questioned on this once they attended, and some were excluded prior to testing. 

Participants who chose to ignore this found that they had to cease testing part way 

through. Prior to attending participants who were smokers were asked to refrain from 

using nicotine for at least two hours. This was to control for any potential effect of 

nicotine on eye movement (e.g. Olincy, Johnson, & Ross, 2003).  

There were four trial blocks, each with 120 trials, giving a total of 480 trials 

per participant (see Table 7.2). In order to control for practise, fatigue, and carryover 

effects presentation order of trial blocks was counterbalanced between participants 

using a Latin-square design. In order to control non-predictability of stimuli location 

several parameters were randomised. These included right and left direction from 

fixation, target-amplitude, duration of inter-trial interval, and duration of fixation, but 

not gap interval. Once a response key was pressed a new inter-trial interval began.  
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Table 7.2. The Four Trial Blocks That Were Presented In Counterbalanced 

Order. Response Requested From Participant Shown In Brackets For Each Stimulus 

Type. 

Stimulus Type 0ms-Gap 200ms-Gap 

Centre Pixel Only (spacebar) 120 trials 120 trials 

Obtain-Target-Feature 

(left or right arrow key) 

120 trials 120 trials 

 

After checking with participants that they had read the information sheet and 

signed the informed consent form, they completed the demographic sheet. Participants 

were then shown the apparatus at which point the researcher demonstrated the infrared 

eye-tracker and explained the basic principles of how it worked. Participant questions 

were answered prior to commencing, except where they involved the hypotheses, in 

which case they were answered upon completion. During each block of trials 

instructions were repeated on the screen prior to the calibration, prior to the practise 

trials, and prior to the main trials. However participants could skip these instructions 

by pressing the space-bar once they were familiar with the program. Participants were 

also verbally instructed as per a set of written instructions. See Appendix D2 for a 

copy of these instructions. In brief, equal emphasis was placed on speed of manual 

and saccadic response in both no-obtain and obtain trial blocks. Participants were 

instructed to keep their head as still as possible during testing.  

Calibration 

Prior to stimulus calibration the infrared eye tracker centre position was 

adjusted. During this participants were asked to move their eyes in a wide arc from 

side to side across the display, and to then look at a central fixation spot on the screen. 
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There were 9 calibration trials at the beginning of each trial block, followed 

by six practise trails that could also be used as calibration trials. When the space-bar 

was pressed calibration trials commenced. Calibration targets with pseudo-random 

positions had the dimensions of Figure 7.1(b) and were shown across 9 locations 

ranging from –10o to +10o, in 2.5o intervals. Each calibration target remained on for 

2000ms, with a 1000ms interval between each target.  

Experimental Trials 

All trials commenced at a white crosshair central fixation. Inter-trial interval 

varied between 500-1000ms in random intervals of 12.5ms (40 possible durations x 3 

= 120). Fixation duration varied between 500-1000ms in random intervals of 12.5 ms 

(40 possible durations x 3 = 120). For no-gap trials the shortest possible inter-trial 

interval combined with the shortest possible fixation duration was 1000ms, and the 

longest possible duration prior to presentation of the target was 2000ms. For gap trials 

the shortest possible inter-trial interval combined with the shortest possible fixation 

duration plus the gap was 1200ms, and the longest possible duration prior to 

presentation of the target was 2200ms. If participants did not make a key-press 

response within 1500ms of target presentation a time-out message appeared at the 

bottom of the screen saying, “Press key to continue”. Hence, maximum trial duration 

was 3500ms for 0ms-gap trials, and 3700ms for 200ms-gap. Note that the inter-

stimulus interval for presentation of the target was well within the range of time for 

inhibition of return effects to occur, which is approximately three seconds (e.g. R. M. 

Klein, 2000).  
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              Chapter 8   

Results 

An alpha level of .05 was used for all statistical tests. Exact p-values were 

shown except where SPSS gave p = .000, in which case p < .001 was shown. Criteria 

for detection of saccadic latencies were addressed in Chapter 6 and Appendix C2. 

Results begin with factorial repeated measures analysis of variance (ANOVA) 

comparing saccadic latencies across condition levels. The focus of the results was on 

the highest order interactions because they subsume the main effects and lower-order 

interactions (e.g. Keppell & Wickens, 2004). Lower order interactions were reported 

for comparison to previous research. Post hoc tests were conducted to aid 

interpretation of interactions.  

The analyses in this chapter are for 6o and 8o target amplitudes. Preliminary 

analyses including 4o, 6o, and 8o target amplitudes were conducted and as expected an 

unusual pattern of variation was found at 4o target amplitude. The possibility of an 

unusual pattern of variance at 4o target amplitudes was noted in Chapter 6 (e.g. 

Fischer & Weber, 1993; Weber & Fischer, 1995). It was not the focus of this thesis to 

address this response pattern. Therefore the figures and F’s for 4o, 6o, and 8o target 

amplitudes repeated measures ANOVA are presented and briefly discussed in 

Appendix E. In particular, the pattern of graphed means for the three-way interaction 

of gap by target-prior-location by obtain-target-feature under 6o and 8o amplitudes was 

the same as the pattern under 4o, 6o, and 8o amplitudes (e.g. compare Figures 8.1 & 

E1). 

Saccadic Latency Repeated Measures Factorial ANOVA 

Repeated-measures factorial ANOVA was conducted using 6o and 8o target 

amplitudes, with gap (2) by obtain-target-feature (2) by target-prior-location (2) by 

target-direction-from-fixation (2) by target-amplitude (2), derived from 32 saccadic 
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latency cells measured in milliseconds. Main effects for the following 

conditions were all significant: gap, F (1, 19) = 90.04, p < .001; obtain-target-feature, 

F (1, 19) = 26.18, p < .001; and target-prior-location, F (1, 19) = 34.34, p < .001. 

Target-amplitude also had a small significant main effect, F (1, 19) = 5.46, p = .031. 

The two-way interaction of gap by obtain-target-feature was significant, F (1, 19) = 

7.98, p = .011. The three-way interaction of gap by obtain-target-feature by target-

prior-location was significant, F (1, 19) = 5.75, p = .027. Figure 8.1 shows estimated 

marginal means for the interaction effect of target-prior-location by gap by obtain-

target-feature.  
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Figure 8.1. Significant saccadic latency (ms) three-way interaction for gap by obtain-

target-feature by target-prior-location. See text for further explanation. Error bars = 1 

SEM. No-Obtain = no-obtain-target-feature.  
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Post-hoc Bonferroni adjusted paired comparisons showed that 200ms-gap no-

obtain versus obtain for ipsilateral-target-prior-location was the only non-significant 

comparison (p = .052); double-crosses in Figure 8.1 show this non-significant 

comparison. As can be seen in Figure 8.1, the very large obtain difference for 

ipsilateral-target-prior-location under 0ms-gap became non-significant under 200ms-

gap. All other paired comparisons were significant.   

Breaking this three-way interaction of gap by obtain-target-feature by target-

prior-location into simple-effects two-way repeated measures ANOVA’s across each 

factor also assisted with exploring the interaction (e.g. Keppell & Wickens, 2004). 

When the two levels of target-prior-location (ipsilateral & contralateral) were 

separated in this way, there was a significant two-way interaction of gap by obtain-

target-feature was significant (p = .001) for ipsilateral-targets. In Figure 8.1 note the 

significantly greater difference between 0ms-gap ipsilateral-targets across the two 

levels of obtain-target-feature (mean difference = 14ms), versus the non-significant 

difference under 200ms-gap for ipsilateral-targets (mean difference = 6ms). However, 

for contralateral-targets the interaction of gap by obtain-target-feature was not 

significant.  

In other words, for contralateral-target trials there were only additive main 

effects under the influence of obtain-target-feature combined with gap, whereas for 

ipsilateral-targets there were interactive effects, such that obtain-target-feature was 

associated with a significantly greater decrease under 0ms-gap, and a non-significant 

decrease under 200ms-gap. Breaking the three-way interaction into two simple-effect 

two-way repeated measures ANOVA’s across the other two factors (gap & obtain) 

found no interactions. Raw data histograms for all 6o and 8o data combined for the 
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three-way interaction of gap by obtain-target-feature by target-prior-location 

are shown at the end of this chapter.  

The three-way interaction of gap by target-prior-location by target-amplitude 

was also significant, F (1,19) = 4.77, p = .042. Figure 8.2 shows this interaction. Post 

hoc paired comparisons with Bonferroni adjustment found that the comparison of 6o 

and 8o 0ms-gap ipsilateral-targets was significantly different (p = .006). All other 

post-hoc paired comparisons for amplitude were not significant. All post hoc paired 

comparisons for gap and target-prior-location were significant. When viewing Figure 

8.2 notice that for 200ms-gap saccades (filled symbols) were not significantly affected 

by 6o and 8o target-amplitude, with only a main effect of target-prior-location. 

However, under 0ms-gap saccades to 6o ipsilateral-target-prior-locations were 

significantly slower than saccades to 8o ipsilateral-target-prior-locations.  
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Figure 8.3 shows means for the two-way interaction and is shown 

because it has been referred to when comparing Trottier and Pratt’s (2005) results (see 

Figure 4.6).  
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Figure 8.3. Significant two-way interaction of obtain-target-feature by gap.  

Error bars = 1 SEM.  

 
Anticipatory Eye Movement Data and Other Errors 

Anticipatory and other error types of eye movement data that were excluded 

from saccadic latency analysis was classified for further analyses. Classification was 

explained in Chapter 6 and Appendix C4. Overall percentages are shown in Table 8.1, 

followed by specific tests for significant difference across gap levels.  

Only 0.3% (19/6400) saccadic latencies met the positive outlier criterion 

(outside +3.29 z-scores), which is less than one per participant. Further, slow outliers 

appeared to be randomly distributed across condition levels and across participants. 

Blinks also appeared randomly distributed across condition levels. Although the 

saccadic latency threshold for anticipatory errors varied between participants and 

between condition levels it was found to occur between ~70 to 90ms, as per the 

criteria outlined in Chapter 6. Saccades below 70 ms were counted as anticipatory 
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across all participants. Further, anticipatory key press, where participants 

could not have seen any target, appeared to be randomly distributed. 

 
Table 8.1. Overall Percentages of Saccade Types and Errors for All Participants 

Across 6 and 8 Degree Amplitudes. 

Saccade Type and/or Error Frequency Percent* Cumulative 

Saccades Accepted for Analysis 5518 86.2 86.2 

Pro-Target Error 384 6.0 92.2 

Direction Error 357 5.6 97.8 

Anticipatory Key-Press 12 0.2 98.0 

Slow Saccades 19 0.3 98.3 

Trials Interrupted by Blinks 110 1.7 100 

Total 6400 100  

* Note that error rates for 4, 6, and 8 degrees combined were very similar. 

Error data that was coded as anticipatory had low frequencies in 0ms-gap 

condition levels, with several at zero. Since the 0ms-gap anticipatory error data was 

quite sparse, the comparison of 0ms-gap with 200ms-gap was explored with non-

parametric Wilcoxon-signed-ranks test. This test found that there was a significantly 

greater probability of anticipatory saccades for gap trials compared to no-gap trials, z 

= 3.846, p < .001 (one-tailed; 19/20 200ms-gap ranks > 0ms-gap ranks; no ties). 

Figure 8.4 shows 0ms-gap versus 200ms-gap percent anticipatory error means. 

Wilcoxon-signed-ranks test across the two levels of obtain-target-feature found 

that there was a significantly greater probability of anticipatory saccades for obtain 

trials compared to no-obtain trials, z = 1.904, p = .029 (one-tailed; 15/20 obtain ranks 

> no-obtain ranks; no ties). Figure 8.5 shows no-obtain-target-feature versus obtain-

target-feature percent anticipatory error means. 
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Figure 8.4. Mean percent anticipatory errors for 0ms-gap versus 200ms-gap.  

Error bars = 1 SEM. 

 

 

 

 

 

 

 

 

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

No-Obtain Obtain

A
nt

ic
ip

at
or

y 
E

rro
rs

 (%
)

 
Figure 8.5. No-obtain versus obtain mean percent anticipatory errors.  

Error bars = 1 SEM. 

 
Repeated measures ANOVA was then carried out on the 200ms-gap anticipatory 

eye movement data (i.e. 0ms-gap data was excluded). Assumptions of normality of 

distributions for difference scores were met for anticipatory eye movement data for 

obtain-target-feature and target-prior-location under 200ms-gap. Precedence for the use 

of anticipation rate percentage scores in repeated measures ANOVA was taken from 
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Franke, Reuter, Schulz, and Kathmann (2007). Repeated measures ANOVA 

revealed a significant three-way interaction9 of obtain-target-feature (2) by target-prior-

location (2) by anticipatory-type (pro-target error versus direction error), F(1,19) = 

5.476, p = .030. Figure 8.6 shows mean percent anticipatory rates for the significant 

three-way interaction of obtain-target-feature by target-prior-location by anticipatory-

type.  

 

0.0

2.0

4.0

6.0

8.0

10.0

12.0

Pro‐Target
Error

Direction
Error

Pro‐Target
Error

Direction
Error

No‐Obtain‐Target‐Feature Obtain‐Target‐Feature

M
ea
n 
A
nt
ic
ip
at
or
y 
Ey
e 
M
ov
em

en
t R

at
e 
(%

)

Ipsilateral‐Target‐Prior‐Location

Contralateral‐Target‐Prior‐Location
 

 

 

 

 

 

 

 

 

 

Figure 8.6. Anticipatory eye movement three-way interaction of obtain-target-feature 

by target-prior-location by anticipatory-type for 200ms-gap trials. Note: Pro-Target = 

anticipation in same direction as target. Direction = anticipation in opposite direction to 

target. Error bars = +/-1 SEM. 

                                                 
9 Repeated measures ANOVA for the same factors collapsed across 0ms-gap and 

200ms-gap percent anticipatory-rate found a very similar significant interaction result, 

F(1,19) = 5.697, p = .028, but means were shifted down due to lower overall 

anticipatory rates under 0ms-gap. The graph showed the same interaction as Figure 8.6. 
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Examination of Figure 8.6 reveals where the three-way interaction 

effect occurred. Note the cross-over interaction between target-prior-location and 

obtain-target-feature for pro-target and direction anticipations. This effect is not present 

in the no-obtain conditions. Moreover, post hoc Bonferroni paired comparisons adjusted 

for anticipatory type found no significant effect under no-obtain-target-feature, but very 

significant paired comparisons under obtain-target-feature. Further examination of 

Figure 8.6 reveals that under obtain-target-feature, pro-target anticipations were 

significantly more likely when the previous target was in the contralateral-location to 

the current target (see line with square symbols above obtain). Further, direction 

anticipations were also significantly more likely for obtain-target-feature when the 

previous target was in the ipsilateral-location to the current target (see line with 

diamond symbols above obtain). This result for both ipsilateral- and contralateral-target-

prior-location supports an argument for continuation of saccadic movement away from 

the previous target. This could be interpreted as inhibition of previous location or as 

oculomotor momentum and will be addressed further in the discussion. 

There was a two-way interaction of target-prior-location by anticipatory-type, 

F(1,19) = 5.502, p = .030. However, because this two-way interaction was subsumed by 

the three-way interaction it will not be discussed (e.g. Keppell & Wickens, 2004).  

Incorrect Key-Press Responses for Target Discrimination 

Incorrect key-press for target-feature discrimination between left and right 

centre-pixel offset comprised 2.9% (93/3200), with even distribution across gap and 

target-prior-location condition levels. Where saccadic anticipations were made in 

conjunction with accuracy error, these were coded as per the anticipation type. 

Otherwise key-press accuracy errors were not classified as anticipatory because their 

associated saccades were accurate and within normal range for the data in this thesis.  
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Key Press Response Time 

Key-press RT repeated-measures factorial ANOVA was conducted using 6o 

and 8o amplitudes, with gap (2) by obtain-target-feature (2) by target-prior-location 

(2) by target-direction-from-fixation (2) by target-amplitude (2), derived from 32 

cells. There was a very large significant main effect for obtain-target-feature, F (1, 19) 

= 208.47, p < .001. See Figures 8.7 for obtain-target-feature key-press RT means. As 

previously noted in chapter 6, other results for key-press RT are not reported in this 

thesis. 
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Figure 8.7. Key-press RT means for no-obtain versus obtain. Error bars = 1 SEM. 

 

Raw Data Histograms 

Figure 8.8 shows the raw data histograms for all participants combined. Because 

of order, fatigue, and carryover effects in naïve participants during counter-balanced 

testing, it would have been spurious to present histograms for individual participants. In 

particular, note that the distribution for 200ms-gap obtain-target-feature contralateral 

target-prior-location is not significantly skewed. For the remaining distributions, while 

positive skewness has not been removed, these distributions are relatively evenly 
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distributed for saccadic latency data. Also see Table E1 in Appendix E for 

significant skew calculations across all condition levels for 4o, 6o, and 8o.  
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Figure 8.8. Saccadic latency distributions for all participants combined, sorted in 5ms 
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– 200ms-gap, obtain-target-feature, contralateral-target-prior-location. The bottom left 

histogram represents the distribution with the longest mean latency – 0ms-gap, no-

obtain, ipsilateral-target-prior-location.   
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               Chapter 9   

Discussion 

One of the primary purposes of this thesis was to consider the possible 

interaction of three factors associated with saccadic latency – target-feature-

discrimination, fixation to target gap, and target-prior-location. An extension to this 

purpose was to specifically examine whether or not oculomotor IOR could be reduced 

or removed by the interaction of gap and obtain-target-feature task. Two possible 

explanations were considered for the paradigm previously known as IOR. The first 

was inhibition of previously viewed locations, and the second was oculomotor 

momentum that favoured the continuing direction.  

Overall results confirmed additive reductions in saccadic latency in the 

predicted directions. Main effect hypotheses were all confirmed. Each of these effects 

demonstrated that previous findings by Carpenter (2001) and Trottier and Pratt (2005) 

were repeatable and robust in the design for this thesis. However, there was a new 

three-way interaction finding. This significant three-way interaction of target-prior-

location by gap by obtain-target-feature extended on Carpenter (2001) and Trottier 

and Pratt (2005). These results occurred despite the introduction of multiple 

randomised stimuli parameters. Interpretations that address the results are considered 

below.  

Saccadic Latency Interactions 

The significant two-way interaction of gap by obtain-target-feature (see 

Figure 8.3) was a more conservative replication of the significant interaction found by 

Trottier and Pratt (2005). First, significance was found with comparison of 200ms-gap 

to the 0ms fixation-offset-effect, instead of comparing to fixation-overlap with target-

onset. This replication gives further support to the surprising results of Trottier and 

Pratt. Second, Trottier and Pratt did not place equal emphasis on speed of manual 
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response across their control no-obtain (look) and manipulated look-obtain 

conditions, whereas this thesis more carefully controlled the instruction set for both. 

Hence, the saccadic latency result shown here for gap by obtain appears robust. 

Although this result confirms hypothesis 2, some parts of this interaction were 

subsumed in a three-way interaction. Therefore, further interpretation is in terms of 

the significant three-way interaction of target-prior-location by gap by obtain-target-

feature. 

First, there was greater reduction in saccadic latency for obtain versus no-

obtain for 0ms-gap ipsilateral-target-prior-location than for obtain versus no-obtain 

for 0ms-gap contralateral-target-prior-location (compare top two lines with diamond 

symbols in Figure 8.1). This probably occurred partly because no-obtain 

contralateral-prior-location targets were more automatically processed, with less top-

down cortical attention than required for processing ipsilateral-prior-location targets. 

However, under 0ms-gap obtain, ipsilateral-prior-location targets were apparently 

processed at a lower more automatic level than for no-obtain ipsilateral-prior-location. 

This appears to suggest cancellation of attentional IOR under obtain. Effectively, for 

ipsilateral-targets under 0ms-gap fixation-offset-effect, without oculomotor 

preparation time, the influence of obtain-target-feature was significantly greater when 

the visual system was unexpectedly reversing oculomotor momentum.  

Additionally, the large disengagement effect of 200ms-gap plus obtain-target-

feature has been reduced for ipsilateral-prior-location targets (compare left-side 

square symbols in Figure 8.1), as if the oculomotor reversal effect of ipsilateral-prior-

location has required extra top-down attentional cortical activation in order to make a 

saccade that is “unexpectedly” toward a recently viewed location. Post hoc Bonferroni 

adjusted paired comparisons confirmed the non-significant comparison for ipsilateral-

target-prior-locations under 200ms-gap (double-crosses indicate this comparison in 
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Figure 8.1). Moreover, when there was oculomotor preparation time under 

200ms-gap no-obtain, the slowing (braking) influence over oculomotor momentum for 

ipsilateral-target-prior-location was reduced compared to 0ms-gap no-obtain (compare 

lines with open diamond and open square symbols in Figure 8.1), and, surprisingly, 

when compared to 200ms-gap obtain (compare lines with closed and open square 

symbols). Interestingly, 200ms-gap obtain-target-feature trials remained significantly 

influenced by the saccadic IOR effect of ipsilateral-target-prior-location. That is, 

significantly quicker saccades were still possible under 200ms-gap obtain-target-

feature contralateral-target-prior-location – the “expected” target location was present, 

as if participants remained more top-down disengaged. Whereas, saccades to 

ipsilateral-targets during 200ms-gap obtain-target-feature were slowed almost as much 

as saccades to ipsilateral-targets under 0ms-gap no-obtain. For example, in Figure 8.1 

the top-line (open diamond symbols, 0ms-gap no-obtain) and bottom line (closed 

square symbols, 200ms-gap obtain) are almost parallel. There are two possible 

explanations for this effect, both of which are to some extent complementary. (a) One 

possible explanation is that an attentional ceiling that could cancel IOR had not been 

reached for the combination of 200ms-gap and obtain. This could suggest that some 

aspect of attention was involved during 200ms-gap obtain-target-feature ipsilateral-

target-prior-location, even for these very fast saccadic latencies in naïve participants. 

That is, participants may have made a sensory visual correction – that was moderately 

endogenous – to saccade to the unexpected ipsilateral location, instead of a low-level 

reflexive exogenous saccade (e.g. Musseler & Van der Heijden, 2004). Or, (b) it could 

suggest that saccadic IOR is reflexive and attentional, due to the overlapping 

predictive nature of the smooth pursuit system interacting with low-level saccadic 

systems – that is, due to oculomotor momentum. For example, Keller and Missal 

(2003) present evidence for an interaction between the saccade and smooth-pursuit 
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systems, and Pierrot-Deseilligny et al. (2003; 2004; 2005) show connections 

between FEF and SC/PPRF. Further, Petit and Haxby (1999) showed fMRI evidence 

for saccade and smooth pursuit activity in FEF/SEF, as-well-as in occipital and 

parietal lobes. For further discussion of the low-level overlaps between smooth pursuit 

and the saccadic system refer to Figure 3.5 and associated text. 

Figure 9.1 is a reproduction of Figure 4.7, with indication of the possible 

location of the saccadic interaction effect in relation to the parietal cortex and frontal-

eye-field. Further explanation follows. 

The DLPF/SC path of action is theoretically inhibitory for OPN’s, which in 

turn allows shorter latency saccadic response to occur in SC EBN’s. Because DLPC 

and FEF can gate PPRF independent of SC (e.g. Pierrot-Deseilligny et al. 2003; 2004; 

2005), and because the gap effect is predominantly reflexive in SC/LIP, possibly with 

IOR in SC/PPRF overlapping with attentional IOR in LIP/FEF/SEF, this could explain 

the under-additive effects for contralateral-target-prior-location, 200ms-gap and 

obtain-target-feature. This supports Hunt and Kingstones’ (2003) proposal that both 

bottom-up and top-down factors contribute to IOR, although the theory proposed here 

extends on Hunt and Kingstone by tentatively including both endogenous and 

exogenous aspects for saccadic IOR. 

The three-way saccadic latency interaction was not due to a ceiling-effect for 

the shortest latency condition level. That is, the mean saccadic latency for 200ms-gap 

contralateral-target-prior-location obtain-target-feature was significantly faster (at a 

mean of 110ms, SEM = 1.5ms), than the 200ms-gap ipsilateral-target-prior-location 

obtain-target-feature condition (at 116ms, SEM = 2.2ms, see Figure 8.1). This 

indicates that the oculomotor system was capable of responding more quickly, but 

apparently could still be slowed by other cognitive processes.  
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Figure 9.1. Simplified model of processes contributing to saccade generation. Green arrows from DLPFC to SC are the path suggested by 

Trottier and Pratt (2005) for the effect of obtain-target-feature. Dotted arrows show suggested areas for effects found in this thesis. For more 

detail of SC and RF connections see Figure 3.5 and associated text. See Figure 4.7 for abbreviations. 
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The results found in this research appear to suggest that the bottom-up gap-

effect, that is known to occur at the SC and basal-ganglia motor-control level (e.g. 

Doris et al., 1997; Munoz & Wurtz, 1992), also has a corollary in top-down 

disinhibition of attentive control during preparation for decisional processes about 

target properties (obtain), and that these two factors can be additive and interactive 

with each other as previously proposed by Trottier and Pratt (2005),  and interactive 

with saccadic IOR. Further, whether the saccadic IOR effect measured in this thesis 

occurred in the parietal cortex, or higher up in FEF, or both (in addition to SC), it is 

reasonable to assume that as Carpenter (2001) suggested, saccadic IOR occurs 

frequently in various saccadic testing paradigms. Moreover, saccadic target-prior-

location interacts differently for obtain-target-feature under 200-ms gap than under 

0ms-gap, and is most likely due to a disinhibitory oculomotor momentum effect, rather 

than being due to an attentional inhibitory effect.  

Target Amplitude Higher Order Interaction 

There was a significant three-way saccadic latency interaction for gap by 

obtain-target-feature by target-prior-location (see Figure 8.2). Under 0ms-gap 

ipsilateral-target-prior-location saccades to 6o targets were significantly slower than 

saccades to 8o targets. It appears that not only did ipsilateral-target-prior-location have 

a greater effect on increasing saccade latency than contralateral-target-prior-location, 

but also that it had more influence when targets were nearer to the fovea.  

Anticipatory Saccadic Errors 

The hypothesis that there would be significantly increased anticipatory 

saccades during the gap task was confirmed (hypothesis 3a). Mean anticipatory rate 

for 200ms-gap conditions was 4.3% higher than for no-gap conditions, and 19/20 pairs 

were greater for 200ms-gap compared to 0ms-gap (see Figure 8.4). This finding 

supports the theory that there is a greater state of superior colliculus disengagement 
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(inhibition of SC inhibitive control which equates to disinhibition) in preparation for a 

saccade during the gap, as found in direct neuronal recording from monkey SC during 

gap tasks (e.g. Doris et al., 1997). As modelled by Fischer and Weber (1993), release 

of fixational attention during the gap releases voluntary control of bottom-up 

processes, and allows preparation to search for a target, which can produce a higher 

rate of anticipation. 

The hypothesis that there would be a greater probability of anticipatory 

saccades during the obtain-target-feature trials was also confirmed (hypothesis 3b). 

However, because this was subsumed in a three-way interaction of anticipatory-type 

(pro-target- versus direction-anticipation), oculomotor-prior-direction and obtain-

target-feature, it will be further discussed in this context. 

The hypothesis that anticipatory saccades would be significantly more probable 

in the direction that the oculomotor system favours was confirmed (hypothesis 4), 

however only during the obtain-target-feature condition (see Figure 8.6), and not 

specifically under the combination of 200ms-gap and obtain (apart from the main effect 

of an increased rate under 200ms-gap). This is a new interaction finding for anticipatory 

saccades that has not been previously reported. In a similar manner to the explanation 

offered for the saccadic three-way interaction (gap by obtain by target-prior-location), 

this significant anticipatory three-way interaction finding could be triggered by an 

interaction of top-down and bottom-up processes. Specifically, it is unlikely that 

anticipatory saccades were driven by the DLPFC. If anticipations were driven by 

sensory visual processes from the DLPFC, there would probably not be any anticipatory 

interaction effect with prior-location during obtain. During obtain the DLPFC is 

putatively occupied with decisional planning processes about the target. Because the 

DLPFC was most probably involved in short-term working memory planning it could 

not be involved in sending saccade trigger or inhibition signals (e.g. Pierrot-Deseilligny 
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et al., 2003). Therefore, it seems likely that the top-down endogenous attentional load 

of obtain-target-feature during overt discriminatory planning disinhibits reflexive 

motor-mapping and spatial-planning, and in this case the effect appeared to allow these 

areas to trigger anticipatory saccades to expected locations in the absence of top-down 

control from DLPFC. Moreover, as Pierrot-Deseilligny et al. (2003) showed, patients 

with DLPFC lesions, who did not have FEF lesions, had significantly higher unwanted 

reflexive anticipatory saccades. The anticipatory effect found here is probably a 

perceptual corollary to Pierrot-Deseilligny et al.’s (2003) finding. Moreover, the data 

in this thesis possibly suggests that the smooth pursuit system (in LIP and FEF) may 

also have a predictive role in anticipatory saccades. Alternatively, IOR is produced 

due to spatial relationships (in LIP) and saccade mapping (in SC) inadvertently 

triggering saccades in the absence of a target, thus allowing more anticipations when 

DLPFC is not available to take executive control. 

The greater pro-target saccadic anticipation rate under obtain-target-feature was 

not the result of coding error during analysis. For example, if saccades that were truly 

visually driven had been systematically coded as anticipatory, then there would be a 

significantly greater number of pro-target anticipations than direction anticipations. This 

was not the case. As shown in Figure 8.6, there was a slight overall trend for more 

direction anticipation than pro-target anticipation under obtain-target-feature. 

Furthermore, the greater pro-target saccadic anticipation rate for obtain-target-feature 

was not due to increased predictability of targets. To the contrary, multiple levels of 

randomisation meant that the temporal and spatial parameters of each target had 

relatively low predictability in comparison to other designs. Counter-intuitively, 

because build-up neuron activity is reduced during uncertainty of target location, 

intermediate-SC retinotopic saccade mapping neurons were probably not responsible on 
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their own for this anticipatory effect – other areas, such as LIP or FEF, were probably 

involved. 

Together, the saccadic and anticipatory error results appear to support a theory 

of saccadic IOR that is partly low-level reflexive, but with top-down disinhibition 

during obtain-feature from DLPFC, probably allowing LIP spatial relationships and 

possibly FEF/SEF spatial planning areas to also have a predictive saccadic momentum 

effect, that could be partly produced by processes of the smooth pursuit system. 

Hence, in modification to what was written in Chapter 4, while OPN firing pauses 

saccadic movement, and inhibition of OPN firing could thus be expected to facilitate 

saccadic onset, EBN firing onset does not necessarily automatically immediately 

follow inhibition of OPNs unless there is a target present. Further, top-down 

disinhibition from DLPFC could allow SC saccadic mapping or LIP spatial 

relationship (e.g. Colby & Goldberg, 1999), or FEF spatial planning neurons to 

inadvertently predict a target – thus causing an involuntary anticipatory saccade (e.g. 

Pierrot-Deseilligny et al., 2003). However the question could arise from this proposal 

is: If the saccadic and smooth pursuit systems overlap, and if the smooth pursuit 

system can trigger anticipation, why does it trigger saccades, and not pursuit? The 

simple answer is that the target is stationary, so fully fledged pursuit is unlikely. As 

Petit and Haxby (1999) found (also see Keller & Missal, 2003; Krauzlis, 2004, 2005), 

the saccadic and smooth pursuit systems have parallel cortical activation areas at 

higher levels of processing, which converge in the brain-stem PPRF and SC areas. 

Further, because participants are preparing to make a saccade in any case, it is more 

likely that the saccadic system will be triggered. Also, it is possible that the smooth 

pursuit system has a large amount of stored threshold activity which could be 

available for eye-movement triggering for saccades. 
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Accuracy of Response in Discrimination Tasks 

The expectation that there would be a high accuracy rate for discrimination of 

target feature was confirmed, however unexpectedly the accuracy rate found in this 

thesis was higher than that found by Trottier and Pratt (2005). They found 

discrimination accuracy of ~80% to 90%, whereas in this thesis average arrow-key 

press discrimination accuracy was 97%. This further demonstrates that the obtain-

target-feature task was robust and achievable for naïve participants in the design for 

this thesis, and that they performed the task as instructed. The randomisation of 

multiple aspects of the design most likely contributed to this improvement in 

accuracy. That is, making the task more exogenous allowed participants to respond 

more naturally, rather than automatically. Moreover, as the following paragraph on 

key-press RT demonstrates, this higher discrimination accuracy result was not at the 

expense of reduced cortical processing.  

Key-Press RT 

The hypothesis that arrow-key RT during obtain-target-feature tasks would be 

significantly longer when compared to spacebar RT in no-obtain tasks was confirmed 

(i.e. obtain-target-feature ~270ms > no-obtain; see Figure 8.7). This demonstrates that 

that it was taking significantly greater cognitive processing effort to discriminate 

target features for the two-alternative arrow-key tasks than for the spacebar tasks. That 

is, at a theoretical cognitive level, participants responded with semi-automatic space-

bar press for no-obtain, but had to wait to make a top-down endogenous decision 

before they could make an arrow-key press. This higher-order decision is most likely 

carried out in a serial manner and as proposed by Trottier and Pratt (2005), probably 

related to spatial planning in the DLPFC, as-well-as other frontal areas. This finding 

demonstrates that the design approached the conditions necessary for an 

endogenous/exogenous dual-control task paradigm, as outlined by Godijn and 
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Theeuwes (2003). This large significant difference was not explainable by the time 

taken to make a key-press, because this was controlled. Nor was it explainable by 

computer operating system wait-state errors for key-strokes, because this would only act 

to add to the size of variance across all condition levels, and would thus be uniformly 

additive for all means. Therefore, in terms of the facilitation effect for saccadic latency 

during obtain trials, it appears logical that more rapid eye movements are necessary in 

survival situations, because, as the longer key-press RT shows, it takes longer to make 

a decision once the salient target is seen (i.e. will I run away or will I catch dinner out 

here in the jungle; in either case I need to look quickly). 

Saccadic Latency Distributions 

The raw data histograms for all participants combined (see Figure 8.8) appear 

to demonstrate that saccadic latencies were more normally distributed than might be 

expected for saccadic latency variance. Nonetheless, some positive skew is still 

noticeable for all distributions except the quickest 200ms-gap obtain-target-feature 

contralateral-target-prior-location (see top-right panel in Figure 8.8). Further, there 

were some express saccade latencies (i.e. below 120ms) in all condition levels. 

However, there is no apparent bimodality in these distributions. For data from naïve 

untrained participants this is unusual, and probably means that saccadic latency 

variance has been better explained than previously. Moreover, these distributions were 

not arrived at by spurious exclusion of slow outliers. On the contrary, there were only 

0.3% slow outliers (see Table 8.1), that appeared randomly distributed across 

conditions and across participants.  

 Limitations 

Although the power of the interaction effects can be attributed in part to the 

size of the sample (n = 20 after exclusions), for a five-way design this is a moderate 

sample size. Similar parametric saccade studies have used fewer participants, but also 
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had fewer factors. For example, Trottier and Pratt (2005) used seven participants after 

exclusions (two-way design), Pratt et al. (1997) n = 18 (three-way design), and Hunt 

and Kingstone (2003) n = 11 after exclusions (three-way design).  Studies that have 

relied on non-parametric tests have used fewer participants. Carpenter (2001) used 

seven participants with Kolmogorov-Smirnov two-sample tests of the distributions for 

target-prior-location. Weber et al. (1995) used five participants and compared 

distributions for various factors with Kolmogorov-Smirnov two-sample tests. To some 

extent including the left/right direction and target-amplitude factors in the analysis has 

controlled for their variances, however a slightly larger sample might have been 

preferable for this many factors. This would mean testing another four or eight 

counterbalanced participants, a logistically difficult task. 

This thesis used a within subject Latin square counterbalanced design rather 

than a between subjects design. While within-subject testing required fewer 

participants, it can be prone to carryover, practise, and fatigue effects. Future research 

could examine these possibilities by comparing a within-subjects manipulation to a 

between-subjects manipulation of the obtain-target-feature factor, but with a much 

simpler design due to the logistics of testing many more participants.  

Overall trial length for 0ms-gap trials was 200ms shorter than for 200ms-gap 

trials. Hence, there may have been a difference in fatigue and other effects between 

the two types of trials. One way to balance this part of the trial blocks would be to 

introduce temporal certainty in trial length, such that pressing a key did not start a new 

trial until a set duration had expired (i.e. 3500ms). In fact, set duration trial length was 

piloted prior to data collection, but added to overall trial block duration, and this 

tended to add to fatigue effects in participants in any case.  

Another potential criticism was that participants could use the length of the 

horizontal bar in the target stimulus for obtain-target-feature, instead of just looking at 
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the centre pixel offset. Some participants reported doing this. However, this is not 

considered a confound, because in either case participants were making a 

discriminatory decision, and whether they judged the horizontal bar-lengths to be 

different, or the pixel-offset, or even a capital “T” on its side facing left or right, is not 

of particular importance. However, with respect to the last suggestion (of a T on its 

side) a way to test if this might be to put a two-alternative alphabetic character in the 

centre of the display instead of an offset-pixel. Further, if a more complex design 

change was made, such as asking participants to discern whether there were more 

numbers than letters in a randomly generated alphanumeric string at the target 

location, then this could introduce yet another layer of attentional and semantic 

cortical encoding that could be difficult to disentangle.  

Future Directions 

Follow up data collection with changes to counterbalancing of the obtain-

target-feature factor is planned. Instead of 120 main trials per block, 64 (8 x 8) trials 

per block are proposed, with 128 trials per condition across two blocks. This design 

change could reduce fatigue effects. Alternatively, digram Latin-square 

counterbalancing – as opposed to non-digram Latin-square counterbalancing (e.g. 

Keppell & Wickens, 2004) – could be used.  

Another planned improvement is to test at 5o, 7o and 9o target amplitudes. This 

will allow further exploration of the amplitude interaction effect without reducing the 

level of randomisation produced by having six possible target locations. In addition, 

having established that multiple randomised factors do not remove the effects of 

interest, then it is reasonable to speculate that introducing non-random factors could 

reduce or alter the three-way interactions found in this thesis. For example, comparing 

fixed inter-trial interval, fixation duration, and target-location (i.e. only one amplitude 

randomly left or right) might be expected to reduce the interaction effects. Although 
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each of these randomisation factors has been previously explored, their effect was not 

explored in this design. Adding temporal and spatial certainty might change some of 

the other exogenous effects observed in this thesis. For example, the three-way 

interaction for anticipatory error-type by target-prior-location by obtain could change 

under more predictable conditions. Hence, this is an area for future testing.  

Urgency to respond was not directly compared across participants. In order to 

make the key-press data comparable to other manual IOR designs, urgency to respond 

needs to be compared between groups, with one group being urged to manually 

respond as quickly as possible, and the other group being given similar instructions to 

those given in the current design. Increased urgency to respond could be combined 

with further exploration of the three-way interaction found for anticipatory error data. 

It is predicted that the three-way interaction for saccadic anticipatory errors will be 

amplified by increased urgency to respond manually. 

Overlap condition levels were not included in this thesis. Hunt and Kingstone 

(2003) found an increased saccadic IOR effect during fixation-overlap tasks compared 

to 0ms-gap tasks. Further, Weber at al. (1995) found an increased probability of 

express saccades during randomisation of fixation fore-period for fixation-overlap 

trials compared to non-randomisation during overlap trials. Taken together the 

findings by Hunt and Kingstone (2003) and Weber et al. (1995) suggest that when 

IOR and randomisation of fixation fore-period duration are tested with the design used 

in this thesis, fixation overlap could produce further new interaction effects with 

obtain-target-feature and IOR. That is, top-down attentional endogenous saccadic IOR 

and bottom-up hardwired exogenous oculomotor IOR could most probably combine in 

other ways not shown here. Therefore, follow up research to this thesis will explore 

this area.  
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Another area of research could be to explore the comparison of naïve and non-

naïve participants for obtain-target-feature. For example, explain the obtain hypothesis 

to some participants, putting emphasis on responding as quickly as possible no matter 

what type of target appeared. It would be reasonable to predict that these participants 

would show very fast express saccades, with small but significant effects of target-

prior-location and gap, but with reduced saccadic latency main effect of obtain-target-

feature, and reduced interaction effect of obtain-target-feature with gap levels. 

Nonetheless, it is also predicted that non-naïve participants would still take 

significantly longer to make a manual arrow key-press response, and would still show 

a three-way interaction for anticipatory error-type. If this last prediction were 

confirmed, then it would demonstrate convergent evidence that saccadic IOR has 

components that go beyond simple attentional effects.  

Work on the anticipatory data three-way interaction could see the development 

of a new tool to compare schizophrenia participants with control participants. The 

anticipatory data appeared to be particularly sensitive to changes in top-down 

inhibitory control. It has previously been hypothesised that executive frontal 

inhibitory deficits are associated with eye movement dysfunction in people diagnosed 

with schizophrenia, and increased anticipation rate in the antisaccade task has been 

used to measure eye movement dysfunction (e.g. Calkins, Iacono, & Curtis, 2003; 

Smyrnis et al., 2004).  

Overall Summary 

The original question, could IOR be overridden by obtain-target-feature, was 

answered in the negative. Saccades associated with decisions based on meaningful 

targets can still be significantly slowed by ipsilateral consecutive targets in both 0ms-

gap and 200ms-gap. Both gap and obtain-target-feature are apparently linked to low-

level disinhibitory processes, with one being bottom-up reflexive disengagement and 



 90

the other top-down disengagement of brain-stem nuclei. This suggests that braking 

effects experienced in human sensory visual saccade latencies during laboratory 

testing can be turned off in progressive stages, such that a ceiling is approached. It 

might also be the case that the under-additive effect of faster saccades in the 

continuing oculomotor direction is due to an interaction of lower-level reflexive 

processes and top-down predictive processes (Fecteau & Munoz, 2006), because it 

cannot be removed by either of the other two processes tested here, but it can be 

altered by them. If the effect had been cancelled, there would have been no significant 

difference in 200ms-gap obtain between ipsilateral- and contralateral- target-prior-

locations. Saccadic IOR might have connection to LIP and/or FEF/SEF, both during 

meaningless and meaningful saccadic testing paradigms, but it also appears to be 

related to lower-level systems – hence, the higher and lower areas are intrinsically 

linked (e.g. Keller & Missal, 2003; Krauzlis, 2005; Petit & Haxby, 1999). 

The saccadic latency significant three-way interaction finding in this thesis is 

new. While it remains to be replicated with modifications to the design, the findings 

replicate and extend on research for obtain-target-feature and target-prior-location 

factors, which were previously measured in isolation from each other. The sample size 

was sufficient to feel confident that while the saccadic latency interaction was small, 

making changes to the design should not remove the effect. The design for this thesis 

was supported by evidence from a wide range of endogenous attentional and 

exogenous reflexive saccadic research paradigms, and was unique in its combination 

of these factors. Thus, target-prior-location and meaningfulness of target are areas that 

need to be considered more carefully in eye movement studies in both non-clinical 

and clinical populations. The anticipatory saccade rate data also needs further 

consideration. These findings add to the saccadic latency knowledge base and in 

agreement with both Carpenter and Trottier and Pratt, laboratory testing paradigms 
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can affect saccadic latency distributions. That is, salient (meaningful) targets that 

follow more natural oculomotor trajectories produce higher probability of very fast 

latencies. In agreement with Hunt and Kingstone (2003), there appears to be an 

oculomotor component to IOR that can be revealed in particular saccadic testing 

paradigms, while the attentional top-down component also continues to have an effect. 

The oculomotor component is quite possibly predictive and disinhibitory, in a similar 

way to the smooth-pursuit system, which would explain not only the braking effect for 

consecutive ipsilateral saccade targets, but also the significant preference for 

anticipatory saccades in the continuing oculomotor direction. 
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Appendix A  Magnocellular and Parvocellular Streams 

Figure A1 on the following page illustrates some of the putative connections in 

the magnocellular and parvocellular visual processing streams. The following two 

paragraphs summarise part of the serial versus parallel processing theoretical approach 

to visual processing.  

Another aspect of the top-down and bottom-up argument is whether visual 

attention occurs in parallel (e.g. Livingstone & Hubel, 1988; Ungerleider & Haxby, 

1994; Ungerleider & Mishkin, 1982), such as simultaneously in the m and p pathways, 

or whether it occurs in series, module after module (e.g. Burr, 1999; Lennie, 1998; 

Wright & Richard, 1998). One method of considering cognitive capacity for parallel or 

serial processing is simply to calculate how much energy is available at a given instant 

(e.g. Lennie, 2003).  

Barlow (1961, 1972, cited in Lennie, 2003) argued that very few active neurons 

were used during cognitive representations, which, if true, would support a serial model 

of processing. Lennie (2003), in an examination of Barlow’s proposal, calculated that 

due to limited availability of oxygen and adenosine triphosphate (ATP) energy capacity 

for neurons to carry out multiple tasks in unison, modular processes were more likely to 

be mainly serial. Therefore, while Lennie (2003) was equivocal in his conclusions, it is 

assumed here that because of limited cortical capacity it is probable that not only do 

cortical modules such as the parietal lobe predominantly act to map attention to the 

environmental location of stimuli (e.g. Posner & Cohen, 1984; Yantis et al., 2002), but 

also that they mainly do so in series, rather than in parallel.  
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Appendix B2  Dual Control Tasks: Antisaccades and Oculomotor Capture 

In the antisaccade task participants are asked to look in the opposite direction to 

the mirror location of the target when the peripheral target appears. However, although 

the majority of antisaccades made to the mirror location are correct for amplitude as 

well as direction, and are therefore classified as being under endogenous control, in 10 

to 30 percent of trials participants make erroneous prosaccades toward the target, and 

these are considered to be unintentional exogenous saccades (e.g. Fischer & Weber, 

1992, 1996; Mokler & Fischer, 1999, cited in Godijn & Theeuwes, 2003). The 

proportion of these error prosaccades is increased during certain testing paradigms such 

as the gap task (Godijn & Theeuwes, 2003). Further, the latency of unintentional 

prosaccades is significantly shorter than the latency of the endogenous antisaccades in 

the same testing block.  

In the oculomotor capture paradigm the participant is presented with six grey 

circles in their peripheral visual field around a central fixation point (e.g. Theeuwes et 

al., 1998; Theeuwes et al., 1999). After 1000 ms all the circles turn red except for one, 

and the participant’s task is to saccade to the remaining grey circle (Godijn & 

Theeuwes, 2003). This represents the control task. During the manipulated task an extra 

distractor red circle is randomly added to some trials at the time of colour change onset. 

Theeuwes et al. (1998; Theeuwes et al., 1999) found that for those trials with the extra 

red circle participants made 30 to 40 percent error exogenous saccades toward the 

irrelevant red circle. 
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Appendix C1  Equipment Types 

Three methods were considered for this study – video camera, EOG, and 

infrared. Each of these methods has advantages and disadvantages, and these will be 

summarised, with an explanation for the selected method. The two most common 

techniques for measuring eye movements are electro-oculography (EOG) and infrared. 

Electro-oculography uses metal cup (e.g. tin or silver) electrodes fixed to the skin near 

the eye to record the moving dipole of the retinal-corneal potential (e.g. Delinte, 

Gomez, Decostre, Crommelinck, & Roucoux, 2002; Munoz, Broughton, Goldring, & 

Armstrong, 1998). Infrared eye trackers follow the limbus – the edge of the iris where it 

meets the sclera (See Figure C1.1), using pairs of emitter-receivers to reflect and detect 

light from the eye surface (e.g. Carpenter, 2001; Coubard & Kapoula, 2006; Gitelman, 

2002; Gowen & Abadi, 2005; Ilg, Jin, Schumann, & Schwarz, 2006; C. H. Klein et al., 

2003; Rashbass, 1961; Reulen et al., 1988).  

There are several other less common eye-tracking methods, including camera 

based (e.g. Trottier & Pratt, 2005), double purkinje image tracking (e.g. Gersch et al., 

2004), and video based infrared tracking (e.g. Montagnini & Chelazzi, 2005). A 

weakness of the video based tracker available for this study was that it had temporal 

resolution of only 100Hz. Furthermore, while it is noted that not all video systems have 

low resolution, it was beyond the budget of this thesis to implement any of the higher-

level methods. 

Electro-oculography relies on the potential difference of ~1 mv between the 

cornea and the retina in the back of the eye, and while EOG is considerably less 

expensive in terms of initial equipment cost, it has a significant electrical noise floor, 

which acts to lower its spatial resolution. Furthermore, EOG requires 30 to 60 minutes 

adaptation prior to an experiment – that is, adaptation over time changes the voltage 

potential, which causes drift in the signal (Reulen et al., 1988), whereas, the IRIS® 
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infrared system is less susceptible to signal drift. Also, infrared has less background 

noise, has better spatial resolution, is capable of high temporal resolution (up to 10kHz) 

and is comparatively easy to set up (Reulen et al., 1988). Moreover, because infrared 

equipment was previously purchased, it was cost effective to implement for this study in 

comparison to either video based or EOG methods. 

 

Iris Pupil  
Sclera 

 

 

 

 

 

 

 

Nasal (inner) Limbus Temporal (outer) Limbus  

 
Figure C1.1. External features of the right eye. The limbus is used by the infrared eye 

tracking device to measure the horizontal rotational movement of the eye in its socket, 

while the participant is tracking or fixating a horizontal target. This is also known as 

infrared iris/sclera boundary tracking. 
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Figure C1.2. Photograph of the IRIS® differential infrared light reflection limbus 

tracking head-gear and electronic control module used for this thesis. The module 

contains a 12 volt rechargeable lead-acid battery. 

 

Infrared Limbus Tracking Overview 

The main features of the IRIS® infrared equipment used in this study are shown 

in Figure C1.2. Infrared limbus trackers operate by emitting non-visible light from 

diodes onto the eye, and then detecting changes in reflectance from the different dark 

and light surfaces of the eye adjacent to the limbus. For example, when horizontal 

abduction occurs (away from the nose) the sclera reflects more infrared-light from nasal 
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positioned emitters, while the iris reflects less infrared from temporal emitters. The two 

signals are then subtracted to obtain a position signal relative to the head (Reulen et al., 

1988). The infrared diodes are low intensity non-continuous type, and safe to use in eye 

tracking (Reulen et al., 1988; Skalar Medical, 2002). The headgear operates between –

5volts to +5volts, is isolated from mains voltage via a rechargeable battery, is light (300 

grams), foam padded, and when adjusted correctly is relatively comfortable to wear for 

up to 45 minutes. The IRIS has adjustable headbands as well as emitter-detector 

assemblies adjustable in multiple dimensions on each eye – up or down, in or out, and 

left or right. An advantage of IRIS infrared tracking is that it is minimally invasive, with 

no electrodes, and no contact with the eyes. Furthermore, the IRIS has narrow beam 

infrared emitters that allow horizontal distortion-free linearity across a 30o angle of view 

from the centre line (Reulen et al., 1988).  
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Appendix C2  Detection of Saccade Onset 

Table C2.1 is a summary of equipment and saccadic onset criteria for several 

published saccadic studies. Figure C2.1 is an example of a raw noisy digitised infrared 

eye-trace signal compared to its smoothed signal, with explanation in the caption. The 

IRIS infrared equipment used for this study passed through an eight-bit analogue-to-

digital card at a sampling rate of1kHz, and was subsequently found to have a regular 

100Hz background noise (due to line source harmonic within the signal capture 

computer – Australian line frequency is 50Hz) and oscillation size of +/-1 measurement 

unit. 

Each trial was graphed and visually examined in Matlab® using purpose written 

scripts, followed by export to SPSS. For example, see Figure C2.2. All trials were 

checked and coded for anticipatory errors, landing position errors, blinks, and saccade 

detection errors. After applying a Hanning smoothing filter (with half Hanning size 

correction) in Matlab, it was found on visual examination that saccadic latency onset 

could be correctly and reliably detected at ~20o/s velocity.  
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Table C2. Types of Equipment, Sampling Rates, and Saccadic Onset Criteria for Several Saccadic Eye Movement Studies. 

Authors Equipment Type Sampling 
Rate 

Saccadic Onset Criteria 

Trottier & Pratt (2005) Camera based eye tracker 500 Hz Not Stated 

Carpenter (2001) Infrared scleral oculometry Not Stated Not stated; referenced Carpenter (1994) who said that experimenters 

could vary the detection criteria 

Klein et al. (2003) IRIS® infrared 512 Hz “20% of the amplitude maximum of the velocity signal for the 

saccade under consideration” 

Gowan & Abadi (2005) IRIS® infrared 200 Hz 40o/s velocity 

Coubard & Kapoula 
(2006) 

IRIS® infrared 500 Hz 15o/s velocity 

Ilg et al. (2006) Infrared 1 kHz Acceleration of 5o/s2  

Montagnini & Chelazzi 
(2005) 

Infrared Video Based 250 Hz Velocity > 30o/s , or acceleration > 800o/s2 

Delinte et al. (2002) Electro-Oculography (EOG) 500 Hz 60o/s velocity 

Gersch et al. (2004) Double Purkinje Image 

Tracker 

500 Hz Velocity difference between two consecutive but overlapping 10ms 

samples of 800’/s, or greater (800 minutes ~= 13.3o/s)  

Gitelman (2002) Infrared 60 Hz Velocity > 30o/s, cited Fischer, Biscaldi, and Otto (1993) 

Kurata & Aizawa (2004) Infrared 250 Hz Not Stated 
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Figure C2.1. Screen capture of output from Matlab program used to filter raw eye trace 

signal. Jagged blue line is raw velocity data from digitised infrared eye trace. Red line is 

Hanning smoothed signal. Green line is half Hanning corrected signal. Digitised voltage 

signal was scaled up by 100 in the detection algorithm. In this saccade the ideal point 

for detection of the saccade would be at ~2070 ms. The line noise was consistent 

throughout the data, and therefore could only have affected means in a mildly additive 

manner (i.e. by ~1ms). Also note that in this illustration the y-axis is not converted to 

volts or degrees, but shows raw digitised units only. 
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Figure C2.2. Visually-driven reflexive saccade in a 200ms-gap task, to a 4o left 

peripheral location target at 93ms onset. Note that the timescales on each panel differ 

because some have been zoomed in to assist visual examination in Matlab. Panel 1 (top) 

shows the combined differentiated signals with event-timing. The vertical yellow line in 

Panel 1 is target onset at the end of the 200ms gap. The left-eye differentiated signal in 

panel 2 commences from target onset. The vertical blue line in panel 2 is the detected 

saccadic onset point. When detection errors rarely occurred they were noted and later 

corrected. Panels 3 and 4 are the raw eye-movement trace. After choosing the eye with 

the cleanest signal the vertical-axis voltage signal was calibrated to obtain approximate 

position in degrees, although this was not a critical aspect of the design. 
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Appendix C3  Effect of Instruction Type During Obtain-Target-Feature 

Trottier and Pratt (2005) emphasised key-press response differently between 

the control look condition, and the manipulated look-obtain-target-feature condition. 

In their control look condition participants were asked to look as quickly and precisely 

as possible at the target when it appeared, and to press the response key “at subjects’ 

leisure”. However, in their look-obtain-target-feature condition, Trottier and Pratt 

(2005, p1350) asked participants to “indicate as quickly and accurately as possible 

which object had appeared”, thus giving different emphasis to manual response sets. 

While this manipulation was apparently intended to emphasise the effect of 

introducing an overt decision task, thus increasing power, the subtle difference may 

have incidentally introduced more urgency to respond in their look-obtain-target-

feature condition. Hence, while there was a risk in this thesis that emphasising key-

press response equally across obtain-target-feature levels may have reduced the effect-

size, if an effect was found it could be considered to be more generalisable. 
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Appendix C4  Anticipatory Saccade Identification 

Trottier and Pratt (2005) found higher levels of anticipatory saccades in obtain-

target-feature trials for both 200ms-gap and fixation-overlap, when compared to their 

no-obtain look trials, with the highest anticipatory rates occurring in their 200ms-gap-

obtain trials (~4.06%). In overlap-obtain trials Trottier and Pratt (2005) found ~0.47% 

anticipatory saccades. Carpenter (2001) did not give any measure for pro-target 

anticipatory saccades. The level of reported direction anticipation in Carpenter’s 

(2001) paper was low (7 errors/5000 = 0.14%).  

Other converging criteria were also used to identify anticipatory saccades. 

Landing position errors and double movements are also indicative of anticipatory 

and/or predictive eye movements (anticipation is not necessarily the same as overt 

prediction). Initial landing position was sometimes far from the target (defined here as 

outside 1.5o from the target measured in the horizontal plane). Further, landing 

position mistakes was usually combined with a corrective saccade within another ~50-

60ms. The latency for these mistakes was below ~90ms. Thus, there were convergent 

criteria for assessing anticipatory errors.  

The fixation cross was 0.8o in diameter, therefore during fixation eye 

movements that were less than ~0.5o in size were not counted as mistakes, but as 

adjustments for slow drifts or microsaccade fixational movements. These fixation eye 

movements were not counted as anticipatory saccades because they did not approach 

any target location, because they were not corrected in the same manner as 

anticipatory saccades, and because they sometimes occurred several times during 

fixation.  

In the following figures the time-scale (in milliseconds) is shown 

independently for each panel, and differs in the second panel because it is taken from 

the time of target onset. Further, because the Matlab script adjusted the displayed 
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figures automatically, these examples were manually zoomed on the bottom two 

panels so that the eye trace could be shown more clearly. 
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Figure C4.1. Anticipatory direction saccade at 62ms in the 200ms-gap obtain-target-

feature condition, with the first correction at 140ms, and with a second correction at 

~320ms.  
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Figure C4.2. Anticipatory direction saccade at 21ms after target onset in the 200ms-gap 

obtain-target-feature condition, with two corrective saccades. Also note the blink during 

the inter-trial interval, and that the right and left eye trace diverge during a blink, which 

makes it easy to spot them.  
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Figure C4.3. Anticipatory pro-target saccade at the end of the gap, in the 200ms-gap 

obtain-target-feature condition, followed by three corrective saccades.  
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Figure C4.4. Anticipatory pro-target saccade during the gap, with a return to where the 

fixation would have been at 69ms after target onset, in the 200ms-gap obtain-target-

feature condition, followed by two more corrective saccades. Previous trial was to right; 

this trial was to right (ipsilateral-target-prior-location).
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Figure C4.5. Trial that was coded as anticipatory pro-target, at 60ms after target onset, 

in the 200ms-gap obtain-target-feature condition, but with correct landing position. 

According to criteria set-down by Trottier and Pratt (2005), this trial might have been a 

reflexive visually driven saccade. However, in order to be conservative it was counted 

as anticipatory. There were very few trials with accurate landing positions coded in this 

manner (less than .001%), and even if they had been true visually driven saccades 

(which seems unlikely), there were not enough to make any difference to the final 

outcome.  
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Figure C4.6. A trial that was interrupted by a long blink. Note that the eye trace for 

right and left eyes diverges. 
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Appendix C5  Positive Outliers 

In order to simulate frequent measurable saccadic latencies in a relatively short 

space of time, the design was intended to be moderately speeded, while controlling the 

direction of gaze along the horizontal plane. Hence, apart from statistical parameters 

for positive outliers, criteria for detecting positive outliers were also based on the 

observation that participants reported making abnormally slow eye movement 

responses under several conditions. These included being distracted by (a) an 

instruction during the trial block by the researcher (such as to take a break when the 

participant was exhibiting numerous blinks that could have been fatigue related), (b) 

choosing to take a break on their own account, or (c) loosing concentration due to 

fatigue nearing the end of a trial block. While these saccades are not necessarily 

“wrong” per se, they do however represent saccades that were not part of the normal 

sample range for this thesis. Thus, it was considered valid to exclude rare slower 

saccades that did not fit the overall distribution for each trial block, and that were in 

the positive tail. Convergent statistical criteria for exclusion are further explained in 

Chapter 6. Results showed that the exclusion rate for slow outliers was very low 

(0.3%). 
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Appendix D1  Information Sheet and Informed Consent 
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Information Sheet 
 

Cognitive factors in eye movement response accuracy 

School of Psychology 
Mt Gravatt Campus 

Griffith University 
Postal Address: 

170 Kessels Road 
Nathan, Queensland 4111 

 
Telephone +61 (0)7 3875 3333 
Facsimilie  +61 (0)7 3875 3388 

 
www.griffith.edu.au  

Chief Investigator(s):  Dr Tim Cutmore, Tel: (07) 3875 3358 
     Email: T.Cutmore@griffith.edu.au 

Dr Trevor Hine, Tel: (07) 3875 3357 
Email: T.Hine@griffith.edu.au 

Student Investigator:  David Hardwick, BPsych (Honours),  
     Tel: (07) 3875 3445 
     Email: D.Hardwick@griffith.edu.au 
 
Please retain this section for future reference or should you wish to contact either the 

researcher(s) or the University if you want to make a complaint regarding the conduct of the 
research. 

 
• This project is being conducted by David Hardwick, under the supervision of Dr Tim Cutmore 

and Dr Trevor Hine, for fulfilment of research higher degree requirements in a Master of 
Philosophy. Dr Cutmore and Dr Hine have extensive experience conducting and supervising 
human behaviour research. David Hardwick has worked for several years as a research assistant. 

 
• We are interested in measuring patterns of eye movement that occur during brief visual stimuli 

appearing on a computer screen. While this research may not be of any immediate direct benefit 
to you, it may assist our deeper understanding of visual cognition. 

 
• This study involves recording your eye movements while you view stationary visual objects on 

a computer monitor. You will be asked to sit in a comfortable position with your head resting on 
a chin rest – this is necessary so that the eye tracking software and hardware are accurate in their 
recording. The eye tracker used in this study emits a low-intensity infra-red diode light that is 
not irritating. The eye tracker rests on your head supported by a light-weight foam-padded strap. 
The researcher will demonstrate the eye tracker for you prior to commencing.  

 
• Because the eye tracker uses infra-red light to track the edge of the iris, if you wear spectacles 

or contact lenses you will not be able to participate. Contact lenses can interfere with the eye 
tracking recording, and spectacles will not fit over the eye tracker. 

 
• While you are sitting in front of the computer you will be asked to view objects that appear 

horizontally to the left or right across the screen in random patterns. Each task block takes 
between 7 and 11 minutes to complete. The time taken to view all the patterns will be no longer 
then 44 minutes, and, after adding breaks in between each block, no more than 1 hour in total. 
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• If you smoke cigarettes, or if you are using any other nicotine containing treatment – such as 
nicotine patches or gum, you will be asked not to smoke, or use patches or gum, for 3 hours 
prior to testing until after testing is completed. You will be free to smoke or reapply nicotine 
patches immediately after testing is completed. Nicotine is important because previous research 
has shown that it can have an effect on eye movement behaviour.  

 
• For similar reasons we will ask you about any medication or recreational substances that you are 

currently taking that may have a central nervous system effect. This information will be  
de-identified and coded so as to ensure your privacy. You are also reminded that answering this 
is voluntary. 

 
• If you are participating in this research in exchange for course credit as part of your 

undergraduate degree, you are free to withdraw at any time and instead complete another piece 
of set work for your course. 

 
• If you are tired and having difficulty concentrating on the dots please let the researcher know. It 

is better for us if you are reasonably alert and able to concentrate on the dots as they appear. 
Please request a break, or if necessary withdraw from the testing.  

 
• All information is confidential, and all measurements of your eye movements will be stored in a 

non-identified coded manner on a computer that is kept in a locked laboratory at all times.  
 

• For further questions about any matter regarding the research please feel free to contact the 
Chief Investigator, Dr Tim Cutmore. Telephone: (07) 3875 3358 

 
• A summary about the results of the research will be available to you upon completion of the 

research. This summary will not include any personal information, but instead will be the result 
of comparing all the data across people who have participated in the research. In general terms, 
you will be able to gain some idea of whether or not there were any significant differences 
among the combinations of stimuli. Please ask David Hardwick about this if you are interested.  

 
• Participation is voluntary. There is no penalty or loss of benefits to which you might otherwise 

be entitled if you choose to withdraw. You may freely discontinue participation at any time 
without penalty and without providing an explanation.  

 
• Under 18 years of age: Older adolescent persons under the age of 18 years (for example, 17 

years of age) who are enrolled in an undergraduate degree at Griffith University are free to 
make their own decision about their participation. As per National Health and Medical Research 
Council guidelines, and as interpreted by the Griffith University human research ethics 
committee, you are considered to be have the right to make your own decision about the relative 
risks, burdens, and benefits of participation if you are an enrolled student.  
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• Privacy Statement – no ordinary disclosure: The conduct of this research involves the 

collection, access and / or use of your de-identified personal information. The information 
collected is confidential and will not be disclosed to third parties without your consent, except to 
meet government, legal or other regulatory authority requirements*. A de-identified copy of this 
data may be used for other research purposes at some point in the future. However, your 
anonymity will at all times be safeguarded. For further information consult the University’s 
Privacy Plan at www.gu.edu.au/ua/aa/vc/pp or telephone (07) 3735 5585. 

* Clarification: It has been determined by the Griffith University Ethics Committee that 
since all your data is stored in a de-identified manner from the outset, it cannot be associated with 
your name at any point in the future, therefore for legal purposes you remain completely 
anonymous. 

 
• For the purpose of ensuring your confidentiality you will be provided with a participant number. 

It is important to retain this two to four digit number. If you agree to return for future testing 
your data will be coded using this number.  
 

• Ethical concerns complaints mechanism: The University requires that all participants be 
informed that if they have any complaints concerning the manner in which a research project is 
conducted this complaint may be given to the researcher, or, if an independent person is 
preferred, either  

 
the University's Research Ethics Officer, Office for Research, Bray Centre, 

Griffith University, Kessels Road, Nathan, Qld 4111, telephone (07) 3875 6618;   
or 

the Pro Vice-Chancellor (Administration), Bray Centre, Griffith University, 
Kessels Road, Nathan, Qld 4111, telephone (07) 3875 7343 

 
• Thank you for your assistance with this research project. The university and the researchers 

gratefully acknowledge your time and contribution to our deeper understanding. 
 

 

http://www.gu.edu.au/ua/aa/vc/pp
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Consent Form 
 

Cognitive factors in eye movement response accuracy 
 

The consent form is to be retained by the researcher(s). 
 

• I understand that this study will measure eye movements that I make in response to moving and 
stationary dots shown to me on a computer screen.  

 
• I understand that I am not required to participate in this research project if I do not wish to do so 

and that I can withdraw from the study at any time without needing to explain my reasons for 
withdrawing. No penalty will be incurred as a result of my withdrawal. 

 
• A summary about the results of the research will be available to me upon completion of the 

research. This summary will not include any of my personal information. A copy of the 
summary will be made available through The School of Psychology at Griffith University from 
Dr Tim Cutmore. 

 
• I have read the Privacy Statement in the Information Sheet and I understand that all 

measurements of my eye movements and any personal information will be stored in a non-
identified coded manner on a computer that is kept in a locked laboratory.  

 
• I have read the information sheet and the consent form.  I agree to participate in the Cognitive 

factors in eye movement response accuracy project and give my consent freely.  I understand 
that the study will be carried out as described in the information statement, a copy of which I 
have retained.  I realise that whether or not I decide to participate is my decision and will not 
affect my studies.  I also realise that I can withdraw from the study at any time and that I do not 
have to give any reasons for withdrawing.  I have had all questions answered to my satisfaction. 

 
Signatures: 
 
………………………………………………..  ……………….. 
Participant      Date 
 
 
.…………………………………………….  …………………… 
Investigator(s)      Date 
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Appendix D2  Verbal Instruction Set Given to Participants 

Initial Instruction 

All stimuli will be white, and all conditions will appear on a dark-grey 

background in a horizontal plane. There will be four trial blocks, each lasting between 

six to eight minutes. During each trial block it is better for our data accuracy if you keep 

your head still. After each trial block you will be able to take a break. Also, if you feel 

yourself getting tired or fatigued form the repetitive testing, just pause for a short time, 

without moving your head. You can do this by not pressing the response key. The 

program will simple stop and wait for you to press a key to continue. During each trial 

block I will also ask you to stop and take a break – when I do this please stop pressing 

the response key, keep your head as still as possible, and close your eyes for a few 

seconds.  

Calibration instructions: At the beginning of each trial block there will be a 

calibration task lasting for nine presentations. During calibration look directly at the 

central white dot in the centre of each square target when it appears (illustration of 

centre pixel stimulus shown to participants). When each target disappears let your eyes 

momentarily remain looking at the same spot until the next position appears, and then 

look again at the central white dot and so on.  

No-Obtain-Target-Feature Task Instructions:  

Each trial begins with a white fixation cross-hair. Please look at the centre of the 

central white fixation cross-hairs until the peripheral square target appears to the left or 

right. Then immediately look at the centre of the peripheral target, making sure that 

each time you look at the white dot in the middle of the square target. Once you have 

seen the white dot immediately press the space bar. Then wait for the next central 

fixation cross to appear and so on. It is easy to anticipate that the white dot will be there 
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once the target appears in peripheral vision, and although it is important to respond as 

quickly as possible, it is also important that you do not anticipate.  

Obtain-Target-Feature Task Instructions:  

Each trial begins with a white fixation cross-hair. Please look at the centre of the 

central white fixation cross-hairs until the peripheral square target appears. Then 

immediately look at the centre of the peripheral target, and identify the direction in 

which the central pixel is offset from the centre of the square target. Once you have 

identified the central pixel offset immediately press the appropriate arrow key – left-

arrow for left-offset and right-arrow for right offset. We are only interested in the left or 

right offset of the central dot in the middle of the target, not in the left or right direction 

of the target from the fixation cross. Then wait for the next central fixation cross to 

appear and so on. Always remember that it is important to press the left or right arrow 

key as quickly as you can once you have identified the central pixel left or right offset. 

However, if you think that you made a mistake you do not need to attempt to correct it, 

as we will be able see this and exclude it from the analysis later on. 
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Appendix E  Four, Six and Eight Degree Results 

When all levels of target amplitude (4o, 6o, & 8o) were included in repeated 

measures factorial ANOVA, the higher order three-way interaction of gap by target-

prior-location by obtain-target-feature was not significant, although it approached 

significance, F(1, 19) = 3.757, p = .068. Importantly, the pattern of mean differences 

was very similar to those shown in Figure 8.1 (see Figure E1).  
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Figure E1. Non-significant 4o, 6o, and 8o means for gap by target-prior-location by 

obtain-target-feature. Error bars = +/-1 SEM 

Main effects for the following conditions were all significant: gap, F (1, 19) = 

87.40, p < .001; obtain-target-feature, F (1, 19) = 24.98, p < .001; and target-prior-

location, F (1, 19) = 28.09, p < .001. Target-amplitude was also significant, F (1, 19) = 

13.04, p < .001. The two-way interaction of gap by obtain-target-feature was significant, 

F (1, 19) = 9.83, p = .005. The two-way interaction of obtain-target-feature by direction 

from fixation was significant, F (1, 19) = 7.04, p = .016. There was a significant higher 

order three-way interaction of gap by target-prior-location by direction-from-fixation, 

F(1, 19) = 6.03, p = .024 (see Figure E2). This significant interaction with direction-
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from-fixation assisted with explaining the non-significance of the gap by target-prior-

location by obtain-target-feature interaction. Upon inspection of the means for all 

factors combined (see Figure E3), it appeared that when 4o target-locations were 

included the three-way interaction of gap by target-prior-location by obtain-target-

feature was subsumed by the three-way interaction of gap by target-prior-location by 

direction-from-fixation.   
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Figure E2. Significant three-way interaction of gap by target-prior-location by 

direction-from-fixation (4o, 6o, & 8o combined).  

Figure E3 shows that although most amplitudes have a trend to be slower to the 

right, and a trend to be slower for either 4o amplitudes, at some +4o target-amplitudes 

(4o to the right of fixation) means are slower to a greater extent. For example, this 

difference for +4o is greater under obtain-target-feature for 0ms-gap contralateral-

target-prior-location, and greater under obtain-target-feature for 200ms-gap ipsilateral-

target-prior-location (both marked * in Figure E3). Further, in the three-way interaction 

shown in Figure E2, the 0ms-gap contralateral-target-prior-location to the right (line 

with open square symbols) and the 200ms-gap ipsilateral-target-prior-location to the 
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right (line with closed diamond symbols) are slowed more than for other conditions to 

the right. 

In summary, the slowing effect of direction-from-fixation for +4o amplitudes for 

some conditions, and overall, was the source of additional variance in the interaction of 

gap by obtain by target-prior-location, thus hiding the true nature of this interaction. 

Excluding 4o locations from the analysis assisted in revealing this significant three-way 

interaction. There could be many reasons for the gap by target-prior-location by 

direction-from-fixation three-way interaction falls into a similar situation. Some could 

be due to nurture. For example, participants may have made quicker saccades to the left 

because when reading (assuming English as a first language), we are accustomed to 

moving our eyes more quickly to the left to begin a new line of text. Alternatively, it 

may simply be the case that small amplitudes, such as 4o, are not sufficient to stimulate 

a full-fledged saccade, and that simple eye-dominance interacts with this effect. Eye-

dominance and right and left-handedness data were not collected in this thesis. 

Left/right direction effects remained in the data set even after exclusion of 4o 

amplitudes, but with a more consistent effect across other condition levels. Most 

probably, an increase in the number of participants (in increments of four due to 

counterbalancing) could have countered the direction effect and produced significance 

for the three-way interaction of gap by obtain by prior-location, but the laborious nature 

of doing this would have been difficult to justify for this small thesis. Therefore, the 

simpler solution was to exclude 4o targets. 

Trying to disentangle the effect of 4o amplitudes simply by looking at which 

distributions are skewed was not fruitful. Although there were fewer skewed 

distributions at 6o and 8o degree amplitudes, because saccadic latency data is inevitably 

going to be positively skewed in most circumstances, and because it is not easy to tell 

why for any give condition, this was a problematic approach (see Table E1).  
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Figure E3. Saccadic latency means for all levels of all factors. Notice that for 0ms-gap-obtain-opposite and 200ms-gap-obtain-same saccadic 

latencies +4o target-amplitudes are considerably slower than -4o amplitudes (both marked with *). Error bars = +/-1 SEM 
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Table E1. Skewness Calculations Across the 48 Data Cells. 

Degrees Gap Obtain-

Target-

Feature 

Target-

Prior-

Location 

Direction-

from-

Fixation 
4 6 8 

Left 3.20 4.28* 3.79* 
Ipsilateral 

Right 3.45* 3.46* 1.31 

Left 3.30 2.99 0.96 
No 

Contralateral
Right 1.32 3.50* 2.62 

Left 4.33* 3.93* 4.51* 
Ipsilateral 

Right 4.48* 1.45 3.69* 

Left 4.19* 3.16 2.60 

0ms 

Yes 

Contralateral
Right 3.58* 4.00* 2.98 

Left 2.72 5.76* 5.22* 
Ipsilateral 

Right 4.40* 6.57* 3.01 

Left 5.84* 5.43* 2.29 
No 

Contralateral
Right 5.03* 7.90* 4.34* 

Left 5.62* 5.54* 2.22 
Ipsilateral 

Right 3.80* 3.01 3.68* 

Left 5.57* 2.90 2.34 

200ms 

Yes 

Contralateral
Right 4.58* 2.20 2.20 

* Significant positive skew at alpha = .01;  

Calculated using the formula: Skewness / Standard Error Skewness 

4o amplitudes significantly skewed: 12/16; 6o amplitudes significantly skewed: 10/16; 

8o amplitudes significantly skewed: 6/16. Left direction skewed: 13/24; Right direction 

skewed: 15/24; Equal number for no-obtain/obtain: 14 each; 0ms-gap: 13/24; 200ms-

gap: 15/24; Ipsilateral skewed: 17/24; Contralateral skewed: 11/24 
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Table E2. Means and Standard Errors (in brackets) Across the 48 Data Cells. 

Degrees Gap Obtain-

Target-

Feature 

Target-

Prior-

Location 

Direction-

from-

Fixation 
4 6 8 

Left 147.4 
(2.9) 

145.2 
(3.1) 

141.7 
(2.7) Ipsilateral 

Right 148.7 
(3.7) 

146.7 
(2.9) 

141.6 
(2.8) 

Left 140.7 
(3.0) 

137.3 
(3.0) 

133.4 
(2.7) 

No 

Contralateral
Right 142.0 

(2.6) 
137.3 
(3.1) 

137.5 
(2.8) 

Left 134.3 
(3.1) 

128.9 
(2.5) 

127.6 
(3.1) Ipsilateral 

Right 137.9 
(3.3) 

134.2 
(2.6) 

128.8 
(3.0) 

Left 128.6 
(2.8) 

123.6 
(2.3) 

124.1 
(2.7) 

0ms 

Yes 

Contralateral
Right 136.1 

(3.7) 
127.5 
(3.0) 

128.2 
(2.9) 

Left 126.2 
(3.7) 

120.1 
(3.4) 

121.4 
(3.4) Ipsilateral 

Right 127.2 
(3.3) 

123.7 
(3.6) 

123.5 
(3.1) 

Left 120.3 
(2.9) 

118.1 
(3.4) 

115.8 
(3.2) 

No 

Contralateral
Right 121.4 

(3.4) 
119.0 
(3.1) 

115.7 
(3.2) 

Left 118.0 
(2.8) 

114.7 
(2.3) 

113.1 
(2.6) Ipsilateral 

Right 126.7 
(2.7) 

119.7 
(3.2) 

118.1 
(2.9) 

Left 115.2 
(2.3) 

108.6 
(2.1) 

108.7 
(1.5) 

200ms 

Yes 

Contralateral
Right 117.3 

(2.3) 
112.3 
(2.2) 

112.1 
(2.5) 

 


